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PREFACE
“Knowledge is a process of piling up facts; wisdom lies in their simplification.”
Martin H. Fischer
American Physicist (1879-1962)
This book contains the proceedings of the 29th edition of the European Conference on
Modelling and Simulation (ECMS), hosted this year by the Technical University of Sofia
(TU-Sofia), Bulgaria.
This event is organized in the framework of the Days of science of the TU-Sofia for 2015
and is dedicated to the 70th year’s anniversary of the University.
The modelling process, from one side, involves engineering, science and art, together in a
complex and unique way in order to model natural and man-made systems. The simulation
technology and methods, from other side, have the potential to revolutionize the
engineering science. Thus, the ambition of the ECMS conferences is to bring together
researchers, engineers, applied mathematicians and practitioners interested in theoretical
aspects and applications of modeling and simulation techniques. Thirteen simultaneous
tracks will be held, covering both domain independent methodologies and technologies,
and practical work developed in specific application areas. The specific topics listed under
each of these tracks highlight the interest of this conference in aspects related to
computing, including Agent Based Simulation, Intelligent Systems, High-Performance
Information Systems, Technological Processes, Finance, Economics and Social Science,
Business Process Modeling and Simulation, amongst others.
The broad scopes of the papers accepted in the conference include Methodologies,
Technologies, Applications and Tools for modelling and simulation. We believe the
accepted papers demonstrate new and innovative solutions. They also highlight technical
issues and challenges in this field.
The high quality of the ECMS 2015 program is enhanced by the three keynote lectures,
delivered by distinguished speakers who are renowned experts in their fields:
Hans-Georg Zimmermann (SIEMENS Corporate Technology, Germany), Petko Petkov
(Technical University of Sofia, Bulgaria) and Alexander H. Levis (George Mason
University, USA).
ECMS 2015 received 115 paper submissions, from 34 countries in all continents. The
paper review was performed by the International Program Committee members, all of
them recognized in at least one of the main conference topic areas.
Building an interesting and successful program for the conference required the dedicated
effort of many people; we thank them all. Firstly, we must thank the authors, whose
research and development efforts are recorded here. Secondly, we thank the members of
the Program Committee, the Local Organization Committee and additional reviewers for
their diligence and expert reviewing. Last but not least, we thank the invited distinguished
keynote speakers for their invaluable contribution and for taking the time to synthesize and
deliver their talks.
We believe this conference is going to be a meeting place where collaboration projects
can emerge from social contacts amongst the participants. We hope that you will enjoy the
ECMS 2015 program and your stay in the beautiful holiday resort Albena around the city of
Varna. We also hope to see you again next year at ECMS 2016.
The conference and programme chairs
Valeri M. Mladenov, Petia Georgieva, Grisha Spasov, Galidiya Petrova
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cheap processors in the recent years this peculiarity of the
µ –synthesis does not pose a significant difficulty.
In contrast with the theoretical achievements, the practical
implementation of robust control laws is still in its beginning.
There is a few real life applications of high order robust control
laws reported in the literature (see for instance (BautistaQuintero and Pont 2008; Howlader et al. 2013; Raafat et al.
2012). The main obstacle of robust control laws implementation is the difficulties related to the development, testing and
verification of the necessary real-time software which is highly
dependent on the type of digital controller platform used.
These difficulties are reduced significantly using the recent
technologies for automatic code generation and embedding
R
R
implemented in MATLAB⃝
/Simulink⃝
program environment
(Simulink Coder 2013).
This paper is devoted to various issues related to the design
and practical implementation of high order robust control
laws. We consider derivation of plant uncertainty models using analytical or identification procedures, implementation of
different schemes for µ -synthesis, choice of weighting filters
and controller order reduction. Additional important problems
arising in the framework of embedded control systems, like
removing the sensor drifts, generation of control code from
R
Simulink⃝
and effect of single precision arithmetic on the
controller stability, are discussed in some details. As a case
study we present the robust control of two-wheeled robot using
µ -controllers of order up to 30.
The paper is organized as follows. First, we consider the
derivation of uncertain plant models using analytical models
or identification procedures. We present the difficulties related
to the identification of uncertain models by an example. In
the next Section we give a brief overview of Robust Control
Theory based on the usage of structured singular value µ .
Several implementation aspects of µ -synthesis are discussed
including weighting filters selection and D-K-iterations convergence. The third Section is devoted to the implementation
of robust controllers in embedded control systems. The issues
discussed involve removing the sensor drifts and effect of
single precision arithmetic on the controller stability. In the
final Section we present as a case study the design and
implementation of robust controller intended for stabilization
of two-wheeled self-balancing robot. The experimental results
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ABSTRACT
This paper is devoted to various issues related to the design
and practical implementation of high order robust control
laws. We consider derivation of plant uncertainty models using analytical or identification procedures, implementation of
different schemes for µ -synthesis, choice of weighting filters
and controller order reduction. Additional important problems
arising in the framework of embedded control systems, like
removing the sensor drifts, generation of control code from
R
Simulink⃝
and effect of single precision arithmetic on the
controller stability, are discussed in some details. As a case
study we present the robust control of two-wheeled robot using
µ -controller of order 30. The experimental results confirm
that the closed-loop system achieves both robust stability and
robust performance in respect to the uncertainties related to
the identification of robot model.
INTRODUCTION
The Robust Control Theory involves powerful methods for
analysis and design of control systems in presence of signal
and parameter uncertainties (Sánchez-Peña and Sznaier 1998;
Skogestad and Postlethwaite 2005; Zhou et al. 1996). The most
frequently used techniques for robust control design are the
H∞ design and the µ –synthesis (Skogestad and Postlethwaite
2005). The H∞ optimization is usually preferred in robust
design because it produces controllers of smaller order which
facilitates their implementation. The common disadvantage of
all H∞ design methods is that they are suitable for plants with
unstructured uncertainties but can not ensure robust stability
and robust performance in the general case of unstructured
and structured (parametric) uncertainties. In contrast, the µ –
synthesis which aims at minimization of the structured singular
value (Zhou et al. 1996) may ensure robust stability and robust
performance in the presence of exogenous disturbances, noises
and different type of uncertainties. The high order of the
controller obtained is usually pointed out as a disadvantage
of µ –synthesis. However, with the appearing of powerful and
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DERIVATION OF UNCERTAIN PLANT MODELS

Fig. 2. Input-output data used in the identification

As noted in (Bittanti and Garatti 2012), control science is
basically a model based discipline and the performance of
control is determined by the accuracy of the model representing data. Building uncertain system models is an important
step in the design of robust control systems. Unfortunately,
the derivation of uncertain plant models may be much more
difficult in comparison with modeling of plants with negligible
uncertainties.

The input-output data obtained by closed-loop experiment
for a single-input, single-output system is shown in Figure
2. It consists of 3000 measurements with sampling period of
0.005 s, additional 200 data samples being used for model
validation. Based on the three criteria - model loss function,
Akaike information index and Rissanen index - a fourth order
Box-Jenkins model is chosen for further identification. It is
done by the function bj using data sets of 1000, 2000 and
3000 data samples. In all three cases the models obtained
pass through the test of autocorrelation and crosscorrelation
function of model residuals, which indicates unbiased parameter estimates. The latter condition guarantees that the exact
parameter values are contained in the confidence intervals of
estimates with probability close to 1. Based on confidence
intervals, maximum relative deviations from nominal models
are obtained, which may be used to derive models with
unstructured uncertainty. In Figures 3 - 8 we show bounds on
the relative uncertainties derived for the three models along
with the Bode plots of the corresponding uncertain plant
models.
It is seen from the Figures that the picks of the relative
uncertainties derived vary between 1.3 for the case of 2000
samples and 4.3 for the case of 1000 samples. Clearly, the
uncertainty model obtained for 1000 data samples is not
appropriate for controller design. So different results for the
uncertainty bounds show that additional optimization is necessary in order to obtain a model with minimum of uncertainty
bound. The alternative is to use special identification methods
for uncertainty models, see for instance (Gugercin et al. 2003;
Van den Hof 2001; Venkatesh 2003).

Implementation of analytical models
In practice, it is preferable to have an analytical nonlinear
plant dynamics model which is used in the derivation of
linearized uncertainty model. The analytical models allow to
obtain easily both structured (parametric) and unstructured
(complex) uncertainty models. Also, the analytical description
may be used to obtain the so-called parameter-dependent
model (Gahinet et al. 95, Ch. 2) which depends on parameters
that may undergo large variations along the time.
R
Implementing the nonlinear model in Simulink⃝
, it is
possible to use the corresponding functions of Robust Control
R
Toolbox⃝
3 to linearize the plant and extract an uncertainty
model represented in Figure 1. The linearized uncertain plant
model G is in the form of Linear Fractional Transformation
(LFT), where Gnom is the transfer function matrix of the nominal model and ∆ is a block-diagonal uncertainty matrix. The
R
Robust Control Toolbox⃝
3 functions also allow to obtain the
time and frequency response characteristics of the uncertainty
plant models.
Implementation of identification procedures
Frequently, a reliable analytical model of the plant dynamics
is not available and the system designer is faced with the
necessity to identify the model from experimental data. As
it is well known (Isermann and Münchhof 2011; Landau and
Zito 2006; Ljung 1987) identification from noisy data may
represent a difficult task especially in case of unstable plant
when the measurements are obtained in closed-loop.
The following example illustrates the difficulties in deriving
uncertainty model of an unstable plant using the functions of
R
System Identification Toolbox⃝
3 .

ROBUST CONTROL DESIGN
Consider a control problem in the Linear Fractional Transformation shown in Figure 9.
The system denoted by P is the open-loop connection and
represents all known elements including the nominal system
model and the performance weighting functions, as well as the
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where ∆F is a fictitious complex (unstructured) uncertainty.
The system with controller K achieves robust performance if
and only if
µ∆P (Fℓ (P, K)( jω )) < 1
(4)
where µ∆P (Fℓ (P, K) is structured singular value determined
with respect to the extended uncertainty ∆P .
In the case of H∞ -design we look for a controller which
ensures
∥M(s)∥∞ < γ
(5)

Fig. 10. M − ∆ loop for robust stability analysis

for a small positive number γ . Note that the system uncertainty
is not taken into account in the H∞ -design.
The main disadvantage of the H∞ -design is that it does not
allways ensure robust stability and robust performance of the
closed-loop system in presence of uncertainty in the plant G.

uncertainty weighting functions. The block ∆ parameterizes
all supposed model uncertainty. The controller is denoted by
K. Inputs to P are three sets of signals: inputs u∆ due to
the uncertainty, references and disturbances w and controls
u. Three sets of outputs are generated: outputs y∆ due to the
uncertainty, errors or controlled outputs z and measurements
y.
For the aim of robust stability analysis, it is convenient
to represent the uncertain control system by the M − ∆ loop,
shown in Figure 10. In this loop the transfer function of the
nominal part (denoted by M) is separated from uncertain part
(denoted by ∆). We have that M = Fℓ (P, K) where Fℓ (P, K)
denotes the transfer function matrix of the lower Linear
Fractional Transformation of P and K. It is possible to prove
that the system shown in Figure 10 will achieve robust stability
for all ∆ if and only if

µ∆ [M( jω )] < 1

µ -synthesis problem
The µ –synthesis is one of the most important techniques
in Robust Control Design. For properly chosen weighting
functions this design method usually produces a controller
that ensures both robust stability and robust performance of
the closed-loop system.
Consider a control problem shown in Figure 11.
The aim of the µ –synthesis is to minimize the peak value
of the structured singular value µ∆P (.) of the closed-loop
transfer function matrix Fℓ (P, K) over the set of all stabilizing
controllers K. This is written as
min
max µ∆P (Fℓ (P, K)( jω )).
ω
K
stabilizing

(1)

where µ∆ (Fℓ (P, K)) is the structured singular value of the
closed-loop system (Zhou et al., 1996). The design goal is
to determine a controller K, stabilizing the nominal system
as well as for all ∆, maxω σ̄ [∆( jω )] ≤ 1. The closed-loop
system achieves robust performance if the system is stable
and satisfies the performance criterion
∥FU [M, ∆]∥∞ < 1

Fig. 11. Block-diagram of the closed-loop system

(6)

The µ -synthesis has the following features.
1) Good disturbance attenuation and noise suppression.
2) Achieves stability and performance robustness.
3) Doesn’t require accurate plant model.
4) Difficult tuning of the weighting functions.
5) The controller order is higher than the order of the H∞
controller.
Consider how to set the performance requirements in the
µ -synthesis.
The design goal is to achieve robust stability and robust
performance of the closed-loop system shown in Figure 12 in
the presence of plant uncertainty and output disturbances. The
matrix transfer functions Wp and Wu are frequency dependent
weighting functions (filters) that will be called weighting

(2)

where FU (M, ∆) is the transfer function matrix of the upper
LFT of M and ∆. For given arbitrary K this criterion may be
tested by using the robust performance test on the nominal
part M = Fℓ (P, K). The robust performance test should be
performed in respect to the extended uncertain structure
{[
]
}
∆ 0
def
nw ×nz
∆P =
: ∆F ∈ C
,
(3)
0 ∆F
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Fig. 12. Block-diagram of the closed-loop system

the model for all possible plant uncertainties. The usage of
two-degree-of-freedom controller usually lead to better design
results in comparison with the usage of one-degree-of-freedom
controller.

the model for all possible plant uncertainties. The usage of
two-degree-of-freedom controller usually lead to better design
results in comparison with the usage of one-degree-of-freedom
controller.

Choice of weighting filters

Choice of weighting filters

The performance weighting transfer functions Wp are chosen as low pass filters to suppress the output disturbance d,
and the control weighting transfer functions Wu are chosen
as high pass filters with appropriate bandwidth in order to
impose constraints on the high frequency spectrum of the
control actions [11]. This is based on the assumption that the
disturbance spectrum is in the low-frequency range and the
noise spectrum is in the high frequency range. In some cases it
is necessary to modify the weighting functions many (hundred
and more) times in order to achieve the desired closed-loop
behavior which is one of the few disadvantages of the µ synthesis. The choice of weighting functions may be done by
implementing optimization procedures.
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Fig. 12. Block-diagram of the closed-loop system

Implementation of D-K iterations
The µ synthesis is done via the so called D-K iterations
(Zhou et al. 1996) which represent an approximate method
for finding the minimum of pick value of µ . These iterations
R
are realized in Robust Control Toolbox⃝
3 by the function
dksyn(Balas et al. 2013). The convergence of D-K iterations
is not guaranteed and in some cases one may observe very
poor iteration behavior or even divergence. In such cases
it is possible to make slight changes in the performance
weighting functions or in the model parameters in order to
improve the convergence. Also, the inclusion of small noises
in some system inputs may have very good impact on the D-K
iterations.
Below we give some recommendations about how to do in
practice the µ -synthesis.
1) Due to the efforts necessary to derive the uncertain
plant model and the almost unavoidable complication
of the controller designed it is appropriate to begin
with simplified uncertainty description in order to see
wether the performance requirements can be met. Only
in the case when these requirements are satisfied, it is
appropriate to consider more complicated uncertainty
descriptions including, for instance, parametric uncertainties to ”sharpen” the design with more accurate
uncertainty model.
2) The usage of µ means worst-case analysis so one
should be cautious when introducing many sources of
uncertainties, disturbances and noises. In such a case
it becomes less and less possible for the worst case
to appear and the analysis and design performed may
become unnecessarily conservative.
3) There is always uncertainty in respect to inputs and
outputs so that it is reasonable in the general case to
include diagonal input and output uncertainties. The
relative (multiplicative) uncertainty is very appropriate
for this aim.

Fig. 13. Design of two-degree-of-freedom controller

performance function and weighting control function, respectively. The role of the function Wp is to “penalize” the
difference between system output y and reference r in desired
low frequency range and the role of the function Wu is to limit
the magnitude of control action u.
The closed-loop system is described by
z = Tzw w,
[

where
z=

[
Tzw =
and

z1
z2

]

(7)
[

, w=

Wp So
Wu KSo

r
d

]

−Wp So
−Wu KSo

,
]
,

So = (I − GK)−1

is the output sensitivity transfer function matrix.
To achieve closed-loop robust performance, i.e.

µ∆P (Tzw ( jω )) < 1,

(8)

means that the condition
∥Tzw ∥∞ < 1

(9)

will be fulfilled for each possible plant uncertainty. This, in
turn, guarantees fulfillment of the conditions
∥Wp So ∥∞ < 1, ∥Wu KSo ∥∞ < 1.

(10)

Figure 13 illustrates the implementation of the so called
two-degree-of-freedom controller. The goal in this case is
to achieve closeness of the closed-loop system behavior to
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Integration of hardware and software in embedded control systems proceeds in three phases: software-in-theloop, processor-in-the-loop and hardware-in-the-loop. In
the first phase the hardware is represented entirely by
R
Simulink⃝
models. The control code is generated automatiR
cally from Simulink⃝
model and is validated off-line by simulation of the closed-loop system. At this stage it is possible
to use Monte Carlo simulation which can take into account
parametric variations and nonlinear effects. In the second
phase the control code is tested in the real-time embedded
R
processor using hardware simulated by Simulink⃝
models.
Finally, in the third phase the control code is tested with
the prototyped hardware in order to verify the integrated
functional and operational performance in real environment
(strong disturbances, noises and parametric variations). This
technique makes possible to examine rapidly different control
laws reducing in the same time the danger of accidents during
real experiments.
The embedded control systems have the following distinguishing features.
1) Signals are presented as fixed-point integers or single
precision numbers. Floating-point arithmetic may be emulated or implemented by integrated hardware floatingpoint unit.
2) The controller model should be modified to include I/O
interfaces with the external devices.
3) The MEMS sensor noises may be intensive in some
frequency ranges.
Analysis of embedded control systems requires the usage
of methods pertaining to the theory of hybrid control systems
(Lunze and Lamnabhi-Lagarrigue 2012).

Fig. 14. Block-diagram of an embedded control system

4) In the practical design it is customary to obtain values
of µ that exceed one. This may result from very high
requirements to the closed-loop performance which are
impossible to satisfy for the given plant. In such a case
it is necessary to loosen the requirements setting other
performance and/or control action weighting functions.
Finding a controller that ensures value of µ less than one
means that the requirements set are possible to achieve.
In other cases it may be necessary to design controller with different structure, for instance two-degreeof-freedom controller, in order to fulfil the requirements
posed.
5) In case of a discrete-time system it is appropriate to
perform the controller design initially in the continuoustime case. This is due to the fact that the best possible performance may be obtained in the continuoustime case which can then be considered as a limit for
discrete-time designs. Also, in the continuous-time case
it is easier to find appropriate performance weighting
functions that again may be implemented in the discretetime design.

Removing the sensor drift
The MEMS sensor errors consist of deterministic and
stochastic parts. The deterministic part includes constant biases, scale factors, axis misalignment and so on, which are
removed from row measurements by the corresponding calibration techniques. The stochastic part contains random errors
(noises) which cannot be removed from the measurements and
should be modeled as stochastic processes.
As an example, consider the MEMS gyroscope used in
motion control. Its noise typically consists of the following
terms:
• Bias instability. This is a stationary stochastic process
which may be considered as a low-order zero-mean
Gauss-Markov process.
• Angular random walk. This is an angular error process
which is due to white noise in angular rate.
• Rate random walk. This is a rate error due to white noise
in angular acceleration.
• Discretization error. This is an error representing the
quantization noise.
Several other noise terms are described in detail in (IEEEStd
952-1997).
Different techniques for building models of MEMS sensor
noises are presented in (El-Sheimy et al. 2008; Quinchia et

CONTROLLER IMPLEMENTATION
Embedded control systems
Implementation of robust controllers in real-time is done
by embedded control systems which are characterized by the
fact that the control software is stored in read-only memory
(Hristu-Varsakelis and Levine 2005, Part III). The process
R
of embedding the control software by using MATLAB⃝
and
R
⃝
Simulink is illustrated in Figure 14. The robust control law
R
R
is designed in MATLAB⃝
and its Simulink⃝
model is translated to the embedded processor using the automatic generaR
tion code tools Simulink Coder⃝
(Simulink Coder 2013) and
R
Embedded Coder⃝(Embedded Coder 2013). The embedded
systems used for motion control usually implement Microelectromechanical systems (MEMS) sensors.

11

Integration of hardware and software in embedded control systems proceeds in three phases: software-in-theloop, processor-in-the-loop and hardware-in-the-loop. In
the first phase the hardware is represented entirely by
R
Simulink⃝
models. The control code is generated automatiR
cally from Simulink⃝
model and is validated off-line by simulation of the closed-loop system. At this stage it is possible
to use Monte Carlo simulation which can take into account
parametric variations and nonlinear effects. In the second
phase the control code is tested in the real-time embedded
R
processor using hardware simulated by Simulink⃝
models.
Finally, in the third phase the control code is tested with
the prototyped hardware in order to verify the integrated
functional and operational performance in real environment
(strong disturbances, noises and parametric variations). This
technique makes possible to examine rapidly different control
laws reducing in the same time the danger of accidents during
real experiments.
The embedded control systems have the following distinguishing features.
1) Signals are presented as fixed-point integers or single
precision numbers. Floating-point arithmetic may be emulated or implemented by integrated hardware floatingpoint unit.
2) The controller model should be modified to include I/O
interfaces with the external devices.
3) The MEMS sensor noises may be intensive in some
frequency ranges.
Analysis of embedded control systems requires the usage
of methods pertaining to the theory of hybrid control systems
(Lunze and Lamnabhi-Lagarrigue 2012).

Fig. 14. Block-diagram of an embedded control system

4) In the practical design it is customary to obtain values
of µ that exceed one. This may result from very high
requirements to the closed-loop performance which are
impossible to satisfy for the given plant. In such a case
it is necessary to loosen the requirements setting other
performance and/or control action weighting functions.
Finding a controller that ensures value of µ less than one
means that the requirements set are possible to achieve.
In other cases it may be necessary to design controller with different structure, for instance two-degreeof-freedom controller, in order to fulfil the requirements
posed.
5) In case of a discrete-time system it is appropriate to
perform the controller design initially in the continuoustime case. This is due to the fact that the best possible performance may be obtained in the continuoustime case which can then be considered as a limit for
discrete-time designs. Also, in the continuous-time case
it is easier to find appropriate performance weighting
functions that again may be implemented in the discretetime design.

Removing the sensor drift
The MEMS sensor errors consist of deterministic and
stochastic parts. The deterministic part includes constant biases, scale factors, axis misalignment and so on, which are
removed from row measurements by the corresponding calibration techniques. The stochastic part contains random errors
(noises) which cannot be removed from the measurements and
should be modeled as stochastic processes.
As an example, consider the MEMS gyroscope used in
motion control. Its noise typically consists of the following
terms:
• Bias instability. This is a stationary stochastic process
which may be considered as a low-order zero-mean
Gauss-Markov process.
• Angular random walk. This is an angular error process
which is due to white noise in angular rate.
• Rate random walk. This is a rate error due to white noise
in angular acceleration.
• Discretization error. This is an error representing the
quantization noise.
Several other noise terms are described in detail in (IEEEStd
952-1997).
Different techniques for building models of MEMS sensor
noises are presented in (El-Sheimy et al. 2008; Quinchia et

CONTROLLER IMPLEMENTATION
Embedded control systems
Implementation of robust controllers in real-time is done
by embedded control systems which are characterized by the
fact that the control software is stored in read-only memory
(Hristu-Varsakelis and Levine 2005, Part III). The process
R
of embedding the control software by using MATLAB⃝
and
R
⃝
Simulink is illustrated in Figure 14. The robust control law
R
R
is designed in MATLAB⃝
and its Simulink⃝
model is translated to the embedded processor using the automatic generaR
tion code tools Simulink Coder⃝
(Simulink Coder 2013) and
R
Embedded Coder⃝(Embedded Coder 2013). The embedded
systems used for motion control usually implement Microelectromechanical systems (MEMS) sensors.

11

Power spectral density of gyro noise

2

10

1

10

1

0

10

10

0

↑
2

−1

2

2K /ω

10

Power/frequency (deg2/s2/Hz)

Power/frequency (deg2/s2/Hz)

10

2

2B /ω
↓

−2

10

↑
2N2

−3

10

↑
2

−1

2

2K /ω

10

2

2B /ω
↓

−2

10

↑
2N2

−3

10

−4

10

−4

−5

10

10

−5

10

−6

10

Power spectral density of gyro noise

2

10

−6

−4

10

−3

−2

10

10

−1

10
Frequency (Hz)

0

10

1

10

10

2

10

−4

10

Fig. 15. Power spectral density of gyro noise

−3

−2

10

10

−1

10
Frequency (Hz)

0

10

1

10

2

10

Fig. 15. Power spectral density of gyro noise
Fig. 17. Influence of the precision used on controller poles
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R
The robust control laws are designed in MATLAB⃝
using
double precision (64 bits) floating point arithmetic. In the best
case, these control laws are implemented in the embedded
processor by using single precision (32 bits) arithmetic. This
circumstance may affect significantly the behavior of the
discrete-time closed-loop system. As an example we show in
Figure 17 the poles of a discrete-time robust controller of order
40 implemented in double and single precision. As it is seen
from the Figure, the controller implemented in single precision
becomes unstable which is undesirable in practice. This shows
that controller stability in single precision should be checked
R
after the design in MATLAB⃝
.
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A CASE STUDY: ROBUST CONTROL OF
TWO-WHEELED ROBOT

Fig. 16. Allan variance of gyro noise

Two-wheeled robots have several applications which make
them interesting from theoretical an practical point of view.
The most popular commercial product, built on the idea of self
R
balancing two-wheeled robot is the Segway⃝
Personal Transporter (PT), produced by Segway Inc., USA (Segway 2012).
R
Some of the Segway⃝
PTs have maximum speed of 20 km/h
and can travel as far as 38 km on a single battery charge. The
self-balancing two-wheeled robot NXTway-GS (Yamamoto
R
2015), built on the basis of the LEGO⃝
Mindstorms NXT developer kit, is widely used in education. Also, the telepresence
R
and video conferencing two-wheeled robot Double⃝
(Double
2014) is very popular recently.
The two-wheeled robots have dynamics which is similar to
the inverted pendulum dynamics so that they are inherently
unstable and should be stabilized around the vertical position using a control system. Linear-quadratic or proportionalintegral-derivative (PID) control laws are usually implemented
in order to achieve vertical stabilization and desired position
in the horizontal plane.

al. 2012; Petkov and Slavov 2010), to name a few. Usually,
they exploit the autocorrelation function of the noise in order
to obtain 1st order Gauss-Markov or higher order AutoRegressive models. Note that it is desirable to keep the model
order as low as possible since the model is frequently used
in the design of Kalman filter to determine optimal estimates
based on the sensor measurements.
Stochastic discrete-time models of MEMS gyro are obtained
on the basis of frequency-domain and time-domain characteristics of the sensors noises. For this aim it is possible to use
the power spectral density of gyro noise (see Figure 15) and
the so called Alan variance (Allan 1966) shown in Figure 16.
By using nonlinear least-squares minimization it is possible
to determine the numbers B, N and K which characterize
bias instability, angular random walk and rate random walk,
respectively.
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Fig. 20. Block-diagram of the control system

Fig. 20. Block-diagram of the control system

Fig. 18. Two-wheeled robot in self-balancing mode

Fig. 18. Two-wheeled robot in self-balancing mode

Fig. 19. Robot motion in vertical and horizontal planes

In this section we present the design and experimentation of a robust control system of two-wheeled robot which
implements a µ -regulator for vertical stabilization and a
proportional-integral controller of the robot rotation around
the vertical axis. Due to the lack of accurate analytical
robot model, the control system design is done by using
a model built with the aid of an identification procedure.
A discrete-time Kalman filter of 2nd order is implemented
to estimate the plant dynamics around the vertical axis. A
R
R
software in MATLAB⃝
/Simulink⃝
environment is developed
for generation of control code which is embedded in the
Texas Instruments Digital Signal Controller TMS320F28335.
Results from the simulation of the closed-loop system as
well as experimental results obtained during the real-time
implementation of the controller designed are given.

Fig. 21. Representation of robot dynamics

Fig. 21. Representation of robot dynamics

wheels in appropriate direction. The computation of control
actions to both DC brushed drive motors is realized in single
precision on the basis of signals from the gyro sensor measuring the angular rate (and, after integration, the tilt angle
ϕ ) and signals from rotary encoders measuring the wheels
rotation angles. The control of the DC motors is executed by
Pulse Width Modulated (PWM) signals. A 2nd order Kalman
filter is used to estimate the yaw angle ψ .
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precision on the basis of signals from the gyro sensor measuring the angular rate (and, after integration, the tilt angle
ϕ ) and signals from rotary encoders measuring the wheels
rotation angles. The control of the DC motors is executed by
Pulse Width Modulated (PWM) signals. A 2nd order Kalman
filter is used to estimate the yaw angle ψ .

Model identification
The block-diagram of the two-wheeled robot control system
is shown in Figure 20.
In order to simplify the robot dynamics it is assumed that
the motions in vertical and horizontal planes are independent.
This allows to represent the robot dynamics by a single-input
single-output plant as shown in Figure 21.
In respect to the stabilization in upper equilibrium state
and to the control of forward-backward motion, the robot is
described by Auto Regressive Moving Average with eXternal
input (ARMAX) and Box-Jenkins (BJ) discrete-time models,
respectively. For this aim we use the corresponding funcR
tions from System Identification Toolbox⃝
3 (Ljung 2013).
The ARMAX model of 7th order with structure parameters
na = 7, nb = 7, nc = 7, nk = 3 describes the link between the
control signal u and the rate ϕ̇ , while the BJ model of 3rd order
with structure parameters nb = 3, n f = 3, nc = 3, nd = 3, nk = 1
gives the link between the rates ϕ̇ and θ̇ = (θ̇L + θ̇R )/2
where θ̇L and θ̇R are the angular velocities of left and right
wheels, respectively. ARMAX and BJ models, resulting from
identification, are assumed as nominal and have the form

Robot description
The robot is equipped with two servo drives for actuation,
MEMS inertial sensor ADIS16350 for measuring the angular
velocities ϕ̇ and ψ̇ of robot body in the vertical plane and
around the vertical axis, respectively, quadrature encoders for
measuring the position of the wheels and a digital signal
controller Texas Instruments TMS320F28335 implementing a
discrete real-time stabilization algorithm with sampling period
T0 = 0.005 s. The robot balancing is achieved by rotating the
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ϕ̇ (z) = Gϕ̇ u,nom (z)u(z) + νϕ̇ (z),

(11)

θ̇ (z) = Gθ̇ ϕ̇ ,nom (z) + νθ̇ (z)

(12)

Fig. 19. Robot motion in vertical and horizontal planes
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where Gϕ̇ u,nom (z) is the nominal transfer function from u to ϕ̇ ,
Gθ̇ ϕ̇ ,nom (z) is the nominal transfer function from ϕ̇ to θ̇ , the
noises νϕ̇ , νθ̇ are obtained during the identification procedure
and reflect the uncertainty in the model found. These noises are
represented as models with input multiplicative uncertainties
which are used in the design of robust controller.
Condition of unbiased parameter estimates guarantees that
the exact parameter values are contained in the confidence
intervals of estimates with probability close to 1. This allows
derivation of multiplicative uncertainty models of the transfer
functions Gϕ̇ u and Gθ̇ ϕ̇ in the form of LFT shown in Figure 22.
Based on confidence intervals, maximum relative deviations
from nominal models are obtained. These deviations are
approximated, through optimization procedure, with shaping
filters which are represented by transfer function of 9th and
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The maximum relative uncertainties in Gϕ̇ ,u and Gθ̇ ,ϕ̇ along
with their approximations are represented in Figures 23 and
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|∆ϕ̇ | < 1, ∆θ̇ < 1.
The Bode plots of the uncertain models Gϕ̇ ,u and Gθ̇ ,ϕ̇ are
shown in Figures 25 and 26, respectively.
Controller design
The closed-loop system block-diagram corresponding to the
µ -synthesis problem is shown in Figure 27. In order to obtain
better position accuracy a feedback from the integral of the
tracking error rθ − θ to the controller is introduced (Goodwin
et al. 2001). The control actions to the plant are realized by a
Digital Signal Controller in real time with sampling frequency
fs = 200 Hz. For this reason the µ -synthesis is implemented
to design a discrete-time controller at this sampling frequency.
To obtain good performance of the closed-loop system we
shall implement a two-degree-of-freedom controller (Gu et

where Wϕ̇ u (z),Wθ̇ ϕ̇ (z) are the corresponding shaping filters obtained by approximations of the relative magnitude deviations
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importance of the different frequency ranges for which the
performance requirements should be fulfilled.
The µ -synthesis is done for several performance weighting
functions that ensure a good balance between system performance and robustness. On the basis of the experimental
results, we choose the performance weighting function (in the
continuous-time case) as
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and the control weighting function as
al. 2013). The control actions are generated according to the
expression
[
]
rθ
uc = [Kr Ky ]
= Kr rθ + Ky yc ,
(15)
yc

Wu (s) =

1
30000

1
0.007 s + 1
.
1
200 s + 1

The performance weighting functions are chosen as low pass
filters, and the control weighting function is chosen as high
pass filter with appropriate bandwidth in order to impose
constraints on the spectrum of the control actions. These
functions are discretized for the sampling frequency of 200
Hz and included in the open-loop system model.
The µ -synthesis is performed by using the
R
MATLAB⃝
function dksyn (Balas et al. 2012). In order to
obtain better convergence of the D-K iterations two small
noises nϕ̇ and nθ̇ with intensity 10−4 are added to the
angular velocities ϕ̇ and θ̇ , respectively. Three iterations are
performed that decrease the maximum value of µ to 0.693.
The final controller obtained is of 50th order.
The Bode plot of the closed-loop system is shown in Figure
28. It is seen that the closed-loop bandwidth is approximately
1 rad/s.
The magnitude plot of the closed-loop in respect to the
tracking error eθ = rθ − θ is shown in Figure 29.
In Figures 30 and 31 we show the influence of the noises
in ϕ̇ and θ̇ , respectively, to the control action u. It is seen that
the effect of noise in ϕ̇ is much stronger than the effect of
noise in θ̇ .

where rθ is the wheels reference angle and
[
]T
∫
yc = ϕ̇ , θ̇ , (rθ − θ )
is the output feedback vector, Ky is the output feedback transfer
function matrix and Kr is the pre-filter transfer function.
The weighted closed-loop system outputs e p and eu satisfy
the equation
[
] [
]
ep
Wp So GKr
=
rθ
(16)
eu
Wu Si Kr
where the matrix Si = (I −Ky G)−1 is the input sensitivity transfer function matrix, So = (I − GKy )−1 is the output sensitivity
transfer function matrix and G = Gϕ̇ u Gθ̇ ϕ̇ .
The performance criterion requires the transfer function
matrix from the exogenous input signal rθ to the output signals
e p and eu to be small in the sense of ∥ · ∥∞ , for all possible
uncertain plant
models G. This leads to small weighted signals
∫
ϕ̇ , θ̇ and (rθ − θ ) and small control action. The transfer
function matrices Wp and Wu are used to reflect the relative
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Fig. 32. Robust stability and performance of the closed-loop system

Fig. 29. Magnitude plot of the tracking error

Finally, in Figure 32 we show the plots of the structured
singular values corresponding to the robust stability and robust
performance of the closed-loop system. The system achieves
both robust stability and robust performance in respect to
the uncertainties corresponding to the identification of robot
model.
A PI controller of the angular motion around the vertical
axis is also designed. The yaw angular velocity ψ̇ is measured
by a gyroscope of the same type as the gyro used to measure
the tilth rate. This gyroscope contains a significant noise ψg
which is modeled by the additional equation

Finally, in Figure 32 we show the plots of the structured
singular values corresponding to the robust stability and robust
performance of the closed-loop system. The system achieves
both robust stability and robust performance in respect to
the uncertainties corresponding to the identification of robot
model.
A PI controller of the angular motion around the vertical
axis is also designed. The yaw angular velocity ψ̇ is measured
by a gyroscope of the same type as the gyro used to measure
the tilth rate. This gyroscope contains a significant noise ψg
which is modeled by the additional equation

ψ̇g (k + 1) = ψ̇g (k) + Jg νg (k)

ψ̇g (k + 1) = ψ̇g (k) + Jg νg (k)

(17)

where νg is a white gaussian noise with unit variance and the
coefficient Jg is determined experimentally to obtain a good
estimate of ψ̇ as Jg = 0.0001. A second order Kalman filter
is designed to produce sufficiently accurate estimate ψ̂ of the
yaw angle.

Fig. 30. Sensitivity of control to noise in ϕ̇

Fig. 31. Sensitivity of control to noise in θ̇
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estimate of ψ̇ as Jg = 0.0001. A second order Kalman filter
is designed to produce sufficiently accurate estimate ψ̂ of the
yaw angle.
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Experimental results

A simulation scheme of the control system and a specialized
R
R
software in MATLAB⃝
/Simulink⃝
environment is developed
to implement the control code. To simplify the controller, its
order is reduced from 50 to 30. With the aid of Simulink
R
R
Coder⃝
[27] and Code Composer Studio⃝
, a code is generated from this software which is embedded in the Texas
Instruments Digital Signal Controller TMS320F28335 [26].
Several experiments with the controller designed are performed and comparison with the simulation results is done.
The experimental results obtained during the real-time robot
control are given in Figures 33 - 36.
It is seen form the Figures33 and 34 that the wheels track
accurately the reference and the robots keeps well its vertical
position. The measured angle ϕ contains a significant bias
which is removed by using off-line a 17th order Kalman filter.
It is interesting to note that this bias does not affect the vertical
stabilization of the robot which is due to the good filtration
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Fig. 36. Control action
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properties of the system with µ -controller. The usage of the
estimate ψ̂ (k), obtained by a 2nd order Kalman filter, instead
of ψ (k) ensures exact rotation of the robot around the vertical
axis, while there is a increasing with the time bias in the
measured value of ψ (k) due to the integration of the gyro
noise (Figure 35). The control action does not exceed 40 units
with maximum allowable value equal to 50 (Figure 36).
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The paper presents a brief survey of several issues arising
in the design and implementation of robust control laws in
embedded control systems. Some difficulties and unsolved
problems that require further research are pointed out. A case
study of robot control design is presented which illustrates
the progress in the implementation of high order robust
controllers. Several references are included which may help
the reader to find more detailed information about the topics
discussed.
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Multiple models are used because each modeling formalism provides certain capabilities and makes specific assumptions about the domain being modeled. For example,
Timed Influence Nets (Haider and Levis 2007) describe
cause and effect relationships among groups at high level
but have no capability of capturing social aspects among
the groups of interest. Social Networks (Carley 1999), on
the other hand, can describe the interactions among groups
and members of the groups. In this context, a Multi-Formalism Modeling process addresses a complex problem
through the use of a number of interconnected domain-specific models where each model contributes insights to the
overall problem. The interoperations between the interconnected models could serve different purposes and can happen in various forms. The focus of this paper is on modeling
human organizations.

KEYWORDS
Timed Influence Nets, Social Networks, Concept Maps,
Ontology, Workflow.
ABSTRACT
The modeling of a human organization for the analysis of
its behavior in response to external stimuli is a complex
problem and requires development and interoperation of a
set of several models. Each model, developed using different modeling languages but the same data, offers unique insights and makes specific assumptions about the organization being modeled. Interoperation of such models can produce a more robust modeling and simulation capability to
support analysis and evaluation of the organizational behavior. Meta-modeling analysis based on Concept Maps
and Ontologies indicates what types of interoperation are
valid between models expressed in different modeling languages. The approach is illustrated through several examples focusing on the use of Social Networks, Timed Influence Nets (a variant of Bayes Nets), and Colored Petri nets.

Social scientists have been collecting and analyzing sociocultural data to study social groups, organizations, tribes,
urban and rural populations, ethnic groups, and societies.
Sometimes the data are longitudinal (i.e., time series) tracking a particular social entity over a long time period and
other times the data are taken at a single point in time (e.g.,
surveys) across a diverse population. Sometimes the data
are focused on individual actors and their attributes and
other times on the relations between actors. This poses a
unique challenge: the classification and taxonomy of model
types and how data relate to them, i.e., a taxonomy that can
bridge the gap between data and models. This challenge is
further exacerbated by the fact that no single model can
capture the complexities of human behavior especially
when interactions among groups or organizations with diverse social and cultural attributes are concerned.

FRAMING THE MULTI-FORMALISM MODELING
PROBLEM
Modeling is the process of producing a model; a model is a
representation of the construction and working of some situation of interest (Maria 1997). Figure 1 represents the
modeling hierarchy where a Model is obtained using a
Modeling Tool that applies a Modeling Formalism or Language to represent a specific Situation. The model itself
should always conform to the Modeling Formalism used to
create it.

Because the human behavior domain is very complex when
observed from different perspectives, a classification
scheme is needed that can place different modeling approaches and modeling formalisms in context, but in a way
that is meaningful to empiricists who collect the data, to
modelers that need data to develop and test their models,
and to theoreticians who use model generated data to induce theoretical insights. As a start to the development of a
taxonomy for the problem space, four dimensions are considered.

Modeling Formalism
implements

Modeling Tool

in

built/analyzed by

Model
represented by

Situation

Mathematical and Computational Modeling Languages.
There are many modeling languages and many classifications of them, e.g., static or dynamic, deterministic or stochastic, linear or nonlinear, continuous time or discrete

Figure 1: Modeling Hierarchy
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location on the time line and the other is the duration of the
period the data cover. Another possible attribute is the time
interval between sampling instants. Second, there is the
time dimension of the model itself. It can be an instant or a
period.

Time Horizon

Long

Social Entity (Granularity). This is an important dimension
because it addresses the issue of improper generalization of
the data. Being explicit in specifying the characterization of
the social entity that will be modeled and analyzed is essential. The social entity classification can range from an individual (e.g., the leader of a country, or a Chief Executive
Officer, or a military leader) to a cell or team (e.g., an aircraft maintenance crew or a terrorist cell,) to a clan or tribe,
to an ethnic or religious group, all the way to a multi-cultural population -- the society -- of a nation-state. There are
serious definitional issues with regard to the social entity
that need to be addressed by mathematical and computational modelers. These issues include spatial, temporal and
boundary constraints; sphere of influence; change processes and rate of adaptation. For example, while the
boundaries of an individual are impermeable, the boundaries of a tribe are permeable. Marriage enables crossing clan
or tribal boundaries and, interestingly, in both directions.
Individuals can be in only one location at a time; whereas,
groups can have a very complex spatial-temporal presence
(e.g., ranging from an agricultural cooperative to a transnational organization). As the granularity of the social entity
increases, the size of the sphere of influence increases, the
physical space covered increases, and the rate of adaptation
decreases. For example, individuals can impact those
within their communication network and adapt to new situations in minutes whereas a nation-state can influence other
nation-states but may take years to adapt. Finally, the
change processes are different with individuals changing as
they learn and nation-states changing through processes
such as migration, legislation, economic collapse, and war.

Medium

Short/
Real Time
Tactical

Operational

Strategic

Decision Making Level

Figure 2: Problem Scope & Time Horizon
The choice of an instant leads to static models; the instant
of time can be a year, a month, a week, or any other epoch.
Essentially, a static description of an organization is developed that remains unchanged during that epoch. The other
alternative is to consider a time interval over which the organization transforms. Again that time interval can range
from hours to years. A key attribute of the time interval (duration) is its location on the timeline. Third, there is the time
dimension that the model addresses. This is called the time
horizon of the model.
The time dimension is closely related to the scope of the
problem and is also related to the size of the social entity
considered – as the time horizon is increased, the sphere of
influence (i.e., the size of the social entity that will be impacted) is increased. Furthermore, the larger the social entity is, the longer the time horizon necessary to observe effects on the behavior. While exceptions to this rule are possible, this consideration also restricts the combinations of
entity size and time horizon that define meaningful problems.
These four types of dimensions, modeling formalism, social entity, scope, and time, define the problem space for
modeling the behavior of diverse types of human organizations. In many cases, the mathematical and computational
models are created so that they can be used in developing
strategies to effect change that will increase the effectiveness of the organization. In this case, proper handling of
time is essential both in the model as well as in the underlying data. An additional challenge with respect to the temporal dimension(s) is to consider the persistence of effects
on the targeted social entity; it is important to account not
only for delays in an effect becoming observable, but also
for its gradual attenuation over time.

Scope of Problem. In the military domain, the types of decisions that are made are characterized as tactical, operational, and strategic. It used to be that tactical decisions concerned the present and immediate future, operational decisions the near term future, while strategic decisions concerned the long term (Fig. 2). However, information technology has changed this; it has made it possible for tactical
decisions to have almost immediate strategic implications.
The three levels have become very much coupled. For example, a terrorist act, itself a small tactical operation, can
have significant strategic impact by changing the long term
behavior of a population (e.g., the effect of an unsuccessful
terrorist action on an airplane caused significant changes in
air travel security worldwide.)

Aspects of this construct can be represented graphically in
a 3-dimensional space that has Social Entity, Time, and
Modeling Formalism or Language, being the three axes. In
the graphic in Fig. 3 some possible calibration of the axes
is shown, but this is only illustrative. Social scientists and

Time. The time attribute is complex and cannot be captured
by a single variable. First, there is the time period that the
data cover. This requires at least two variables: one is the
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time, time driven or event driven, quantitative or qualitative, agent centric or system centric, and so forth. On the
basis of these modeling languages, different types of models have been developed: Bayesian networks, Social Networks, Dynamic Networks, Colored Petri Nets, State Machine models, Dynamics and Control models based on differential equations, System Dynamics models based on difference equations, Agent-Based models with internal sets
of rules, Econometric models (time series based models),
Statistical models, Input-Output (e.g., Leontieff) models,
and many others.
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mathematical and computational modelers working together may refine the attributes that are marked on these
axes and place them in a logical order. The Scope axis has
not been included; the graphic of Fig. 3 can be interpreted
as being for a given scope. Indeed, the choice of scope may
lead to a re-calibration of the three axes.

MULTI-FORMALISM MODELING CHALLENGES
The classification scheme of Fig. 3 would act as the first
filter that would show which “cells” are available for possible use (i.e., which modeling formalisms) based on the
scope, social entity, and time dimension of the issue being
considered and which ones are not appropriate for use because of granularity
or temporal considerations.
Suppose now that a
set of non-empty
cells have been
identified in Fig. 3
that could be used
to address the problem of interest. The
existence of multiple modeling alternatives leads to a
set of questions: (a)
What data are required for each
modeling formalism and are that data available; (b) will the
selected models run independently or will they interact or
inter-operate? (c) If they interoperate, what form will the
interoperation take?

Figure 3: A Possible Classification Scheme for Multi-Formalism Modeling
Given a classification scheme and the appropriate ordering,
then we can define a set of feasible cells in that space. Each
cell then defines a particular model by specifying three attributes: (a) the social entity being modeled, (b) the epoch
being considered, and (c) the modeling formalism or language. Not all cells in the space may be of interest in the
sense that no problems addressing the situation of interest
have been identified for that combination of attributes.
Also, some mathematical and computational models, by
their basic assumptions, may not be able to be associated
with specific values of the other axes. For example, agent
based models are not appropriate for modeling a single individual so the corresponding set of cells would be empty.
Within each cell there may be multiple models depending
on the problem scope.

Note that model interactions can take a wide variety of
forms: (1) Two models run in series with the output of one
providing an input to the other; (2) One model runs inside
another; (3) Two models run side-by-side and interoperate.
The interoperation can be complementary where the two
run totally independently of each other supplying parts of
the solution required to answer the questions, or supplementary where the two supply (offline and/or online) each
other with parameter values and/or functionality not available to either individual model; and (4) One model is
run/used to construct another by providing design parameters and constraints or to construct the whole or part of another model. These are all aspects of the need for semantic
interoperability.

The classification scheme selected for each axis should
make sense with respect to the problem/issue domain. A
particular challenge faced earlier while modeling the dynamics of a province in Iraq with a set of externally provided data is that terrorist organizations exist and operate
amidst civilian (non-combatant) populations. Since no single model can capture well both the terrorist cell dynamics
and the non-combatant population behavior, a set of interoperating models was needed. In another example, the
impact of a course of action focused on de-escalating a crisis between two nation states with nuclear capability (e.g.,
Pakistan and India) needed to be assessed. An ensemble of
models, each using different modeling formalism, was used
to explore the impact of applying the de-escalatory strategy
on the behavior of the two governments.

Figure 4: The Four Layers of Multi-Formalism Modeling
In order to address in a structured manner the modeling and
simulation issues that arise when multiple models are to interoperate, four layers need to be addressed (Fig. 4). The
first layer, the Physical Layer, i.e., Hardware and Software,
is a platform that enables the concurrent execution of multiple models expressed in different modeling languages and
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provides the ability to exchange data and also to schedule
the events across the different models. The second layer is
the Syntactic Layer which ascertains that the right data are
exchanged among the models. Once this is achieved, a third
problem needs to be addressed at the Semantic Layer,
where the interoperation of different models is examined to
ensure that conflicting assumption in different modeling
languages are recognized and form constraints to the exchange of data. In the Workflow Layer valid combinations
of interoperating models are considered to address specific
issues. Different issues require different workflows. The
use of multiple interoperating models is referred to as
Multi-Formalism Modeling MFM) while the analysis of the
validity of model interoperation is referred to as Meta-Modeling. Each of these layers and the challenges that they pose
are addressed in the next section.

C2WT offers a solution for multi-model simulation by decomposing the problem into model integration and experiment or simulation integration tasks as shown in Fig. 5.
Model Integration: Integrated experiments or simulations
are specified by a suite of domain specific models, including for instance: human organizations (expressed using the
Colored Petri Net modeling language and social networks),
networks (OMNET++ network simulation language), physical platforms (Matlab/Simulink based models), and the
physical environment (e.g., Google Earth). While the individual behaviors simulated by the different simulation
models are essential, they must interact as specified by the
workflow for the particular simulation or experiment. Their
interactions need to be formally captured and the simulation
of the components needs to be coordinated. This is a significant challenge, since the component models are defined
using dramatically different domain specific modeling languages. The C2WT, therefore, uses the meta-modeling
technology and the Vanderbilt MIC tool suite1. The key
new component is the Model Integration Layer (Fig. 5),
where a dedicated Model Integration Language (MIL) is
used for model integration. The MIL consists of a carefully
selected collection of modeling concepts that represent the
domain-specific simulation tools. An additional feature of
the C2WT is its ability to include human-in-the-loop architectures whether in the roles of operators (piloting drones)
or playing the roles of decision makers.

THE MULTI-FORMALISM MODELING LAYERS
The Physical and Syntactic Layers
The technical issues regarding the Physical and Syntactic
Layers have been resolved a decade ago. There are numerous testbeds, based on different principles, which enable the
inter-operation of models. For example, SORASCS, developed at CASOS at Carnegie Mellon University used a Service Oriented Architecture (SOA). (Garlan et al. 2009) The
C2 Wind Tunnel (C2WT) on the other hand is an integrated,
multi-modeling simulation environment. (Hemingway et
al. 2011; Karsai et al. 2004) Its framework uses a discrete
event model of computation as the common semantic
framework for the precise integration of an extensible range
of simulation engines, using the Run-Time Infrastructure
(RTI) of the High Level Architecture (HLA) platform. The

Model-based Experiment Integration: C2WT uses the MIC
model interpretation infrastructure for the generators that
automatically integrate heterogeneous experiments on the
HLA platform deployed on a distributed computing environment. After finalizing the component models, the integration models, and
setting the parameters, the MIL model
interpreters generate all the necessary
configuration information and runtime code. Each
modeling language
is depicted as a federate on which
models built using
that language run.

provides the ability to exchange data and also to schedule
the events across the different models. The second layer is
the Syntactic Layer which ascertains that the right data are
exchanged among the models. Once this is achieved, a third
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Multi-Formalism Modeling MFM) while the analysis of the
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evolved over two decades of research at the Institute for
Software Integrated Systems at Vanderbilt University and
is now used in a wide range of government and industry
applications.

MIC is a meta-programmable Model-Integrated Computing (MIC) tool suite for integrating models, to manage the
configuration and deployment of scenarios in the simulation environment, and to generate the necessary interface
code for each integrated simulation platform. It has
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derlying HLA standard, which has provision for both discrete time and discrete event models. The main elements of
time management in HLA are: a) a Logical Timeline, b)
Time ordered delivery of interactions between simulations,
and c) a protocol for advance of Logical Time. In a causality
preserving execution (note that HLA supports untimed executions as well), the underlying RTI maintains a logical
time, and interaction messages generated by simulations are
time stamped with the logical time and delivered to their
destinations in a timed order. The logical time is advanced
by a cooperative Time Advance Request and Grant protocol.
A similar protocol is supported for event driven simulations
in which the event driven simulation requests the Next Event
to the RTI. The simulation logical time is advanced either to
the earliest available interaction or to the time stamp of the
next event local to the requesting simulation.

so that individual models constructed to address a specific
problem in a domain of interest can be evaluated for possible interoperation. The interoperation may be in the form
of possible use of the same input data and/or exchange of
parameter values or analysis results across different models. This meta-modeling approach provides a framework
for identifying these integration mappings between different modeling formalisms especially when they are employed to construct models addressing a common situation
or problem of interest. It is a phased approach that uses concept maps, meta-models, and ontologies. It is based on
comparing the ontologies (for each modeling technique) to
help identify the similarities, overlaps, and/or mappings
across the model types under consideration. The modeling
languages considered thus far are Social Networks, Dynamic Meta-Networks and probabilistic decision models
such as Influence and Timed Influence Nets. Additional
work has been done for Colored Petri Nets modeling decision making organizations and discrete event communication system models.

One can also envision a federation of two or more of these
test bed infrastructures through the incorporation of the different modeling languages as federates. However, while
this is sufficient to enable the passing of data from one
model to another and for the computational and syntactical
interoperation of models, it is not sufficient to ensure the
semantic and mathematical/algorithmic interoperability.
For that, basic research was needed on meta-modeling.

The approach starts by specifying a modeling paradigm by
constructing a generalized Concept Map (Novak and Cañas
2008, IHMC 2014) that captures the assumptions, definitions, elements and their properties and relationships relevant to the paradigm. An example of a Concept Map for a
Timed Influence Net, a variant of Bayes nets, is shown in
Fig. 6. This concept model is a structured representation,
albeit not a formal one, and, therefore, not amenable to machine reasoning.

The Semantic Layer and Meta-Modeling
A Meta-Model is an abstraction layer above the actual
model and describes the modeling formalism used to create
the model. Consequently, a model
has to conform to
its meta-model in
the way that a
computer
program conforms to
the grammar of
the programming
language in which
it is written. MetaModeling is defined to be the
process of constructing a metamodel in order to
model a specific
problem within a
certain domain.
The typical role of a meta-model is to define how model
elements are instantiated.

Figure 6: Concept Map for Timed Influence Nets (TIN)
The Concept Map representation is then formalized using
meta-models. This is shown in Fig. 7 where the Concept
Map for TIN has been expressed formally using the Unified
Modeling Language (UML). The aim of constructing the
meta-model is to reveal the structural (i.e., syntactic) aspects of the modeling formalism and to lay down the foundation for its ontology.

In an effort to study and formally represent the semantic
interoperability of disparate models and modeling languages, Rafi (2010) and Levis et al. (2010) have developed
a meta-modeling framework. This meta-modeling approach extends earlier works by Kappel et al. (2006) and
Saeki and Kaiya (2006) for a class of modeling languages
primarily used for behavioral modeling problems.

A basic ontology, referred to as a pseudo ontology, is constructed which mirrors the meta-model and serves as the
foundation ontology; it does not contain any semantic con-

The meta-modeling approach presented here is based on the
analysis of the conceptual foundations of a model ensemble
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cepts (related to the modeling formalism and to the modeled domain) but acts as the skeleton for the ontology.

cept Map is sufficiently complete to assess model interoperability. For example, social network metrics may be used;
Concepts Maps can be imported in a tool such as ORA for
assessment (Carley et al. 2013). Furthermore, by comparing the network structure of Concept Maps for different
modeling formalisms it may be possible to identify previously unidentified connections among the resulting models.
Meta-Modeling analysis indicates what types of interoperation are valid between models expressed in different modeling formalisms. Two models can interoperate (partially)
if some concepts appear in both modeling formalisms and
they have no contradictory concepts that are that are invoked by the particular application. By refining this approach to partition the concepts into modeling formalism/language input and output concepts and also defining
the concepts that are relevant to the questions being asked
to address the problem, it becomes possible to determine
which sets of models can interoperate to address some or
all of the concepts of interest, and which sets of models use
different input and output concepts that are relevant to those
questions.

Figure 7: The TIN Concept Map Expressed in UML
The next step, semantic concepts and relationships are
added to this foundation ontology to obtain the refactored
ontology. Once the individual ontologies are completed for
each modeling technique,
mapping of concepts across
the ontologies is started.
The resulting ontology
which contains these concepts and relationships
within and across multiple
ontologies is called an enriched ontology.
Figure 8 provides an overview of the workflow prescribed by the meta-modeling approach when applied
to two modeling formalisms: Timed Influence Nets
and Social Networks. The
enriched ontology so constructed for the modeling
formalisms can be reasoned
with using the logical theory
supporting the ontological
representation (Bechhofer
2003). This mapping suggests ways in which several
modeling formalisms can
interoperate on a multimodel integration platform
such as the C2WT. The
mappings suggest possible
semantically correct ways
to ensure consistency and to
exchange information (i.e.,
parameter values and/or analysis results) between different
types of models when they are used in a workflow solving
a specific problem of interest.

Figure 8: Overview of the Meta-Modeling Approach
In order to support semantic interoperability models will
need to be interchanged across tools. This requires model
transformations. The transformations are formally specified in terms of the meta-models of the inputs and the outputs of the transformations. From these meta-models and

Analysis of the network structure of the Concept Map can
provide guidance as to the conditions under which the Con-
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the specification of the semantic mapping a semantic translator that implements the model transformation is synthesized. (Emerson and Sztipanovits 2006)

DSML should go in five phases: Decision, Analysis, Design, Implementation and Deployment. The details of the
process for developing a DSMWL are documented in Abu
Jbara (2013) and Abu Jbara and Levis (2014).

The Workflow Layer

Creating workflows using a domain specific language allows for translating visual views of model interoperation
into an executable implementation. There already exist generic techniques for creating and executing workflows such
as BPMN (OMG-BPMN 2011) and BPEL (OMG-BPEL
2011). The domain specific nature of the MFM approach
requires the development of a Domain Specific MFM
Workflow Language for the selected domain of interest.
Such a language would be tailored to a problem domain of
interest and would offer a high level of expressiveness. It
can be a specific profile of an existing GPL, i.e., BPMN.

In achieving Multi-Formalism Modeling (MFM), and to
provide supporting platforms, many challenges have to be
faced. Beside the technical issues that usually arise in allowing interoperations between models through their modeling tools, as described in the previous sub-sections, there
is also a major challenge of improving the human interface
to the MFM process itself (Fishwick 2004).
A systematic methodology for developing and then using a
Domain Specific MFM Workflow Language (DSMWL) is
needed. The objective is to help users of MFM platforms in
creating workflows of modeling activities while guaranteeing both syntactic and semantic correctness of the resulting
ensemble of inter-operating models. The approach is domain specific; the rationale behind this is twofold: first,
problems to be solved by employing MFM techniques are
usually domain specific themselves; second, it narrows
down the scope of meaningful interoperations among several modeling formalisms where each formalism offers
unique insights and make specific assumptions about the
domain being modeled. The first step consists of the identification and characterization of a domain of interest and
the modeling techniques that support it. This defines a region in containing a number of non-empty cells in the construct of Fig. 2. Domain Analysis follows; its aim is to provide formal representations of syntactic and semantic aspects of the domain. A new Domain Specific MFM Workflow Language is then developed to construct workflows
that capture MFM activities in the selected domain. A domain Ontology resulting from the Domain Analysis step is
utilized to provide semantic guidance that effects valid
model interoperation.

The Approach
For effective use of Multi-Formalism Modeling, all four
layers are necessary. Implementation of the physical and
syntactic layers results in a computational testbed; the semantic layer through metamodeling analysis addresses the
validity of model interoperation; and the workflow layer,
through the Domain Specific Multi-Formalism Modeling
workflow languages it contains, enables the construction
and management of a particular multi-formalism construct
to address the problem of interest. Based on this foundation,
it is possible now to consider a number of different modeling formalisms that can be used to explore questions involving human organizations.
MODELING HUMAN ORGANIZATIONS
A suite of modeling tool sis shown in Fig. 9, each tool conforming to a different modeling formalism. They have been
developed by the System Architectures Laboratory (SAL)
of George Mason University and the Center for Computational Analysis of Social and Organizational Systems
(CASOS) of Carnegie Mellon University.

Domain
Specific
Modeling Languages
(DSMLs) are languages tailored to a
specific domain. They
offer a high level of
expressiveness and
ease of use compared
with a General Purpose
Language
(GPL). Development
of a new DSML is not
a straightforward activity. It requires both
domain knowledge
and language development expertise. In
the
first
place,
DSMLs were developed simply because
they can offer domain-specificity in better ways. According
to Mernick at al. (2005), the development of any new

Figure 9: Tools for Modeling Human Organizations
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For example, Social Networks (Carley 1999) describe the
interactions (and linkages) among group members but say
little about the underlying organization and/or command
structure. ORA (Carley et al. 2013) is an application for the
construction and analysis of social networks, while DyNet
(Belov et al. 2009) is a multi-agent simulation model for
studying dynamic changes in human networks.

Analysts at JIATF-South are trained to use various modeling techniques to analyze data and then to identify possible
COAs. By applying the MFM approach, analysts should be
capable of creating visual workflows supported by interoperating models. An informal description of the domain is as
follows:
 Drug Interdiction involves information sharing, fusion
of intelligence data, and monitoring of drug trafficking activities.
 Given incomplete and uncertain information, timely
decisions to be made on best Courses of Action.
 Drug Interdiction involves dealing with Drug Cartels
and Smugglers and Law Enforcement and Intelligence.
 Drug Smugglers takes different routes and originate
from different geographical points.
 Analysts use Social Networks, Organization Models
Influence Nets, GIS, and Asset Allocation and Scheduling techniques.

Similarly, organization models (Levis, 2005) focus on the
structure of the organization and the prescribed interactions
but say little on the social/behavioral aspects of the members of the organization. Caesar III is a Colored Petri Net
tool for designing and analyzing organizational structures.
(Levis et al. 2008). Policies and procedures that govern the
behavior of an organization need to be modeled and analyzed because they affect the behavior of the human organization. Ruler is a tool for evaluating whether a proposed
course of action is in compliance with the prevailing policies and procedures. (Zaidi and Levis 1997) Temper (Zaidi
and Levis 2001) is a temporal logic inference tool that is
used to address the temporal aspects of a course of action.

After identifying related concepts, a Concept Map is constructed to capture the relations between the concepts. Figure 10 shows a concept map that addresses the question:
How does JIATF-South perform Drug Interdiction?

Timed Influence Net (TIN) models (Wagenhals and Levis
2007, Mansoor et al. 2009) are a variant of Bayesian models, used to describe cause and-effect relationships among
groups at a high level. The Timed Influence Net application, Pythia (Levis 2014), is used to develop Courses of Action and compare their outcomes.

Domain Analysis follows by using the generated concept
maps to construct UML class diagrams that represent the
constructs of the domain. Using GME, a Meta-Model for
this domain’s Workflow MFM Language is defined based
on the UML class diagram resulting from the domain analysis. This Meta-Model defines the constructs of this new
language. Figure 11 shows part of the visualization aspect
of the Domain Specific MFM Workflow Language. In addition to the basic constructs borrowed from BPMN, some
new constructs have been introduced and some constraints
have been imposed. The resulting workflow has two types
of activities, operations and interoperations. Operations are
those activates performed on a specific model using the
modeling tool that supports its modeling formalism. Interoperations are those activities that involve interoperations across models through their modeling tools. Operations in this DSMWL can be in one of two flavors, Thick
or Thin. This is due to the fact that multi-modeling platforms can support the integration of modeling tools in one
of two forms. Thin Operations represent the case when service based integration takes place, given that the modeling
tool of interest exposes its functionalities as services. Thick
Operations represent the case in which the whole modeling
tool is integrated as a package in the multi-modeling platform.

In addition to these tools, existing tools can be incorporated
such as a tool for modeling communications networks (e.g.,
the open source OMNeT++ (2014) and the INET Framework (2014)).
INTERDICTION OF DRUG TRAFFICKERS
In this section, an application of the Multi-Formalism Modeling approach to problems involving human organizations
is described. It is based on the operations of an actual organization, the US Joint Interagency Task Force – South,
whose mission is interdiction of drug trafficking in the
southeastern part of the US. The scenario was inspired by a
motion picture: Contraband (2012). It uses three modeling
formalisms: Social Networks with ORA; Colored Petri
Nets with CAESAR III, and Timed Influence Nets with
Pythia as well as a geographic visualization system.
JIATF-South is a Drug Interdiction agency well known for
interagency cooperation and intelligence fusion. The
agency usually receives disparate data regarding drug trafficking from different sources. Quick and effective analysis
of data is essential in addressing drug trafficking threats effectively. A typical case begins with JIATF-South receiving information form the US Drug Enforcement Administration. This prompts the deployment of drones that subsequently detect and monitor a suspect vessel until JIATFSouth can sortie a Coast Guard cutter to intercept. If drugs
are found, jurisdiction and disposition over the vessel,
drugs, and crew are coordinated with other national and international agencies. Courses of Action (COAs) identified
by JIATF-South are fully dependent on efficient analysis of
received data.
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decisions to be made on best Courses of Action.
 Drug Interdiction involves dealing with Drug Cartels
and Smugglers and Law Enforcement and Intelligence.
 Drug Smugglers takes different routes and originate
from different geographical points.
 Analysts use Social Networks, Organization Models
Influence Nets, GIS, and Asset Allocation and Scheduling techniques.

Similarly, organization models (Levis, 2005) focus on the
structure of the organization and the prescribed interactions
but say little on the social/behavioral aspects of the members of the organization. Caesar III is a Colored Petri Net
tool for designing and analyzing organizational structures.
(Levis et al. 2008). Policies and procedures that govern the
behavior of an organization need to be modeled and analyzed because they affect the behavior of the human organization. Ruler is a tool for evaluating whether a proposed
course of action is in compliance with the prevailing policies and procedures. (Zaidi and Levis 1997) Temper (Zaidi
and Levis 2001) is a temporal logic inference tool that is
used to address the temporal aspects of a course of action.

After identifying related concepts, a Concept Map is constructed to capture the relations between the concepts. Figure 10 shows a concept map that addresses the question:
How does JIATF-South perform Drug Interdiction?

Timed Influence Net (TIN) models (Wagenhals and Levis
2007, Mansoor et al. 2009) are a variant of Bayesian models, used to describe cause and-effect relationships among
groups at a high level. The Timed Influence Net application, Pythia (Levis 2014), is used to develop Courses of Action and compare their outcomes.

Domain Analysis follows by using the generated concept
maps to construct UML class diagrams that represent the
constructs of the domain. Using GME, a Meta-Model for
this domain’s Workflow MFM Language is defined based
on the UML class diagram resulting from the domain analysis. This Meta-Model defines the constructs of this new
language. Figure 11 shows part of the visualization aspect
of the Domain Specific MFM Workflow Language. In addition to the basic constructs borrowed from BPMN, some
new constructs have been introduced and some constraints
have been imposed. The resulting workflow has two types
of activities, operations and interoperations. Operations are
those activates performed on a specific model using the
modeling tool that supports its modeling formalism. Interoperations are those activities that involve interoperations across models through their modeling tools. Operations in this DSMWL can be in one of two flavors, Thick
or Thin. This is due to the fact that multi-modeling platforms can support the integration of modeling tools in one
of two forms. Thin Operations represent the case when service based integration takes place, given that the modeling
tool of interest exposes its functionalities as services. Thick
Operations represent the case in which the whole modeling
tool is integrated as a package in the multi-modeling platform.

In addition to these tools, existing tools can be incorporated
such as a tool for modeling communications networks (e.g.,
the open source OMNeT++ (2014) and the INET Framework (2014)).
INTERDICTION OF DRUG TRAFFICKERS
In this section, an application of the Multi-Formalism Modeling approach to problems involving human organizations
is described. It is based on the operations of an actual organization, the US Joint Interagency Task Force – South,
whose mission is interdiction of drug trafficking in the
southeastern part of the US. The scenario was inspired by a
motion picture: Contraband (2012). It uses three modeling
formalisms: Social Networks with ORA; Colored Petri
Nets with CAESAR III, and Timed Influence Nets with
Pythia as well as a geographic visualization system.
JIATF-South is a Drug Interdiction agency well known for
interagency cooperation and intelligence fusion. The
agency usually receives disparate data regarding drug trafficking from different sources. Quick and effective analysis
of data is essential in addressing drug trafficking threats effectively. A typical case begins with JIATF-South receiving information form the US Drug Enforcement Administration. This prompts the deployment of drones that subsequently detect and monitor a suspect vessel until JIATFSouth can sortie a Coast Guard cutter to intercept. If drugs
are found, jurisdiction and disposition over the vessel,
drugs, and crew are coordinated with other national and international agencies. Courses of Action (COAs) identified
by JIATF-South are fully dependent on efficient analysis of
received data.
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country R is already known to the officers. It is also known
that this R-based cartel is connected to a US-based cartel.
JIATF-S has an insider informant in the US-based cartel;
the informant is requested to provide more information
about this particular case. The cargo ship leaves the port of
country R on Day n and enters international waters on day
n+1. JIATF-S has drones that continuously monitor suspicious activities. Orders go out from JIATF-S directing
some drones to monitor the suspected cargo ship and to
keep it under surveillance. The cargo ship is expected to
arrive to a US port on the Gulf of Mexico on day n+5. A
visualization of the scenario is shown in Figure 12.

Figure 11: Workflow of drug interdiction MFM activity expressed in the Domain Specific MFM Workflow Language
Once the GME meta-model of the constructed Domain
Specific Multi-Modeling Workflow Language is interpreted and registered as a new modeling paradigm in GME,
the GME environment is used to create workflows that capture specific domain scenarios. Figure 11 shows a workflow that involves the use of Geospatial models, Timed Influence Nets, Social Networks and Organization Models to
analyze data and then generate and select best Courses of
Actions (COAs) for drug interdiction.
The Fictitious Scenario: The JIATF-South agency receives
information about suspicious activities from different
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Figure 12: Scenario Visualization

algorithm embedded in Pythia. The selected COA identifies
which actionable events influence the success of drug trafficking efforts.
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A Social Network model captures relationships between
agents. JIATF-S receives continuous information about drug
cartels and their members. With the help of ORA, relationships between cartel’s members and among different cartels
are captured (Fig. 14). These networks can help to identify
the most effective individuals, “leaders,” and the paths of
communication between different cartels. Figure 14 shows a
simple Social Networks for the cartels involved in the scenario. The nodes on the left side of the model represent the
cartel based on country R while the nodes on the right represent the US based cartel. The arrows represent the relationships between the individuals and help to identify the most
connected and influence individuals. These kinds of relationships and information captured in social networks help
JIATF-S analysts to identify best actions to track and interdict drug trafficking activities taken by these two cartels. In
the scenario workflow, a social network is used to generate
an organization structure that is modeled as a Colored Petri
Net using CAESAR III for further analysis and then to revise the TIN model before using it to generate COAs.
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After the workflow of the interoperating models is interpreted, it gets executed on the testbed. The participating
modeling techniques are utilized through their supporting
tools that are already integrated into the computational platform. The focal point of the models is the TIN model. The
workflow sequence operates on revising and optimizing this
TIN model for better COA analysis and selection. Interoperations between models participating into the multi-modeling activity enhance the analysis process. The relationships
captured in the social network model identify the most influential actors in the drug trafficking effort and are used to
update the TIN model actions and probabilities. Temporal
information captured in the geospatial model is used to update the timing of actions in the TIN model. After the TIN
model is refined based on the data received from the other
models, Pythia capabilities and algorithms are utilized for
COA selection.

Figure 13: Timed Influence Net Model for Developing
Drug Interdiction Courses of Action
Based on the information available, JIATF-S analysts construct a TIN model using Pythia and use it to analyze the
effects of actions taken to address the drug trafficking threat
in this scenario. Figure 13 shows the model created and analyzed as part of the scenario workflow. The goal, as shown
on the node on the right side of the model, is to interdict drug
trafficking activity. The actions that can be taken by JIATFS and other scenario actors are shown on the left side of the
model. Pythia has the capability to analyze the effect of setting each of these actions on or off and determining the optimum time for applying these actions. TIN analysis results
in a set of probability profiles for each of the effects of interest when a particular Course of Action is applied. The
COA that maximizes the probability of the goal node, interdicting drug trafficking in this case, is considered to be the
best COA. This was obtained using the SAF optimization
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The last operation of the workflow, as was shown in Figure
11, represents the COA selection task. Different combinations of action events are examined to determine the COA
that gives highest probability for a specific node goal, which
is successful drug interdiction in this scenario. Three generated COAs are presented to illustrate the types of results obtained.

The last operation of the workflow, as was shown in Figure
11, represents the COA selection task. Different combinations of action events are examined to determine the COA
that gives highest probability for a specific node goal, which
is successful drug interdiction in this scenario. Three generated COAs are presented to illustrate the types of results obtained.

The first COA, visualized in Fig. 15, shows that sharing information between the JIATF-South and other (local and regional) intelligence agencies in addition to the utilization of
surveillance resources, results in the probability of the target
node of effective drug interdiction reaching its highest level
around 68%. This is the selected COA by JIATF-S since it
maximizes the probability of Drug Interdiction for the scenario under consideration.

Figure 16: Second Option for Course of Action
The third COA (Fig. 17) shows how the probability of effective drug interdiction can decrease even more to a level close
to 25% if in addition to lack of information sharing, insider
information from the drug cartel is not available.
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Figure 15: Best Course of Action

CONCLUSION
A methodology for employing multi-Formalism modeling
effectively has been described. The four layers of the approach have been identified and the issues that need to be
considered at each layer have ben described. The approach
has been used in a number of diverse applications where a

In the second COA (Fig. 16), the probability of interdicting
smuggled drugs decreases dramatically to about 32% when
information sharing between the JIATF-South and other local and regional intelligence agencies is not in effect. This
shows the value of information sharing to the success of
drug interdiction efforts.
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variety of different modeling formalisms have been employed. One particular application focused on the interactions of human organizations is included to illustrate the process.
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We consider an interaction between a donor and a
recipient where the actions of a donor produce multiple
results to the recipient. There are Optimists and
Pessimists who focus on the best and worst outcomes
among them as a recipient of the interaction,
respectively, and they try to reflect on their experience
in their next action as a donor. What is the effect on the
emergence of cooperation? This paper formulates the
situation as a Demographic Multi-attribute DonorRecipient game and introduces also Average, who
focuses on the average outcome and considers the effect
of the initial distribution of them on the emergence of
cooperation by Agent-Based Simulation. If the initial
population includes only one type from Pessimist,
Optimist, or Average, then the emergence rate of
cooperation increases in this order. In particular it is
very low with only the Pessimist. The emergence rate of
cooperation in case of initial populations including both
Optimist and Pessimist is larger than that of the initial
population including only the Optimist. Thus the
Optimist is crucial for a high emergence rate of
cooperation in realistic initial populations including the
Pessimist.
INTRODUCTION
We introduce personal characters of players (agents),
the Optimist, the Pessimist, and the Average, and
investigate the role of the Optimist against the Pessimist
on the emergence of cooperation in a Demographic
Multi-attribute Donor-Recipient (DR) game.
Epstein (2006) introduces his demographic model. He
shows the emergence of cooperation where AllC and
AllD are initially randomly distributed in a square
lattice of cells. In each period, players move locally
(that is, to a random cell within the neighboring 4 cells,
that is, the north, west, south, and east cells; or von
Neumann neighbors, if unoccupied) and play the
Prisoner’s Dilemma (PD) game against local
(neighboring) player(s). Here AllC always Cooperates
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and AllD always Defects. If wealth (accumulated
payoff) of a player becomes negative or his age
becomes greater than his lifetime, he dies. If his wealth
becomes greater than some amount and there is an
unoccupied cell in a von Neumann neighbor, he has
offspring and gives the offspring some amount from his
wealth. Thus the local interaction in the spatial structure
is an important element in the emergence of cooperation.
Namekata and Namekata (2011 and 2012) extend
Epstein’s original model discussed above by introducing
a global move, a global play, and a Reluctant player into
a demographic PD or DR game. Reluctant players delay
replying to changes and use extended forms of tit-for-tat
(TFT). Here, TFT Cooperates in the first game and in
later games uses the same move as his opponent did in
the previous game. They show cases where the
reluctance to respond the opponent’s change promotes
the emergence of cooperation. Thus, this reluctance,
which is a personal character of players, is an important
element to promote cooperation. They also show that
cooperative strategies evolutionarily tend to move and
play locally, defective do not. Szabó and Hauert (2002)
consider the effect of voluntary participation on the
emergence of cooperation in PD games on square lattice
or random regular graphs. Besides usual AllC and AllD
in the PD game, they introduce the third player called
the Loner in their model. Loners do not participate in
the PD game. When every player plays a game against a
Loner, he and the Loner always obtain the fixed payoff
that is better than the payoff between two AllD’s and
worse than the payoff between two AllC’s. In their
voluntary participation model, two players actually play
a different game other than the PD game if at least one
of them is Loner. Namekata and Namekata (2014)
investigate the effect of stochastic participation in a
game on the emergence of cooperation in a
Demographic Donor-Recipient Game. They show that
the emergence rate of cooperation is fairly small if the
initial population contains players who have Low
participation probability if he is a Donor and a
probability of one if he is a Recipient, but introducing
variableness of these probabilities in terms of his recent
experience as a Recipient promotes cooperation.
Szabó and Szolnoki (2012) deal with two-strategy (C
or D) games including a PD game in a spatial structure
(a square lattice) and introduce a Fraternal player. A
player on the lattice plays the games against his nearest
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neighbors and calculates his utility that depends on his
and co-players' payoff. A player chosen at random
changes from his current move to an opposite move,
that is, from C to D, or from D to C, in order to
maximize stochastically his utility. The Fraternal player
calculates his utility by averaging his own and a coplayers' payoff. They show that the stationary pattern of
C or D does not fall into a state of the "strategy of the
commons" and gives the maximum total payoff if the
system starts initially with the fraternal players.
Zagorsky, Reiter, Chatterjee, and Nowak (2013)
consider all strategies that can be implemented by one
and two-state automata in a strictly alternating DR game
and observe a convergence to some equilibria, one of
which represents a cooperative alliance of several
strategies, dominated by a Forgiver. In each period, two
strategies in the population play strictly alternating DR
games some fixed number of times. Frequencies of
strategies in the population over continuous periods are
determined by a usual replicator dynamics. The
Forgiver cooperates whenever the opponent has
cooperated; it defects once when the opponent has
defected, but subsequently the Forgiver attempts to reestablish cooperation even if the opponent has defected
again. The Fraternal player and the Forgiver represent
human behavioral features that relate to cooperation.
In general, interaction structures for the evolution of
cooperation in dilemma situations are classified into
five mechanisms, some of which are (reduced to) spatial
structure, direct reciprocity, and indirect reciprocity
(Nowak 2012; Nowak and Sigmund 2005). Here an
interaction structure specifies how players interact to
accumulate payoff and to compete for reproduction.
Spatial structure means that players are embedded on a
square lattice of cells, they stay at their original position
or may dynamically move around the lattice, and they
basically play games against their nearest neighbors.
Direct reciprocity assumes that a player plays games
with the same opponent repeatedly and he determines
his move depending on the moves of the same opponent.
If a player plays games repeatedly and the opponents
may not be the same, indirect (downstream) reciprocity
assumes that the player determines his move against the
current opponent depending on the previous moves of
this current opponent, or indirect upstream reciprocity,
or generalized reciprocity, assumes that the player
determines his move against the current opponent
depending on the previous experience of his own.
Epstein (2006) uses spatial structure. Namekata and
Namekata (2011, 2012, and 2014) use spatial structure
and generalized reciprocity. Szabó and Hauert (2002)
use spatial structure. Szabó and Szolnoki (2012) and
Zagorsky, Reiter, Chatterjee, and Nowak (2013) use
direct reciprocity.
We are interested in human behavioral features that
relate to cooperation. Let us imagine a situation where a
person (as a donor) invites another person (as a
recipient) to dinner. They are interested in, for example,
the following aspects (attributes): (1) Is the quality of
the dinner good or not? (2) Is the dinner ready on

schedule or not? (3) Is the room for the dinner neat and
clean or not? It requires some effort of (cost to) the
donor in order for the recipient to get benefit by, for
example, experiencing a good quality dinner. By the
benefit of only one attribute, an optimistic recipient may
have the impression that the donor is cooperative.
However, it may require all benefits of three attributes
for a pessimistic recipient to have the impression that
the donor is cooperative. This impression as a recipient
may adjust his next action as a donor. This paper
considers the role of Optimist against Pessimist on the
emergence of cooperation.
MODEL
We start with extending the TFT as follows in order to
introduce a reluctant strategy: Let m+1 represent the
number of states, t∈{0,...,m+1}, and s∈{0,...,m}. The
inner states of a strategy (m,t;s) are numbered 0,1,...,m.
The state i is labeled Di if i<t or Ci if not. If the current
state is labeled C or D, then the strategy prescribes
using C or D, respectively. In other words, the strategy
prescribes using D if the current state i<t but using C if
not; thus the value t is the threshold which determines
the move of the player. The initial state is state s; its
label is Ds if s<t or Cs if not. If the current state is i, then
the next state is basically min{i+1,m} or max{i−1,0}
given that the opponent uses C or D, respectively, in this
game. If m>1, then the strategy may delay replying to its
opponent’s change. Note that TFT is expressed as
(1,1;1) in this notation. Thus a strategy (m,t;s) is an
extended form of TFT. To sum up, our strategies are
expressed as (m,t;s); m is the largest state number, t is
the threshold, and s is the initial state number. The
initial state is denoted as (m,t;*) if it is determined
randomly. We also omit the initial state like (m,t) if we
have no need to specify it. We also call the inner state,
“Cooperation Indicator” (abbreviated as CI). Note that a
reluctant strategy (m,t;s) by itself decides its move
against the current opponent depending on its own
previous experience, meaning indirect upstream
reciprocity, that is, generalized reciprocity. We set m=2
in this paper. AllC is denoted by (2,0) and AllD by (2,3).
We deal with a Multi-attribute DR game as a stage
game. A Multi-attribute DR game has K (=3) attributes
and is a two-person game where one player is selected
as a Donor and the other as a Recipient randomly. A
Donor has two moves for each attribute, Cooperate (C)
and Defect (D). For each attribute, C means Donor pays
cost c of the attribute in order for Recipient to receive
benefit b of the attribute (b>c>0). Defect means the
Donor does nothing. Note that the Recipient has no
move. The payoff of the Multi-attribute DR game is the
sum of all payoffs among the K attributes. For the sake
of simplicity, players are supposed to think that all K
attributes are basically independent and to have K
reluctant strategies an i-th of which is used for the i-th
attribute (i=1,...,K). Thus the CI of the reluctant strategy
for an attribute j changes basically by the move for the
attribute j. We assume that each player plays 8 games
against (possibly different) players at each period. Since
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it is common in demographic dilemma games that the
sum of payoffs of a player, in two successive games once as a Donor and once as a Recipient, to be positive
if the opponent uses C and negative if D; and the worst
sum of a player is equal to the best sum in absolute
value, we therefore transform the original payoffs to
new ones by subtracting the constant x. Constant x is
given by (b−c)/4. We set b=6 and c=1 in this paper.
Table 1 shows the transformed payoff matrix for each
attribute of the Multi-attribute DR game.

CI's of his reluctant strategies for the attributes with
move D and keeps them the original states because he
was treated cooperatively on the whole during the game.
A full description of the adjustment of CI is given in
Table 2. The first column indicates the moves for
attributes of Donor, the second to the fourth shows the
adjusted changes for the corresponding attributes of CI's
by Optimist, Pessimist, and Average as a Recipient,
respectively, where "+" and "−" mean basic changes
(increase and decrease) of CI's and "0" means that the
basic change is actually canceled by the Recipient's
character. Thus Optimist tends to be more cooperative
than Average, and Average more than Pessimist.

Table 1: Payoff Matrix for each attribute of the Multiattribute DR Game

Donor
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Recipient
−c−x,b−x
−x,−x

CCC
CCD
CDD
DDD

In this paper, we introduce three human personal
characters, Optimist, Pessimist, and Average, into our
model. Optimist, Pessimist, and Average focus the best,
the worst, and the average outcome of a Multi-attribute
DR game as a recipient, respectively, and try to reflect
on their experience for the next move as a donor. After a
Multi-attribute DR game, for example, with one C move
and two D moves for all three attributes, an Optimist
focuses on the best outcome C, feels that he is treated
cooperatively on the whole in the game, and adjusts the
CI's of his three reluctant strategies in the following
way: He increases the CI of his reluctant strategy for the
attribute with move C, whereas he does not decrease the

O
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+00
−−−

P
+++
00−
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−−−

A
+++
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A player has the following properties that are
inherited from parents to offspring; character, threetuple of strategies, rateOfGlobalMove (rGM), and
rateOfGlobalPlay (rGP); whose initial distributions are
summarized in Table 3.
In period 0, N (=100) players (agents) are randomly
located in a 30-by-30 lattice of cells. The left and right
borders of the lattice are connected. If a player moves
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(rGM,rGP)

initial distribution
We deal with 7 distributions, P, O, A, O+P, O+A, P+A, and O+P+A, where P, O, and A represent
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Table 2. The first column indicates the moves for
attributes of Donor, the second to the fourth shows the
adjusted changes for the corresponding attributes of CI's
by Optimist, Pessimist, and Average as a Recipient,
respectively, where "+" and "−" mean basic changes
(increase and decrease) of CI's and "0" means that the
basic change is actually canceled by the Recipient's
character. Thus Optimist tends to be more cooperative
than Average, and Average more than Pessimist.

O
+++
++0
+00
−−−

P
+++
00−
0−−
−−−

A
+++
++0
0−−
−−−

A player has the following properties that are
inherited from parents to offspring; character, threetuple of strategies, rateOfGlobalMove (rGM), and
rateOfGlobalPlay (rGP); whose initial distributions are
summarized in Table 3.
In period 0, N (=100) players (agents) are randomly
located in a 30-by-30 lattice of cells. The left and right
borders of the lattice are connected. If a player moves

Table 3: Initial Distributions of Inheriting Properties
property
character
strategies

(rGM,rGP)

initial distribution
We deal with 7 distributions, P, O, A, O+P, O+A, P+A, and O+P+A, where P, O, and A represent
Pessimist, Optimist, and Average, respectively, and O+P+A, for example, means the character is
selected randomly from Optimist, Pessimist, and Average.
Three elements in three-tuple of strategies are independent and each element is identically
distributed with Rlct-2:={(1/4)(2,0), (1/4)(2,1;*), (1/4)(2,2;*), (1/4)(2,3)}. Rlct-2 means Reluctant
strategies with m=2. Rlct-2 implies that with a probability of 1/4 strategy (2,0) (AllC) is selected,
with a probability of 1/4 strategy (2,1;*) is selected, and so on, where * indicates that initial state
is selected randomly. Note that initially 50% of players use C on the average since both AllC and
AllD are included with the same probability and so are both (m,t;*) and (m,m−t+1;*).
We deal with distribution, {(1/4)ll, (1/4)lg, (1/4)gl, (1/4)gg}. For example, gl means rGM is
distributed in interval g and rGP in interval l, where l:=(0.05,0.2) and g:=(0.8,0.95), indicating to
move globally and play locally. {(1/4)ll, (1/4)lg, (1/4)gl, (1/4)gg} means rGM and rGP are
selected randomly among ll, lg, gl, and gg.

Table 4: Detailed Description of Move and Play

Table 4: Detailed Description of Move and Play

With probability rGM, a player moves to a random unoccupied cell in the whole lattice. If there is no
such cell, he stays in the current cell. Or with probability 1−rGM, a player moves to a random cell in von
Neumann neighbors if it is unoccupied. If there is no such cell, he stays in the current cell.
(2)
With probability rGP, the opponent against whom a player plays the dilemma game is selected at random
from all players (except himself) in the whole lattice. Or with probability 1−rGP, the opponent is selected
at random from von Neumann neighbors (no interaction if there are no neighbors). This process is
repeated 8 times. (Opponents are possibly different.)
(1) describes move and (2) describes play in detail.

With probability rGM, a player moves to a random unoccupied cell in the whole lattice. If there is no
such cell, he stays in the current cell. Or with probability 1−rGM, a player moves to a random cell in von
Neumann neighbors if it is unoccupied. If there is no such cell, he stays in the current cell.
(2)
With probability rGP, the opponent against whom a player plays the dilemma game is selected at random
from all players (except himself) in the whole lattice. Or with probability 1−rGP, the opponent is selected
at random from von Neumann neighbors (no interaction if there are no neighbors). This process is
repeated 8 times. (Opponents are possibly different.)
(1) describes move and (2) describes play in detail.

37

37

(1)

(1)

outside, for example, from the right border, then he
comes inside from the left border. The upper and lower
borders are connected similarly. Players use three-tuple
of strategies, each of which is (m,t;s) form. The initial
wealth of every player is 6. Their initial (integer valued)
age is randomly distributed between 0 and deathAge
(=50).
In each period, each player (1st) moves and (2nd) plays
Multi-attribute DR games against other players. Positive
payoff needs opponent’s C. (The detailed description of
(1st) move and (2nd) play is given in Table 4.) The
payoff of the game is added to his wealth. If the
resultant wealth is greater than fissionWealth (=10) and
there is an unoccupied cell in von Neumann neighbors,
the player has an offspring and gives the offspring 6
units from his wealth. His age is increased by one. If the
resultant wealth becomes negative or his age is greater
than deathAge (=50), then he dies. Then the next period
starts.
In our simulation we use synchronous updating, that
is, in each period, all players move, then all players play,
then all players have offspring if possible. We remark
that the initial state of the offspring's strategy for
attribute i is set to the current state of the parent's
strategy of the same attribute i. There is a small
mutationRate (=0.05) with which inheriting properties
are not inherited. The initial distributions of inheriting
properties given in Table 3 are also used when the
mutation occurs. We assume that with errorRate (=0.05)
a player makes mistake when he makes his move. Thus
AllC may defect sometimes.
Note that the initial distribution of a strategy is Rlct-2
(including AllC, (2,1), (2,2), and AllD). Also note that a
player moves and plays locally or globally with high
probability, thus there are 4 move-play patterns such as
ll, lg, gl, and gg.
Especially note that there are three characters, O, P,
and A, and the initial distribution of characters is one of
7 distributions, P, O, A, O+P, O+A, P+A, and O+P+A.
They are all possible combinations where the number of
characters in the population is 1, 2, or 3 and the
character(s) is (are) selected at random in the population.

run. Since the negative wealth of a player means his
death in our model and he has a lifetime, it is necessary
for many players to use C so that the population does
not become extinct. We are interested in the emergence
rate of cooperation (Ce), that is, the rate at which the
cooperation emerges.
Emergence Rate of Cooperation, Ce
What is the effect of introducing human personal
character, Optimist, Pessimist, and Average, on the
emergence of cooperation? We summarize the
emergence rate of cooperation, Ce, in Table 5. The first
column indicates the initial distribution of character and
the second Ce. Its graph is depicted in Fig 1. Ce for P is
0.067 and is very small (the minimum) compared with
other values. Ce's for P, O, and A increase in this order.
Note that Ce for Optimist is not larger than Ce for
Average. Although the maximum of Ce's is attained for
O+A, the initial distribution only with Optimist and
Average (excluding Pessimist) is unrealistic Utopia.
Among the other initial distributions, P+A, O+P, and
O+P+A, Ce for P+A is small but Ce's for O+P and
O+P+A are as large as Ce for A. Especially Ce for O+P
is larger than both Ce's for P and O. We conclude the
following observation:
1.
Emergence rates of cooperation, Ce’s for the
initial distribution consisting of only one character,
Pessimist, Optimist, and Average, increase in this
order. Thus Ce for Optimist is not the maximum
of these three. If the initial distributions consist of
more than one character and include Pessimist,
Optimist is crucial for a high Ce. Optimist
promotes cooperation better with other
character(s) than with only itself.
Table 5: Emergence Rate of Cooperation, Ce
Ce
0.067
0.557
0.733
0.283
0.680
0.840
0.700

P
O
A
P+A
O+P
O+A
O+P+A

SIMULATION AND RESULT
Our purpose to simulate our model is to examine the
role of Optimist against Pessimist on the emergence of
cooperation and the distribution of average strategies.
We use Repast Simphony 2.2 to simulate our model.
We execute 300 runs of simulations in each different
setting. We judge that cooperation emerges in a run if
there are more than 100 players and the average C rate
is greater than 0.2 at period 500, where the average C
rate at a period is the average of the player’s average C
rate at that period over all players, and the player’s
average C rate at the period is defined as the number of
C moves used by the player, divided by the number of
games played as a Donor at that period. (We interpret
0/0 as 0.) This average C rate is the rate at which we see
cooperative move C as an outside observer. We call a
run in which the cooperation emerges as a successful

Ce"
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Fig 1: Emergence Rate of Cooperation, Ce for Various
Initial Distributions of Characters

38

run. Since the negative wealth of a player means his
death in our model and he has a lifetime, it is necessary
for many players to use C so that the population does
not become extinct. We are interested in the emergence
rate of cooperation (Ce), that is, the rate at which the
cooperation emerges.
Emergence Rate of Cooperation, Ce
What is the effect of introducing human personal
character, Optimist, Pessimist, and Average, on the
emergence of cooperation? We summarize the
emergence rate of cooperation, Ce, in Table 5. The first
column indicates the initial distribution of character and
the second Ce. Its graph is depicted in Fig 1. Ce for P is
0.067 and is very small (the minimum) compared with
other values. Ce's for P, O, and A increase in this order.
Note that Ce for Optimist is not larger than Ce for
Average. Although the maximum of Ce's is attained for
O+A, the initial distribution only with Optimist and
Average (excluding Pessimist) is unrealistic Utopia.
Among the other initial distributions, P+A, O+P, and
O+P+A, Ce for P+A is small but Ce's for O+P and
O+P+A are as large as Ce for A. Especially Ce for O+P
is larger than both Ce's for P and O. We conclude the
following observation:
1.
Emergence rates of cooperation, Ce’s for the
initial distribution consisting of only one character,
Pessimist, Optimist, and Average, increase in this
order. Thus Ce for Optimist is not the maximum
of these three. If the initial distributions consist of
more than one character and include Pessimist,
Optimist is crucial for a high Ce. Optimist
promotes cooperation better with other
character(s) than with only itself.
Table 5: Emergence Rate of Cooperation, Ce
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0.557
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0.840
0.700
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O
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SIMULATION AND RESULT
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borders are connected similarly. Players use three-tuple
of strategies, each of which is (m,t;s) form. The initial
wealth of every player is 6. Their initial (integer valued)
age is randomly distributed between 0 and deathAge
(=50).
In each period, each player (1st) moves and (2nd) plays
Multi-attribute DR games against other players. Positive
payoff needs opponent’s C. (The detailed description of
(1st) move and (2nd) play is given in Table 4.) The
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resultant wealth is greater than fissionWealth (=10) and
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units from his wealth. His age is increased by one. If the
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In our simulation we use synchronous updating, that
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that the initial state of the offspring's strategy for
attribute i is set to the current state of the parent's
strategy of the same attribute i. There is a small
mutationRate (=0.05) with which inheriting properties
are not inherited. The initial distributions of inheriting
properties given in Table 3 are also used when the
mutation occurs. We assume that with errorRate (=0.05)
a player makes mistake when he makes his move. Thus
AllC may defect sometimes.
Note that the initial distribution of a strategy is Rlct-2
(including AllC, (2,1), (2,2), and AllD). Also note that a
player moves and plays locally or globally with high
probability, thus there are 4 move-play patterns such as
ll, lg, gl, and gg.
Especially note that there are three characters, O, P,
and A, and the initial distribution of characters is one of
7 distributions, P, O, A, O+P, O+A, P+A, and O+P+A.
They are all possible combinations where the number of
characters in the population is 1, 2, or 3 and the
character(s) is (are) selected at random in the population.

Our purpose to simulate our model is to examine the
role of Optimist against Pessimist on the emergence of
cooperation and the distribution of average strategies.
We use Repast Simphony 2.2 to simulate our model.
We execute 300 runs of simulations in each different
setting. We judge that cooperation emerges in a run if
there are more than 100 players and the average C rate
is greater than 0.2 at period 500, where the average C
rate at a period is the average of the player’s average C
rate at that period over all players, and the player’s
average C rate at the period is defined as the number of
C moves used by the player, divided by the number of
games played as a Donor at that period. (We interpret
0/0 as 0.) This average C rate is the rate at which we see
cooperative move C as an outside observer. We call a
run in which the cooperation emerges as a successful
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Distributions of Characters, Move-play Patterns,
and Strategies at Period 500 for The Initial
Distribution O+P+A

D because the rate 1.0% is very small. Thus Av.AllC
dominates Av.(2,1)(O+A) in Case A (55.7%).
Av.(2,1)(O+A) dominates Av.AllC in Case B (29.5%).
Av.AllC and Av.(2,1)(O+A) coexist in Case C (13.8%).
Fig 4 shows the corresponding scatter graph between
AllC and (2,1) over the successful runs at period 500
when the characters, Optimist, Pessimist, and Average
are not introduced. (Emergence rate of cooperation of
this no character situation is 64.7%.) The rates of Case
A, B, and C over all successful runs are 71.1%, 14.4%,
and 14.4% in Fig 4. The important difference between
Figs 3 and 4 is that the quantity of about 15% moves
from Case A in Fig 4 to Case B in Fig 3. That is, the
rate that (2,1) (Av.(2,1)(O+P)) dominates AllC
(Av.AllC) is decreased (increased) by about 15%
because of introducing the characters, Optimist,
Pessimist, and Average.

We concentrate on the most realistic initial distribution
of characters, that is, O+P+A and investigate
distributions of characters, move-play patterns, and
strategies over the successful runs at period 500. First
we examine average C rates of characters in average
strategies. An average strategy of 3-tuple of reluctant
strategies ((2,t0), (2,t1), (2,t2)) is defined as (2,tAve),
where tAve is the nearest integer to (t0+ t1+ t2)/3. Table 6
shows the correspondence between the reduced form of
3-tuple of reluctant strategies (in the first and the third
columns) and its average strategy (in the second and the
fourth columns). A reduced form of 3-tuple of reluctant
strategies, for example, C1D, represents all
permutations of AllC, (2,1), and AllD. Hereafter we use
the reduced forms of strategies instead of 3-tuple of the
reluctant strategies themselves and call them simply
strategies. Shaded CCC, CCD, CDD, and DDD have
NO difference between their types of characters because
their actions are constant regardless of their CI’s. Fig 2
depicts average C rates of characters in average
strategies. Av.AllC has similar average C rates among
all characters, P, O, A, and NO. Thus introducing
characters P, O, and A has little influence on Av.AllC.
Av.(2,1) has larger average C rate for O and A than for
P and NO. Thus we regard Av.AllC and Av.(2,1)(O+A)
as cooperative in the sense that they have large average
C rate, where Av.(2,1)(O+A) indicates the portion of
Av.(2,1) with character O or A.
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Let x and y be the frequency of Av.AllC and that of
Av.(2,1)(O+A) over the successful runs at period 500. A
scatter graph (x,y) is shown in Fig 3. We divide the
whole plane into 5 regions, Case A, Case B, Case C,
Case D, and the rest. Case A represents x>0.3 and
y<=0.4. Case B indicates x<=0.3 and y>0.4. Case D
represents x<0.05 and y<0.25. Case C is given by
x<=0.3 and y<=0.4 excluding Case D. The rates of Case
A, B, C and D over all successful runs are 55.7%,
29.5%, 13.8%, and 1.0%, respectively. We ignore Case
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Fig 4: Scatter Graph (x,y) of No Character Case, where
x and y are the frequency of AllC and that of (2,1)
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D because the rate 1.0% is very small. Thus Av.AllC
dominates Av.(2,1)(O+A) in Case A (55.7%).
Av.(2,1)(O+A) dominates Av.AllC in Case B (29.5%).
Av.AllC and Av.(2,1)(O+A) coexist in Case C (13.8%).
Fig 4 shows the corresponding scatter graph between
AllC and (2,1) over the successful runs at period 500
when the characters, Optimist, Pessimist, and Average
are not introduced. (Emergence rate of cooperation of
this no character situation is 64.7%.) The rates of Case
A, B, and C over all successful runs are 71.1%, 14.4%,
and 14.4% in Fig 4. The important difference between
Figs 3 and 4 is that the quantity of about 15% moves
from Case A in Fig 4 to Case B in Fig 3. That is, the
rate that (2,1) (Av.(2,1)(O+P)) dominates AllC
(Av.AllC) is decreased (increased) by about 15%
because of introducing the characters, Optimist,
Pessimist, and Average.

We concentrate on the most realistic initial distribution
of characters, that is, O+P+A and investigate
distributions of characters, move-play patterns, and
strategies over the successful runs at period 500. First
we examine average C rates of characters in average
strategies. An average strategy of 3-tuple of reluctant
strategies ((2,t0), (2,t1), (2,t2)) is defined as (2,tAve),
where tAve is the nearest integer to (t0+ t1+ t2)/3. Table 6
shows the correspondence between the reduced form of
3-tuple of reluctant strategies (in the first and the third
columns) and its average strategy (in the second and the
fourth columns). A reduced form of 3-tuple of reluctant
strategies, for example, C1D, represents all
permutations of AllC, (2,1), and AllD. Hereafter we use
the reduced forms of strategies instead of 3-tuple of the
reluctant strategies themselves and call them simply
strategies. Shaded CCC, CCD, CDD, and DDD have
NO difference between their types of characters because
their actions are constant regardless of their CI’s. Fig 2
depicts average C rates of characters in average
strategies. Av.AllC has similar average C rates among
all characters, P, O, A, and NO. Thus introducing
characters P, O, and A has little influence on Av.AllC.
Av.(2,1) has larger average C rate for O and A than for
P and NO. Thus we regard Av.AllC and Av.(2,1)(O+A)
as cooperative in the sense that they have large average
C rate, where Av.(2,1)(O+A) indicates the portion of
Av.(2,1) with character O or A.
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DDD
C, 1, 2, and D in the first and third column mean AllC,
(2,1), (2,2), and AllD, respectively. Three letters from
them are arranged in the order of C, 1, 2, and D.
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Let x and y be the frequency of Av.AllC and that of
Av.(2,1)(O+A) over the successful runs at period 500. A
scatter graph (x,y) is shown in Fig 3. We divide the
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Case D, and the rest. Case A represents x>0.3 and
y<=0.4. Case B indicates x<=0.3 and y>0.4. Case D
represents x<0.05 and y<0.25. Case C is given by
x<=0.3 and y<=0.4 excluding Case D. The rates of Case
A, B, C and D over all successful runs are 55.7%,
29.5%, 13.8%, and 1.0%, respectively. We ignore Case
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Let us examine distribution of characters over the
successful runs at period 500 in each case. Fig 5, Fig 6,
and Fig 7 show the distribution of characters in Case A,
Case B, and Case C, respectively. First we examine
common features in Case A, B, and C. Av.AllD consists
almost of NO and Pessimist. Here NO means DDD.
Although the share of Av.(2,2) is small, Av.(2,2)
consists of many Pessimists. Thus there are many
Pessimists in Av.(2,2) and Av.AllD (that is, 2DD).
Case A consists of more than 55% of the successful
runs. In Case A Av.AllC and Av.AllD have a large
share. Optimist exists in Av.AllC, more specifically,
CC1, but the rate of Optimist over all population is very
small. Thus it is expected that Optimist plays a limited
role in the emergence of cooperation in Case A.

in Av.(2,1) is crucial for the emergence of cooperation.
Because of introducing the characters, Optimist,
Pessimist, and Average, Av.(2,1) increases, Optimists
become the great majority of Av.(2,1), and therefore
they promote cooperation. We observe typically the role
of Optimist among all characters (specifically against
Pessimist) on the emergence of cooperation in Case B.
Case C consists of about 14% of all successful runs.
In Case C both Av.AllC and Av.(2,1) coexist. Av.(2,1)
is made up of quite a few Optimists. Thus Optimist
plays some but limited role in the emergence of
cooperation in Case C. We summarize the following
observation about distribution of characters:
2.
Average AllC promotes cooperation at about 55%
of the successful runs, whereas average (2,1)
strategy consists of quite a few Optimists and thus
promotes cooperation at about 43%.
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Next we examine distribution of move-play patterns
over all successful runs at period 500. The distribution
is given in Fig 8. Av.AllC and Av.(2,1) move locally
and play locally, whereas Av.(2,2) and Av.AllD play
globally. This result is consistent with that in Namekata
and Namekata (2012). Since Pessimist and NO become
extinct in Av.(2,1) and average C rates of Av.(2,2) and
Av.AllD is small, we summarize the following
observation about distribution of move-play patterns:
3.
Cooperative strategies move locally and play
locally evolutionarily, whereas non-cooperative
strategies play globally evolutionarily.
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in Av.(2,1) is crucial for the emergence of cooperation.
Because of introducing the characters, Optimist,
Pessimist, and Average, Av.(2,1) increases, Optimists
become the great majority of Av.(2,1), and therefore
they promote cooperation. We observe typically the role
of Optimist among all characters (specifically against
Pessimist) on the emergence of cooperation in Case B.
Case C consists of about 14% of all successful runs.
In Case C both Av.AllC and Av.(2,1) coexist. Av.(2,1)
is made up of quite a few Optimists. Thus Optimist
plays some but limited role in the emergence of
cooperation in Case C. We summarize the following
observation about distribution of characters:
2.
Average AllC promotes cooperation at about 55%
of the successful runs, whereas average (2,1)
strategy consists of quite a few Optimists and thus
promotes cooperation at about 43%.
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Finally we consider distribution of strategies
themselves rather than the average strategies. Fig 9, 10,
and 11 depict the distribution of strategies in Case A, B,
and C, respectively. Av.AllC consists of CCC and CC1.
The rate of CC1 is larger than that of CCC in Case A
and C. Av.AllD consists of DDD and 2DD. The rate of
DDD is larger than that of 2DD in Case A, B, and C.
C11, C12, and CC2 are members of Av.(2,1). They
include at least one C and their average threshold are
not larger than 1. The rate of C11 is larger than that of
C12, which is larger than that of CC2 in Case B and C.
We summarize the following observation about the
distribution of strategies:
4.
Strategies other than 7 strategies, CCC, CC1, C11,
CC2, C12, 2DD, and DDD, become extinct
evolutionarily. DDD is most popular among
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Fig 11: Distribution of Strategies, Case C
CONCLUSION
We investigate the role of Optimist against Pessimist on
the emergence of cooperation in Demographic Multiattribute Donor-Recipient game. We show, by AgentBased Simulation, that Optimist promotes the
emergence of cooperation in the initial population even
with Pessimist, in comparison to the initial population
of only Optimist. We also show that Av.(2,1) strategy
consists of many Optimists.
Let us return to our example of inviting a person to
dinner given in the Introduction. Suppose plausibly that
there are Pessimists who focus on the worst attribute of
the outcomes and adjust their next actions accordingly.
Our result suggests that Optimists play a crucial role to
promote cooperation.

YOKO NAMEKATA co-authored two books about
Game Theory and Fair Allocation and several papers
about Dilemma Games. Her current research interest is
to
incorporate
typical
human
characteristics
emphasizing the relation of players to promote
cooperation in a dilemma situation. Her e-mail address
is : PallaYoko@namekata.org.
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Our future research is to find some feature of a player
other than optimist, which is oriented toward
cooperation, and to investigate its effect on the
emergence of cooperation.
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strategies including D. CC1 or C11 is most
popular among strategies including at least one C.
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task, or some agents are broken or removed from
patrolling, the remaining agents should alter their
behavior so that the patrolling continues in an
efficient manner.

KEYWORDS

Multi-agent Patrolling; Agent-based modeling.
ABSTRACT

In this paper we consider a task of decentralized,
multi-agent patrolling of a continous outdoor terrain. We
propose an algorithm that efficiently operates under the
condition of low communication throughput and is robust
to the failure of one or more patrolling agents. The
solution is based on Social Potential Fields and is easily
extensible to allow other types of behavior. We describe
an agent-based simulation system and use the obtained
results to show how the patrolling algorithm should be
altered to be effective on different types of terrain. Several
techniques to increase the efficiency of patrolling are
provided.

Patrolling is an inherently multi-agent task of providing a uniform frequency coverage of an area and
detecting intruders. Efficient patrolling algorithms are
useful for military surveillance systems; they can also be
used in civil applications, for example, automatic garbage
collectors systems, and even in computer strategy games.
There is a significant volume of research on the multiagent patrolling; however, the algorithms of patrolling
vary significantly depending on the type of area to patrol, the number of patrolling agents and the additional
requirements upon the algorithm.

•

Unpredictable movement of agents. When the
agents move over regular paths, it is very easy
for an intruder to predict their movement and plan
the infiltration into the guarded object.

•

Ability to operate efficiently when the communication with other agents is limited or shut down.

•

Efficient behavior of the patrolling system when
the number of agents changes dynamically. When
new agents are added to reinforce the patrolling
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•

Since the system is decentralized, and each agent
should make its own decisions, the algorithm
should be computationally easy enough to run
in the real-time on an average CPU.

OVERVIEW OF EXISTING PAPERS

A very common technique used to simplify the patrolling task is skeletonization – representation of the
continuous terrain as a graph. For that, the area is split
into parts; nodes of the graph correspond to these parts,
and nodes corresponding to the neighboring parts are
connected with graph edges. Usually the area is split into
parts in such a way that when an agent visits a node,
it can observe every point of area corresponding to the
node. An example of terrain that is easily represented
as a graph is an office space: nodes correspond to the
rooms, and edges correspond to the corridors and doors
between them. The advantage of graph representation is
that many mathematical results can be used to optimize
the movement of agents over the graph.

In this paper we focus on the patrolling of an outdoor,
continuous terrain. We put some additional requirements
on the patrolling algorithm:
Decentralization: single center that governs agent
movement presents a security risk. If it is hacked
or destroyed, the whole system becomes dysfunctional. It is much harder to compromise the system when each patrolling agent makes decisions
of its own.

The solution should be easy to extend to allow
other types of behavior, for example, surrounding
of an intruder or a suspicious object.

Fitting these requirements is essential for a system of
robots patrolling a military object, as it can be targeted
for infiltration. Although patrolling is a well-studied task,
we were unable to find an existing solution that satisfies
these requirements, so we devise our own. In the following section we analyze the existing body of relevant
research and identify what existing algorithms we can
use as a basis for developing our own. Then we outline
the structure of the algorithm used by each agent and
divide the complex problem of patrolling into separate
easy tasks. We consider different scenarios and solve the
problems necessary to implement the algorithm. Finally,
we formulate the final version of the algorithm, conclude
the paper and present the directions of our future work.

INTRODUCTION

•

•

Once the area is represented as a graph, there are a
lot of ways to organize the patrolling. Simplest one to
organize a cyclical movement of patrolling agents over
the graph. Such patrolling algorithm provides very high
frequency coverage; unfortunately, the agents move over
the static paths, and their movement is very predictable;
therefore, this solution does not fit our requirements.
Other way is to divide the graph into several parts; each
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agent gets a part of the graph to patrol. The movement
of agents along these parts can be cyclical as well
(which makes it predictable); or each agent can use more
complicated algorithms to patrol its part of the graph.
One advantage of this method is that agents are always
uniformly distributed among the patrolled area. Still, such
patrolling is predictable in a sense that each agent does
not leave its designated part. Also the method isn’t robust
to the failure of one or more of the agents and to the
addition of new agents: the patrolling graph should be redivided between the agents every time a agent is added
or removed; and the graph may have a structure that can’t
be efficiently divided into the necessary number of parts.

attraction between each robot and the point of the area
is proportional to the time the point was unobserved
and inversely proportional to the distance between the
point and the robot. This approach is inspired by (Chu
et. al. 2007), where a virtual pheromone is introduced,
evaporating from the unobserved territory and attracting
the patrolling agents.
Papers above demonstrate how to use potential field
method on a graph. However we need to develop an
algorithm for patrolling of an outdoor area, and such
area cannot be easily skeletonized. It is impossible to
split a big continuous outdoor area into a graph simple enough to analyze. Paper (Portugal & Rocha 2013)
presents an overview and comparison of commonly used
patrolling algorithms and states that patrolling algorithms
that operate on a graph lose a lot of efficiency when
the graph is big and/or highly-connected. Furthermore,
splitting the territory into a graph implicitly implies that
when a robot visits a node, it observes every part of the
area corresponding to a graph, no matter which direction
robot came from and which direction it is moving. In a
real scenario, robot may have a directional field of view,
and the area that it observes depends on the direction it
is facing; also the points of area further away from the
robot are observed with lower quality. When a big part
of area is united into a single graph node, it is impossible
to distinguish, which point of this area is observed with
which quality. Therefore skelezotonization of territory is
a noticeable simplification, and we do not use it.

A more suitable approach is not to determine the
movement path of each agent in advance, but rather make
each agent continuously re-estimate the situation on the
patrolling area and make decisions on the fly. If the set
of rules governing the behavior of agents is complex
enough, it is almost impossible for an intruder to predict
their movement. Several papers approach the patrolling
problem this way: paper (Santana et. al. 2004) utilizes
machine learning to organize the patrolling: agents change
the patrolling algorithms dynamically in order to make
the patrolling more efficient. Papers (Dias et. al. 2006),
(Menezes et. al. 2006) and (Hwang et. al. 2009) propose
“auction” or “market” patrolling algorithms, with which
the system of agents decides which points of the map
should be visited, and agents distribute these points between themselves according to different factors, such as
their current positioning on the map. There are several
drawbacks to these methods: first, they are complex,
and second, it demands extensive communication and a
reliable high-throughput radio channel. If the communication channel is hacked, the trespasser can obtain the
goals of each agent and plan the intrusion. In case of a
communication failure, the method becomes inefficient.
Also, this approach is not easily extensible to provide
other types of behavior such as surrounding the intruder
when it is detected, or group patrol, when agents move
as a single formation.

There are not as many algorithms devoted to the patrol
that do not rely on the skeletonization. Such algorithms
may use ideas similar to ones used in patrolling over a
skeletonized terrain; however, the algorithms for graph
patrolling need to be modified to be usable on a continuous area. We were unable to find a solution for our
problem in the existing body of research. Paper (F.Sempe
& Drogoul 2003) provides relevant adaptive algorithms,
but it does not specify them in enough details for the
implementation. Paper (Bravi et.al. 2012) provides an
interesting solution for group patrol, where patrolling
agents move in a necessary formation, but it doesn’t
help with the patrolling task where each agent moves
independently.

The approach we choose to adopt is based on “Social
Potential Fields”, as described in (Reif & Wang 1999).
Potential field method is used in robotics for tasks such
as planning robot movement (Ge & Cui 2002), obstacle
avoidance and movement in different formations (Bravi
et. al. 2012). With this method, the virtual forces are
introduced. They are exerted on the robot from different
objects on the patrolling area: from the unobserved points
of territory, from other robots, and from obstacles. These
forces can be both repulsion and attraction. The movement of robot is governed by the superposition of these
forces. By varying these forces, one can achieve complex
behaviors of robots: for example, to surround the intruder,
a force pulling the robots towards the intruder should be
introduced. Repulsive forces between robots will allow
robots to spread uniformly over the territory.

Formal Criteria for Patrolling Algorithm efficiency

Let us call the time since the point T has last been
observed (by any of the robots) the ‘Fog of War” (F oW )
in point T . To estimate the efficiency of the patrolling
algorithm, papers (Portugal & Rocha 2013), (Chu et. al.
2007) propose to use the average FoW of the points of the
map over the duration of patrolling. Sometimes additional
requirements are introduced, such as “at each point of
the patrol, each point of the map should be reachable
by at least one robot in the preassigned time”. In this
paper we use other criteria. Let us denote M F oW (t) the
maximum F oW over the map a the moment t. We use the
average M F oW over the time of patrolling to estimate
its efficiency. Paper (Portugal & Rocha 2013) shows that
average M F oW : F oW ratio is different for different
patrolling algorithms, but for most of them it lies between
2 and 3. The rationale for choosing the M F oW criteria
is that (i) it is simple and (ii) it guarantees that an alien

A simple way to organize the patrolling is to implement the following principle: “each robot moves to the
territory, which was observed the longest time ago, and
is close to this robot”. It can be done by introduction
of virtual forces of attraction between each robot and
recently unobserved points of the map; the force of
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agent gets a part of the graph to patrol. The movement
of agents along these parts can be cyclical as well
(which makes it predictable); or each agent can use more
complicated algorithms to patrol its part of the graph.
One advantage of this method is that agents are always
uniformly distributed among the patrolled area. Still, such
patrolling is predictable in a sense that each agent does
not leave its designated part. Also the method isn’t robust
to the failure of one or more of the agents and to the
addition of new agents: the patrolling graph should be redivided between the agents every time a agent is added
or removed; and the graph may have a structure that can’t
be efficiently divided into the necessary number of parts.

attraction between each robot and the point of the area
is proportional to the time the point was unobserved
and inversely proportional to the distance between the
point and the robot. This approach is inspired by (Chu
et. al. 2007), where a virtual pheromone is introduced,
evaporating from the unobserved territory and attracting
the patrolling agents.
Papers above demonstrate how to use potential field
method on a graph. However we need to develop an
algorithm for patrolling of an outdoor area, and such
area cannot be easily skeletonized. It is impossible to
split a big continuous outdoor area into a graph simple enough to analyze. Paper (Portugal & Rocha 2013)
presents an overview and comparison of commonly used
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that operate on a graph lose a lot of efficiency when
the graph is big and/or highly-connected. Furthermore,
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area corresponding to a graph, no matter which direction
robot came from and which direction it is moving. In a
real scenario, robot may have a directional field of view,
and the area that it observes depends on the direction it
is facing; also the points of area further away from the
robot are observed with lower quality. When a big part
of area is united into a single graph node, it is impossible
to distinguish, which point of this area is observed with
which quality. Therefore skelezotonization of territory is
a noticeable simplification, and we do not use it.

A more suitable approach is not to determine the
movement path of each agent in advance, but rather make
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drawbacks to these methods: first, they are complex,
and second, it demands extensive communication and a
reliable high-throughput radio channel. If the communication channel is hacked, the trespasser can obtain the
goals of each agent and plan the intrusion. In case of a
communication failure, the method becomes inefficient.
Also, this approach is not easily extensible to provide
other types of behavior such as surrounding the intruder
when it is detected, or group patrol, when agents move
as a single formation.

There are not as many algorithms devoted to the patrol
that do not rely on the skeletonization. Such algorithms
may use ideas similar to ones used in patrolling over a
skeletonized terrain; however, the algorithms for graph
patrolling need to be modified to be usable on a continuous area. We were unable to find a solution for our
problem in the existing body of research. Paper (F.Sempe
& Drogoul 2003) provides relevant adaptive algorithms,
but it does not specify them in enough details for the
implementation. Paper (Bravi et.al. 2012) provides an
interesting solution for group patrol, where patrolling
agents move in a necessary formation, but it doesn’t
help with the patrolling task where each agent moves
independently.

The approach we choose to adopt is based on “Social
Potential Fields”, as described in (Reif & Wang 1999).
Potential field method is used in robotics for tasks such
as planning robot movement (Ge & Cui 2002), obstacle
avoidance and movement in different formations (Bravi
et. al. 2012). With this method, the virtual forces are
introduced. They are exerted on the robot from different
objects on the patrolling area: from the unobserved points
of territory, from other robots, and from obstacles. These
forces can be both repulsion and attraction. The movement of robot is governed by the superposition of these
forces. By varying these forces, one can achieve complex
behaviors of robots: for example, to surround the intruder,
a force pulling the robots towards the intruder should be
introduced. Repulsive forces between robots will allow
robots to spread uniformly over the territory.

Formal Criteria for Patrolling Algorithm efficiency

Let us call the time since the point T has last been
observed (by any of the robots) the ‘Fog of War” (F oW )
in point T . To estimate the efficiency of the patrolling
algorithm, papers (Portugal & Rocha 2013), (Chu et. al.
2007) propose to use the average FoW of the points of the
map over the duration of patrolling. Sometimes additional
requirements are introduced, such as “at each point of
the patrol, each point of the map should be reachable
by at least one robot in the preassigned time”. In this
paper we use other criteria. Let us denote M F oW (t) the
maximum F oW over the map a the moment t. We use the
average M F oW over the time of patrolling to estimate
its efficiency. Paper (Portugal & Rocha 2013) shows that
average M F oW : F oW ratio is different for different
patrolling algorithms, but for most of them it lies between
2 and 3. The rationale for choosing the M F oW criteria
is that (i) it is simple and (ii) it guarantees that an alien

A simple way to organize the patrolling is to implement the following principle: “each robot moves to the
territory, which was observed the longest time ago, and
is close to this robot”. It can be done by introduction
of virtual forces of attraction between each robot and
recently unobserved points of the map; the force of
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object is found fast no matter where it is placed in the
area. Using average M F oW as a criteria lets us recognize
and discard algorithms that visit some points of the map
notably more frequent than others. Such algorithms are
flawed: by observing the area, the intruder may notice
that some parts of the territory are protected worse than
others, and use that knowledge.

3)

Therefore, to develop the algorithm we need to find
the solutions to the following problems:
1)

In this paper we introduce the normalized Fog of
War nF oW (t, T ). It is calculated as nF oW (t, T ) =
F oW (t, T )/M F oW (t). That is, the normalized fog of
war at each point of territory takes values between 0 (just
observed point) and 1 (the point that hasn’t been observed
for the longest time). In the rest of the paper, we use only
the normalized fog of war but use the F oW abbreviation.

2)
3)
4)

OVERVIEW OF THE PROPOSED ALGORITHM

In compliance with criteria above, the efficiency of a
patrolling algorithm is determined by how often robots
observe points with high F oW . The simple idea behind
our algorithm is that each robot moves to the points of the
map which have high F oW . In order for all the robots not
to move to the same points, each robot prioritizes moving
to the points that are closer to itself.

In the next section we consider following scenarios:
1)

In this paper we assume that the patrolling terrain is
known and each robot has a map of it. Exploration and
mapping of an area is a widely researched problem and
falls outside of the scope if this paper. To represent the
terrain as a map, we divide the territory into the squares
of 10x10 cm and call each square a point of territory.
Each of the points is either passable or impassable (an
obstacle). Every part of every robot should be positioned
in a passable cell at every point of the time.

2)
3)

Let P (R, T ) be the path from robot R to the point
T of patrolling area. The path should bend around the
obstacles of the terrain and isn’t always a straight line.
Let us denote the direction of the path at the point R as
D. That is, the direction D of the path P (R, T ) is the
direction in which the robot should move from its position
R in order to traverse through the path and reach point
T . Let L(R, T ) be the length of the path from robot R
to the point T .

4)

Patrolling of an area without obstacles using
holonomic robots. In an area without obstacles,
there is no need for a pathfinding algorithm:
the path is always a straight line connecting R
and T . Therefore we can focus on choosing the
optimal function F and the direction decision
method.
Patrolling of an area containing obstacles using
holonomic robots. After the F function is chosen, we can focus on the pathfinding algorithm.
Patrolling of an area containing obstacles using nonholonomic robots. After both F and
pathfinding algorithm are chosen, we adjust the
algorithm to be able to operate with nonholonomic robots.
The final refinement of the algorithm to decrease
the number of collisions between robots and
with obstacles.

We consider these scenarios separately and sequentially. For each scenario, we pose the problem, provide an
algorithm to solve it, and present corresponding numerical
results.

Here is the outline of the algorithm to be used by each
of the robots:

2)

A simple but efficient pathfinding algorithm that
finds paths from point R to each point T of the
area.
Function F (R, T ) that determines the force exerted on robot by points of the area.
A method for choosing robot movement direction when all forces exerted on robot are known
(henceforth called “direction decision method”).
An additional algorithm for obstacle and mutual
collisions avoidance while patrolling.

Each of these problems can be solved in several ways.
Efficiency of the resulting algorithm depends both on
the quality of the solutions for each problem and their
compatibility. However it is nearly impossible to try every
possible combination of these solutions. To ease the task
we first consider the scenario where (i) patrolling robots
are holonomic, that is, they can move in any direction
and change their speeds instantly, and (ii) the terrain
to patrol contains no obstacles. Then we increase the
complexity of scenarios, adding obstacles to the terrain
and considering nonholonomic robots. This way we can
outline the algorithm using simple scenarios and refine it
using the complex ones.

We assume that the patrolling robots continuously
exchange information about their current positions. The
positions of other robots are used to constantly reestimate
the F oW of the points of the map. This information
can be sent even over a low-throughput channel. While
performing the patrolling task, they do not share any other
information. Note that even when the communication is
completely shut down, robots can continue the patrolling
with lowered efficiency.

1)

After all forces exerted on the robot by the points
are found, determine where the robot should
move based on these forces.

Find the path from robot R to each point T of
the area. Determine direction D and length L of
the path.
Calculate forces exerted on the robot by each
point T of the map. The greater the F oW (T ) is
and the lesser the L(R, T ) is, the greater is the
force. The force is exerted in the direction D of
the shortest path between R and T .

DIFFERENT PATROLLING SCENARIOS
Patrolling of an area without obstacles using holonomic
robots

This simple scenario is used specifically to determine
the optimal function F . There are two reasons for that:
firstly, the efficiency of a patrolling algorithm is especially
easy to judge on a territory that has no obstacles: there
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object is found fast no matter where it is placed in the
area. Using average M F oW as a criteria lets us recognize
and discard algorithms that visit some points of the map
notably more frequent than others. Such algorithms are
flawed: by observing the area, the intruder may notice
that some parts of the territory are protected worse than
others, and use that knowledge.

3)

Therefore, to develop the algorithm we need to find
the solutions to the following problems:
1)

In this paper we introduce the normalized Fog of
War nF oW (t, T ). It is calculated as nF oW (t, T ) =
F oW (t, T )/M F oW (t). That is, the normalized fog of
war at each point of territory takes values between 0 (just
observed point) and 1 (the point that hasn’t been observed
for the longest time). In the rest of the paper, we use only
the normalized fog of war but use the F oW abbreviation.

2)
3)
4)

OVERVIEW OF THE PROPOSED ALGORITHM

In compliance with criteria above, the efficiency of a
patrolling algorithm is determined by how often robots
observe points with high F oW . The simple idea behind
our algorithm is that each robot moves to the points of the
map which have high F oW . In order for all the robots not
to move to the same points, each robot prioritizes moving
to the points that are closer to itself.

In the next section we consider following scenarios:
1)

In this paper we assume that the patrolling terrain is
known and each robot has a map of it. Exploration and
mapping of an area is a widely researched problem and
falls outside of the scope if this paper. To represent the
terrain as a map, we divide the territory into the squares
of 10x10 cm and call each square a point of territory.
Each of the points is either passable or impassable (an
obstacle). Every part of every robot should be positioned
in a passable cell at every point of the time.

2)
3)

Let P (R, T ) be the path from robot R to the point
T of patrolling area. The path should bend around the
obstacles of the terrain and isn’t always a straight line.
Let us denote the direction of the path at the point R as
D. That is, the direction D of the path P (R, T ) is the
direction in which the robot should move from its position
R in order to traverse through the path and reach point
T . Let L(R, T ) be the length of the path from robot R
to the point T .

4)

Patrolling of an area without obstacles using
holonomic robots. In an area without obstacles,
there is no need for a pathfinding algorithm:
the path is always a straight line connecting R
and T . Therefore we can focus on choosing the
optimal function F and the direction decision
method.
Patrolling of an area containing obstacles using
holonomic robots. After the F function is chosen, we can focus on the pathfinding algorithm.
Patrolling of an area containing obstacles using nonholonomic robots. After both F and
pathfinding algorithm are chosen, we adjust the
algorithm to be able to operate with nonholonomic robots.
The final refinement of the algorithm to decrease
the number of collisions between robots and
with obstacles.

We consider these scenarios separately and sequentially. For each scenario, we pose the problem, provide an
algorithm to solve it, and present corresponding numerical
results.

Here is the outline of the algorithm to be used by each
of the robots:

2)

A simple but efficient pathfinding algorithm that
finds paths from point R to each point T of the
area.
Function F (R, T ) that determines the force exerted on robot by points of the area.
A method for choosing robot movement direction when all forces exerted on robot are known
(henceforth called “direction decision method”).
An additional algorithm for obstacle and mutual
collisions avoidance while patrolling.

Each of these problems can be solved in several ways.
Efficiency of the resulting algorithm depends both on
the quality of the solutions for each problem and their
compatibility. However it is nearly impossible to try every
possible combination of these solutions. To ease the task
we first consider the scenario where (i) patrolling robots
are holonomic, that is, they can move in any direction
and change their speeds instantly, and (ii) the terrain
to patrol contains no obstacles. Then we increase the
complexity of scenarios, adding obstacles to the terrain
and considering nonholonomic robots. This way we can
outline the algorithm using simple scenarios and refine it
using the complex ones.

We assume that the patrolling robots continuously
exchange information about their current positions. The
positions of other robots are used to constantly reestimate
the F oW of the points of the map. This information
can be sent even over a low-throughput channel. While
performing the patrolling task, they do not share any other
information. Note that even when the communication is
completely shut down, robots can continue the patrolling
with lowered efficiency.

1)

After all forces exerted on the robot by the points
are found, determine where the robot should
move based on these forces.

Find the path from robot R to each point T of
the area. Determine direction D and length L of
the path.
Calculate forces exerted on the robot by each
point T of the map. The greater the F oW (T ) is
and the lesser the L(R, T ) is, the greater is the
force. The force is exerted in the direction D of
the shortest path between R and T .

DIFFERENT PATROLLING SCENARIOS
Patrolling of an area without obstacles using holonomic
robots

This simple scenario is used specifically to determine
the optimal function F . There are two reasons for that:
firstly, the efficiency of a patrolling algorithm is especially
easy to judge on a territory that has no obstacles: there
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as a circle object with a radius of 1 meter. Therefore, we
assume that the minimum distance between the centers
of two robots equals 2 meters; otherwise, a collision
occurs. We use step-by-step simulation, with one step
corresponding to 0.5 seconds of virtual time. At each step,
every robot estimates the situation on the area according
to the algorithm described above and chooses the action.
In a case of a collision happening, both robots cancel
their movements for this step. To avoid “deadlocks”, when
two robots block each other movement for an extended
period of time, and to introduce a probabilistic element
to the patrolling, we postulate that with 10% chance each
robots moves in a random direction every step of the
simulation. Since one simulation step is 0.5 seconds, one
random move does not change the robot position much;
but it turned out that potential fields are sensitive, and
10% chance of a random move is enough to make every
simulation run different. Every simulation lasts for 10000
iterations, or 5000 seconds of virtual time.

is only a few possible directions for robot movement in
an obstacle-rich environment. For example, in a narrow
corridor, robot can move only forward or backwards. In
an open space the robot choses between many possible
movement directions; therefore, patrolling of a territory
without obstacles helps to highlight the weaknesses of
a choice of F function. Secondly, the lack of obstacles
allows to use the simplest pathfinding algorithm (the path
between two point is a straight line connecting them) and
focus on optimizing the F function.
We use two direction decision methods:
•

Vector sum method. All forces are summed as
vectors; robot moves in the direction of resulting
force.

•

Mode method. All possible directions of robot
movement (360 degrees) are split into several
sections. For each sector, the sum of modules
of forces directed in that sector is found. The
robot moves along the bisetrix of the sector with
maximum sum.

In this scenario we use 3 robots for the patrolling. The
results are presented at tables 2 and 3.

In this paper we consider only the functions F (R, T )
that can be expressed as F (R, T ) = f (F oW (T )) ·
g(L(R, T ))), where f is a function of normalized fog
of war in point T and g is a function of length of the
path between R and T . We consider functions f and g
presented in Table 1.

Table 2: Results of simulation with vector sum direction decision
method, average M F oW , seconds

Table 1: Functions f and g considered in the paper
f1 = F oW (T )

g1 =

1
L(R,T )

f2 = F oW 2 (T )

g2 =

1
L(R,T )2

f3 = eα·F oW (T )
f4 = eα·F oW
f5 = eα·F oW

2 (T )

4 (T )

g3 =

g5 =

−

g2

g3

g4

g5

1476.0

1306.9

136.1

199.2

763.4

f2

927.5

290.5

119.1

126.0

218.1

f3

260.3

143.9

101.5

80.7

111.1

f4

257.9

119.2

204.1

76.1

120.6

f5

303.4

125.0

243.5

94.3

125.6

L2 (R,T )
β

L4 (R,T )
−
βl2
e

In the formulas presented in the table, α and β are
normalization coefficients for efficient use of floating
point arithmetics, and l is a typical linear size of the area
to patrol:
α = 40,
β = 4000,
l = 80 m.

g1

g2

g3

g4

g5

f1

1211.3

545.6

132.7

144.3

394.2

f2

490.1

204.7

127.9

113.8

167.1

f3

167.0

133.0

98.5

90.0

f4

167.9

140.8

118.2

f5

168.5

142.3

192.8

•

Mode method. All possible directions of robot
movement (360 degrees) are split into several
sections. For each sector, the sum of modules
of forces directed in that sector is found. The
robot moves along the bisetrix of the sector with
maximum sum.

In this scenario we use 3 robots for the patrolling. The
results are presented at tables 2 and 3.

In this paper we consider only the functions F (R, T )
that can be expressed as F (R, T ) = f (F oW (T )) ·
g(L(R, T ))), where f is a function of normalized fog
of war in point T and g is a function of length of the
path between R and T . We consider functions f and g
presented in Table 1.

Table 2: Results of simulation with vector sum direction decision
method, average M F oW , seconds

f1 = F oW (T )

g1 =

1
L(R,T )

f2 = F oW 2 (T )

g2 =

1
L(R,T )2

f3 = eα·F oW (T )

g3 = e

2 (T )

−

l·L(R,T )
β

−

L2 (R,T )
β

g1

g2

g3

g4

g5

f1

1476.0

1306.9

136.1

199.2

763.4

f2

927.5

290.5

119.1

126.0

218.1

f3

260.3

143.9

101.5

80.7

111.1

f4

257.9

119.2

204.1

76.1

120.6

f5

303.4
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94.3
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Table 3: Results of simulation with mode direction decision
method, average M F oW , seconds
g1

g2

g3

g4

g5

1211.3

545.6

132.7

144.3

394.2

f2

490.1

204.7

127.9

113.8

167.1

125.8

f3

167.0

133.0

98.5

90.0

125.8

92.9

116.5

f4

167.9

140.8

118.2

92.9

116.5

106.7

128.3

f5

168.5

142.3

192.8

106.7

128.3

f5 = eα·F oW

L2 (R,T )
β

(1)
Patrolling of an area containing obstacles using holonomic
robots.

Presence of obstacles introduces the necessity for a
pathfinding algorithm. Given the position R of a robot, it
is necessary to find a path to every point T of the map,
and the lengths L and directions D of these paths. The
pathfinding algorithm should be computationally easy to
run in real-time and continuously re-estimate the paths.
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Vector sum method. All forces are summed as
vectors; robot moves in the direction of resulting
force.

f1

F (R, T ) = f3 (T ) · g4 (R, T ) = eα·F oW (T ) · e−

The simulation of this scenario takes place on a virtual
terrain – a rectangle of 100m x 88 m size. The uneven size
is chosen because patrolling on an even square could have
regular behavior; most real terrains aren’t ideal squares.
We assume that robots move with the speed of 4.4m/s ,
or 15.8km/h. This corresponds to the speed of real robots
we plan to deploy the system on. Each robot is simulated

•

f4 = eα·F oW

As seen from the tables, the best combinations are
f4 g4 , f3 g4 and f4 g3 . Vector sum movement decision
method is slightly better for the patrolling of a terrain with
no obstacles. However, its is shown below that on real
terrains with obstacles mode method performs notably
better. In the rest of the paper we use the following
formula to calculate the force exerted on each of the
robots:

By choosing different f and g functions we can change
how strongly F is affected by the fog of war and by
the path length. For example, if we choose F = f5 g1 ,
the force exerted on robot relies heavily on FoW and
in a much lesser degree on the path length. By trying
every possible combination of functions, we can find the
optimal one.

We use two direction decision methods:

Table 1: Functions f and g considered in the paper

Table 3: Results of simulation with mode direction decision
method, average M F oW , seconds

l·L(R,T )
−
β
e

g4 = e

g1
f1

as a circle object with a radius of 1 meter. Therefore, we
assume that the minimum distance between the centers
of two robots equals 2 meters; otherwise, a collision
occurs. We use step-by-step simulation, with one step
corresponding to 0.5 seconds of virtual time. At each step,
every robot estimates the situation on the area according
to the algorithm described above and chooses the action.
In a case of a collision happening, both robots cancel
their movements for this step. To avoid “deadlocks”, when
two robots block each other movement for an extended
period of time, and to introduce a probabilistic element
to the patrolling, we postulate that with 10% chance each
robots moves in a random direction every step of the
simulation. Since one simulation step is 0.5 seconds, one
random move does not change the robot position much;
but it turned out that potential fields are sensitive, and
10% chance of a random move is enough to make every
simulation run different. Every simulation lasts for 10000
iterations, or 5000 seconds of virtual time.

is only a few possible directions for robot movement in
an obstacle-rich environment. For example, in a narrow
corridor, robot can move only forward or backwards. In
an open space the robot choses between many possible
movement directions; therefore, patrolling of a territory
without obstacles helps to highlight the weaknesses of
a choice of F function. Secondly, the lack of obstacles
allows to use the simplest pathfinding algorithm (the path
between two point is a straight line connecting them) and
focus on optimizing the F function.
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In the formulas presented in the table, α and β are
normalization coefficients for efficient use of floating
point arithmetics, and l is a typical linear size of the area
to patrol:
α = 40,
β = 4000,
l = 80 m.

As seen from the tables, the best combinations are
f4 g4 , f3 g4 and f4 g3 . Vector sum movement decision
method is slightly better for the patrolling of a terrain with
no obstacles. However, its is shown below that on real
terrains with obstacles mode method performs notably
better. In the rest of the paper we use the following
formula to calculate the force exerted on each of the
robots:

By choosing different f and g functions we can change
how strongly F is affected by the fog of war and by
the path length. For example, if we choose F = f5 g1 ,
the force exerted on robot relies heavily on FoW and
in a much lesser degree on the path length. By trying
every possible combination of functions, we can find the
optimal one.

F (R, T ) = f3 (T ) · g4 (R, T ) = eα·F oW (T ) · e−

L2 (R,T )
β

(1)
Patrolling of an area containing obstacles using holonomic
robots.

The simulation of this scenario takes place on a virtual
terrain – a rectangle of 100m x 88 m size. The uneven size
is chosen because patrolling on an even square could have
regular behavior; most real terrains aren’t ideal squares.
We assume that robots move with the speed of 4.4m/s ,
or 15.8km/h. This corresponds to the speed of real robots
we plan to deploy the system on. Each robot is simulated

Presence of obstacles introduces the necessity for a
pathfinding algorithm. Given the position R of a robot, it
is necessary to find a path to every point T of the map,
and the lengths L and directions D of these paths. The
pathfinding algorithm should be computationally easy to
run in real-time and continuously re-estimate the paths.
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We tried several pathfinding algorithms, and only two of
them performed good and fast enough. Below we describe
and compare them.

The main advantage of the region method is that it
works significantly faster than the wave method, especially on large areas with small number of obstacles.
The drawback is that areas with complex obstacles are
hard to split into proper regions; and the efficiency of
patrol depends heavily on the way the area is split. It
is even harder to split a complex terrain into regions
manually, therefore an algorithm should be developed
and an automatic software splitting tool should be used.
The region method is very computationally efficient, and
developing a tool for region splitting is an important
direction of future work. However, in this paper we do
not propose such an algorithm and do not consider the
problem of finding the optimal way to split the territory.
In what follows we use the wave method, unless stated
otherwise.

1. “The wave” (Lee pathfinding algorithm). This
method uses the representation of a patrolling area as
a weighted graph. Nodes represent the points of territory (each point corresponds to a 10 x 10 cm square,
as described above). Neighboring nodes are connected:
nodes that are connected via a vertical or horizontal edge
have a weight of 1; diagonals have a weight of 1.41. The
distances to each point of the territory are found using
Lee path connection algorithm (Rubin 1974). Note that
with this method, all forces exerted on robot will have
one of the 8 possible directions, based on what is the
first step of the path found by Lee algorithm.
2. The region method. With this method, the passable
part of the patrolling terrain is split into several parts –
so-called “regions”, with each part being a convex figure.
Robots can move between any two points within one
region over a straight line. On the borders between each
two neighboring regions a connecting point is chosen. All
paths traversing from one region to another pass through
the connection point between these two regions. With this
algorithm, pathfindning becomes an easy problem: to find
the path it is only necessary to find the correct sequence
of connection points to move through; the resulting path
is a polygonal line connecting them. However, to use this
method it is necessary to split the area into regions in an
efficient manner. The complexity of the splitting task is
decided by the number and the shape of obstacles: region
method is very effective when there is limited number of
obstacles in the area, but it loses efficiency if there are
a lot of obstacles and/or obstacles are of complex shape.
Figure 1 shows an example of a patrolling area split into
regions (dotted lines represent the borders between them).

Table 4: Results of simulation for various pathfinding algorithms
and decision methods (holonomic robots). Average M F oW ,
seconds
Number of Robots

1

2

3

4

5

Wave + Mode

326.9

186.8

123.8

110.9

81.6

Wave + Vector Sum

373.8

207.7

122.2

105.4

84.8

Regions + Mode

322.4

174.1

119.2

97.4

76.9

Regions + Vector Sum

289.7

153.0

101.0

78.7

71.3

For the simulation of this scenario, we use the terrain
shown in the Fig. 1. Size of the terrain is 100m by 88m.
Forces exerted on robot by points are calculated with
the help of (1). We consider both mode and vector sum
method and two pathfinding algorithms: wave method and
region method. The results of simulation are presented in
Table 4.
Important thing to note is that vector sum decision
method becomes less and less efficient compared to mode
vector when more obstacles are introduced into the area.
Let’s consider another terrain for the next simulation; it
is shown in Figure 2. Size of the terrain is 118 by 118
meters; the results are presented in the Table 5.

In a general case, the length of the path found with
region method can be found as:
L(R, T ) = ρ(R, CP1 ) + ρ(CP1 , CP2 ) + ... + ρ(CPn , T ),
where CPi is the i-th connection point and ρ(X, Y ) is
Euclidian distance between points X and Y .
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and compare them.

The main advantage of the region method is that it
works significantly faster than the wave method, especially on large areas with small number of obstacles.
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manually, therefore an algorithm should be developed
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developing a tool for region splitting is an important
direction of future work. However, in this paper we do
not propose such an algorithm and do not consider the
problem of finding the optimal way to split the territory.
In what follows we use the wave method, unless stated
otherwise.

1. “The wave” (Lee pathfinding algorithm). This
method uses the representation of a patrolling area as
a weighted graph. Nodes represent the points of territory (each point corresponds to a 10 x 10 cm square,
as described above). Neighboring nodes are connected:
nodes that are connected via a vertical or horizontal edge
have a weight of 1; diagonals have a weight of 1.41. The
distances to each point of the territory are found using
Lee path connection algorithm (Rubin 1974). Note that
with this method, all forces exerted on robot will have
one of the 8 possible directions, based on what is the
first step of the path found by Lee algorithm.
2. The region method. With this method, the passable
part of the patrolling terrain is split into several parts –
so-called “regions”, with each part being a convex figure.
Robots can move between any two points within one
region over a straight line. On the borders between each
two neighboring regions a connecting point is chosen. All
paths traversing from one region to another pass through
the connection point between these two regions. With this
algorithm, pathfindning becomes an easy problem: to find
the path it is only necessary to find the correct sequence
of connection points to move through; the resulting path
is a polygonal line connecting them. However, to use this
method it is necessary to split the area into regions in an
efficient manner. The complexity of the splitting task is
decided by the number and the shape of obstacles: region
method is very effective when there is limited number of
obstacles in the area, but it loses efficiency if there are
a lot of obstacles and/or obstacles are of complex shape.
Figure 1 shows an example of a patrolling area split into
regions (dotted lines represent the borders between them).

Table 4: Results of simulation for various pathfinding algorithms
and decision methods (holonomic robots). Average M F oW ,
seconds
Number of Robots

1

2

3

4

5

Wave + Mode

326.9

186.8

123.8

110.9

81.6

Wave + Vector Sum

373.8

207.7

122.2

105.4

84.8

Regions + Mode

322.4

174.1

119.2

97.4

76.9

Regions + Vector Sum

289.7

153.0

101.0

78.7

71.3

For the simulation of this scenario, we use the terrain
shown in the Fig. 1. Size of the terrain is 100m by 88m.
Forces exerted on robot by points are calculated with
the help of (1). We consider both mode and vector sum
method and two pathfinding algorithms: wave method and
region method. The results of simulation are presented in
Table 4.
Important thing to note is that vector sum decision
method becomes less and less efficient compared to mode
vector when more obstacles are introduced into the area.
Let’s consider another terrain for the next simulation; it
is shown in Figure 2. Size of the terrain is 118 by 118
meters; the results are presented in the Table 5.

In a general case, the length of the path found with
region method can be found as:
L(R, T ) = ρ(R, CP1 ) + ρ(CP1 , CP2 ) + ... + ρ(CPn , T ),
where CPi is the i-th connection point and ρ(X, Y ) is
Euclidian distance between points X and Y .

Figure 1: Patrolling Terrain, Split into 5 Regions

Figure 2: Patrolling Terrain with Additional Obstacles
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Figure 1: Patrolling Terrain, Split into 5 Regions

Figure 2: Patrolling Terrain with Additional Obstacles
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cannot provide a robot with correct instructions for further
movement. Dead ends usually happen in the corners of
the obstacles.

Table 5: Results of simulation with wave pathfinding algorithm
(holonomic robots). Average M F oW , seconds
Number of Robots

1

2

3

4

5

Mode

534.9

231.7

160.5

131.4

112.7

Vector Sum

513.5

264.4

201.0

164.5

122.7

We propose a simple but efficient algorithm to escape
the dead end (henceforth “unstuck algorithm”):
1)

At this map mode direction decision method is clearly
preferable over vector sum. An example of why vector
sum method becomes less efficient is simple: let’s assume
there are two areas with high F oW : to the front of the
robot and to the right. With vector sum method, the robot
will move to the right and to the front simultaneously,
which will lead him to neither groups of points. What
is more important, the robot may move into an obstacle.
The higher number of obstacles, the more likely such
a scenario becomes. We choose to use mode method
because it is more reliable and stable in a wide variety of
scenarios.

2)
3)
4)

Patrolling of an area containing obstacles using nonholonomic robots.

5)

We use robots that have a minimum turning radius
of 3.5 meters. In simulation, we put similar restraints on
the robot movement. Parameters of the algortihms we use
below are optimized for such turning radius as well. These
optimal parameters are obtained through simulation.

When the robot detects it is stuck, it chooses
the direction it is willing to be oriented in after
it leaves the dead end. This is the direction in
which the most forces are exerted on the robot
at the moment when it detects it is stuck.
Robot moves back steering in a way that the
angle between the desired orientation and robot
orientation decreases.
If the robot detects that it has oriented in the necessary direction, the unstuck algorithm finishes
its work.
If the robot encounters an obstacle behind and
can no longer move backwards, it starts moving
forward steering so that it orients toward the
target direction. He does so until he orients in the
necessary direction or encounters an obstacle.
Robot repeats steps 2-4 until it leaves the dead
end.

The described algorithm is already functional; however
with this algorithm robots spend a lot of time in dead
ends. It is bad because (i) it lowers the efficiency of
patrolling and (ii) real robots have problems changing
the direction of movement; starting off from the standing
position is undesirable. Below we propose two methods to
decrease the number of dead end situations. To evaluate
this number we measure the share of time each robot
spends in the “unstuck” algorithm (so it measures not
only how often robots get stuck, but also how long it
takes them to escape from the dead end).

After both F function and pathfinding algorithm are
chosen, we adjust the patrolling algorithm to be able to
operate on nonholonomic robots. The algorithm described
above cannot be directly used with nonholonomic robots
because it sometimes requires the robot to change the
movement direction and speed instantaneously: for example, when robot is moving to an unobserved point,
and that point gets observed by another robot. Such
instantaneous turn or change of speed is impossible for
nonholonomic robots. To accommodate the algorithm
for nonholonomic robots, we make the robot turn his
wheels and move forward so that he positions himself
in the necessary direction as soon as possible, instead of
instantaneously changing the direction.

Reducing the Time Spent in Dead Ends

We propose two refinements to the algorithm to help
robots reduce the number of dead ends situations.
First one is called “goal refinement”. In the original
algorithm, the direction decision method provides robot
with a direction, and robot steers and moves in that
direction. With this enhancement, the robot converts the
direction into a goal point to move to (g meters from robot
along the chosen direction. Numerical results proved
g = 5.5 meters to be most effective). The goal chosen by
robot is then modified. The algorithm considers a square
centered at the goal point, with a side of R = 2 meters.
For each point (xt , yt ) in this square the function ψ is
calculated that describes how close to the obstacles the
(xt , yt ) point is. The greater the function, the closer to
the obstacles the point is:

Another obvious problem is that paths built with
the described pathfinding algorithms often cannot be
precisely followed by nonholonomic robots. However,
replacing the pathfindng algorithm with one that builds
a correct and always passable path proved to be ineffective: accounting for robot nonholonomity increases
the computational complexity of pathfinding algorithms
dramatically (it is a problem because we need to find
paths to every point of the map). The problem with paths
built by the two proposed algorithms is only relevant for
those points of the area close to the robot, as, with rare
exceptions, even the nonholonomic robot can reach a distant point using the path close to the built one. Therefore
using the pathfinding algorithms described above seems to
be the best way to maintain the balance between calculational complexity and efficiency. We still need to provide
some additional rules to the robot movement algorithm to
compensate for the situations when this algorithm leads
the robot to a so-called “dead end” – a position, where
the robot is stuck, and the default patrolling algorithm

ψ = Σx∈(xt −A,xt +A);y∈(yt −A,yt +A)

obst(x, y)
,
ρ2

where obst(x, y) equals 0 if (x, y) point is passable and
1 otherwise; ρ is distance from (x, y) to (xt , yt ) and
A determines the maximum distance to the obstacles
that should be taken into the equation. Essentially, every
nearby obstacle point gives a penalty to the point, by
increasing ψ function; the closer the obstacle is, the
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position is undesirable. Below we propose two methods to
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only how often robots get stuck, but also how long it
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After both F function and pathfinding algorithm are
chosen, we adjust the patrolling algorithm to be able to
operate on nonholonomic robots. The algorithm described
above cannot be directly used with nonholonomic robots
because it sometimes requires the robot to change the
movement direction and speed instantaneously: for example, when robot is moving to an unobserved point,
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for nonholonomic robots, we make the robot turn his
wheels and move forward so that he positions himself
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robots reduce the number of dead ends situations.
First one is called “goal refinement”. In the original
algorithm, the direction decision method provides robot
with a direction, and robot steers and moves in that
direction. With this enhancement, the robot converts the
direction into a goal point to move to (g meters from robot
along the chosen direction. Numerical results proved
g = 5.5 meters to be most effective). The goal chosen by
robot is then modified. The algorithm considers a square
centered at the goal point, with a side of R = 2 meters.
For each point (xt , yt ) in this square the function ψ is
calculated that describes how close to the obstacles the
(xt , yt ) point is. The greater the function, the closer to
the obstacles the point is:

Another obvious problem is that paths built with
the described pathfinding algorithms often cannot be
precisely followed by nonholonomic robots. However,
replacing the pathfindng algorithm with one that builds
a correct and always passable path proved to be ineffective: accounting for robot nonholonomity increases
the computational complexity of pathfinding algorithms
dramatically (it is a problem because we need to find
paths to every point of the map). The problem with paths
built by the two proposed algorithms is only relevant for
those points of the area close to the robot, as, with rare
exceptions, even the nonholonomic robot can reach a distant point using the path close to the built one. Therefore
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that should be taken into the equation. Essentially, every
nearby obstacle point gives a penalty to the point, by
increasing ψ function; the closer the obstacle is, the
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bigger is the penalty. The point (xt , yt ) with the lowest
value of ψ is chosen as the new goal for the robots
movement. With this algorithm, the robot moves roughly
in the necessary direction, but “tries” to stay away from
the obstacles.

table, dilatation is a very efficient technique to increase
the efficiency of patrolling. In the modifications proposed
below, we use dilatation with d = 5 meters.

bigger is the penalty. The point (xt , yt ) with the lowest
value of ψ is chosen as the new goal for the robots
movement. With this algorithm, the robot moves roughly
in the necessary direction, but “tries” to stay away from
the obstacles.

The second approach is inspired by fuzzy logic. This
approach is applicable only to the algorithm using mode
direction decision method. After the forces are summed in
each of the 8 sectors, the sum for each sector is multiplied
by a coefficient cx based on the distance Rc to the closest
obstacle in a sector:
(
1,
Rc ≥ R0
cx =
,
Rc /R0 , Rc < R0

The second approach is inspired by fuzzy logic. This
approach is applicable only to the algorithm using mode
direction decision method. After the forces are summed in
each of the 8 sectors, the sum for each sector is multiplied
by a coefficient cx based on the distance Rc to the closest
obstacle in a sector:
(
1,
Rc ≥ R0
cx =
,
Rc /R0 , Rc < R0

here R0 is a constant equal to 5.5 meters.

here R0 is a constant equal to 5.5 meters.

Results of simulation for these algorithms are presented at Table 6 for A = 10 meters. As seen from the
table, goal refinement is the superior method, but fuzzy
logics approach also provides slight efficiency boost.
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Time Spent
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Dead
Ends, %

Results of simulation for these algorithms are presented at Table 6 for A = 10 meters. As seen from the
table, goal refinement is the superior method, but fuzzy
logics approach also provides slight efficiency boost.
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Table 7: Effect of dilatation mechanism on the efficiency of
patrolling (nonholonomic robots). Average M F oW , sec

Table 6: Results of anti-collision algorithms. Nonholonomic
robots
1

2

3

4

5

601.0

343.7

248.4

191.8

187.2

Goal refinement

493.0

290.2

221.2

167.5

136.0

Fuzzy logic

494.1

344.9

219.8

171.0

142.5

Pure

6.0

7.1

9.1

9.3

13.5

Goal refinement

1.9

4.8

5.5

6.5

7.4

Fuzzy logic

3.3

5.3

7.2

7.8

0
Avg.
M F oW ,
sec.
Time spent
in dead ends,
%

239.5

6.1

1
252.0

4.8

2
222.7

5.9

3
203.0

5.7

4
173.3

6.6

5
172.7

6.5

6
181.0

7.3

7
187.5

8.7

OTHER ADDITIONS TO THE ALGORITHM

A significant inefficiency of the proposed algorithm
manifests itself when robots “miss” the small unobserved
areas. For example, the robot may be situated between a
very small area that hasn’t been observed for long time
and a big area that hasn’t been observed for an average
amount of time. The robot will often move to observe
the bigger area, when it would be better to move to the
lesser area, as the M F oW value is determined by that
little unobserved area.
To fight this phenomena we introduce the “dilatation”
mechanism. It is the modification of the F oW in every
point of the territory according to the formula:

First one is called “Artificial Obstacles”. With this
solution, every robot creates a virtual obstacle with given
radius Robst at the position of each other robot. As the
result, paths produced by pathfinding algorithm do not
cross the neighborhoods of other robots.

F oW (x, y) = max(F oW (x0 , y 0 )),
x0 ∈ (x − d, x + d), y 0 ∈ (y − d, y + d),

Second method is called “Semaphores”. With this
method we choose “critical areas” on the map, where the
simultaneous presence of two or more robots may cause
trouble: for example, a narrow corridor. Whenever a robot
detects that other robot entered one of the critical areas,
it renders the whole semaphore area impassable, in the
same manner an artificial obstacle is created in the first
method.

that is, F oW in every point of the map is worsened
to match the highest F oW in a window with d side.
Robots are less likely to “miss” small unobserved pieces,
as with this technique small unobserved areas efficiently
have increased size.
For the simulation, we considered the terrain shown
at Figure 3. This terrain is a model of a real terrain on
which we plan to deploy the simulation with real robots.
Size of the terrain is 240 by 160 meters. Result for the
simulation are presented in Table 7. As seen from the

The results for these methods are presented at Table
8. In the table, we use the following abbreviations: GR –
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Avg.
M F oW ,
sec.

7.1

The proposed algorithm has one other inefficiency:
sometimes during the patrolling two robots start moving
close to each other and along the similar path. This
happens because forces exerted on them are roughly the
same; therefore they move in the same direction, usually
in the direction of a point with very high F oW . Such a
phenomena noticeably lowers the quality of patrolling.
To solve this problem we tried to introduce repulsive
forces between robots; negative effect from such forces
outweighed the positive effect: more often than not the the
repulsive force from other robots shifted robot’s trajectory
in a non-optimal way; and on average the patrolling
quality became worse. Due to the limited space we will
not delve into details of this; but will instead outline two
interesting solutions we found.
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that is, F oW in every point of the map is worsened
to match the highest F oW in a window with d side.
Robots are less likely to “miss” small unobserved pieces,
as with this technique small unobserved areas efficiently
have increased size.
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at Figure 3. This terrain is a model of a real terrain on
which we plan to deploy the simulation with real robots.
Size of the terrain is 240 by 160 meters. Result for the
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8. In the table, we use the following abbreviations: GR –
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territory and introduce relatively weak forces repelling
robots from each other, so that they surround the intruder.

Goal Refinement; S – Semaphores; AO – Artificial Obstacles.

It is possible to simulate the scenario where field of
view of robots isn’t circular. For example, field of view
may be a 90 degrees sector. Only thing we need to do
to account for that is update the F oW not in every point
of territory around the robot, but rather only in the sector
in front of it. We can also simulate different qualities of
observation: we decrease F oW weakly for the the points
further from the robot: i.e. we decrease it not to 0, but
rather to some greater value.

Table 8: Variations of Patrolling Mechanisms(holonomic robots)
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CONCLUSIONS

As seen from the results, these methods make the
patrolling more efficient; but also increase the number
of dead end situations. The reason for such results is
that robots avoid each other more efficiently; hence, the
M F oW is lower on average; however, to avoid each other
robots have to do some additional maneuvering, and in
some cases the maneuvers are complex and clearly inefficient (i.e. they fall into the “cycle” repeating the same
mutual positions for several times until they manage to
move along). These situations are rare, and we believe that
a more elaborate versions of these two mechanisms can
lower the M F oW metric without increasing the number
of dead end situations; developing such algorithms is a
possible direction of our future work.
FINAL ALGORITHM AND INTEGRATION
OTHER TYPES OF BEHAVIOUR

We proposed a distributed, efficient method for multiagent patrolling of an outdoor area based on the Social
Potential Fields. We provided guidelines on how to tweak
the method to obtain optimal behavior in different scenarios and proposed several efficient techniques to enhance
a patrolling algorithm.
The main direction of upcoming research is deploying
the developed system on real robots and organizing the
patrolling robot team. Regarding the algorithms, we will
work on pathfindings algorithms for nonholonomic robots
and integration other types of behavior into the system.
An automatic tool for splitting the terrain into regions
could enhance the quality of patrolling.
This research was conducted at the IITP RAS and
supported by the Russian Scientific Fund grant #14-5000150.
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Whenever the algorithm leads robot to a collision, the
unstuck algorithm is activated.
We designed this algorithm to be effective in different
scenarios. In each particular scenario, it is possible to
slightly increase the efficiency of the algorithm; however,
the proposed algorithm provides most stable results across
the variety of scenarios.
With this method, it is very easy to implement other
types of behavior using Potential Fields method. For
example, if we want the robots to surround an intruder, we
create the attraction force exerted on every robot from the
intruder; we nullify forces exerted on robots by observed

49

1)
2)
3)
4)
5)
6)
7)
8)

REFERENCES

The area is split into “points” – small areas of
10 x 10 cm.
Robot estimates the F oW at each point of the
map (by continuously updating F oW near the
location of itself and each other robot).
Robot applies dilatation mechanism to the resulting F oW with d = 5 m.
Robot calculates paths to every point of the map
using Lee pathfinding algorithm.
Robot calculates virtual forces exerted on it with
(1).
Robot decides in which direction it should move,
using mode direction decision method.
Robot chooses the goal 5.5 meters along the
chosen direction and modifies the goal with goal
refinement mechanism.
Robot moves towards the goal.

Bravi, A., Corradi, P., Schlachter, F. & Menciassi, A. (2012), Self
deployment and coordination of an assembling swarm of robots,
Physicomimetics, pp. 129 – 144.
Chu, H., Glad, A. & Simonin, O. (2007), Swarm approaches for the
patrolling problem, information propagation vs. pheromone evaporation, Proceedings of the 19th IEEE International Conference
on Tools with Artificial Intelligence - Volume 01, pp. 442 – 449.
Dias, M., Zlot, R., Kalra, N. & Stentz, A. (2006), Market-based
multirobot coordination: A survey and analysis, Proceedings of
the IEEE, 94(7), pp. 1257 –1270.
F.Sempe & Drogoul, A. (2003), Adaptive patrol for a group of robots,
Intelligent Robots and Systems, pp. 2865–2869.
Ge, S. & Cui, Y. (2002), Dynamic motion planning for mobile robots
using potential field method, Autonomous Robots Volume 13,
Issue 3, pp. 207 – 222.
Hwang, K., Lin, J. & Huang, H. (2009), Negotiator agents for the
patrolling task, ICCAS-SICE, pp. 4359 – 4363.
Menezes, T., Tedesco, P. & Ramalho, G. (2006), Negotiator agents
for the patrolling task, Advances in Artificial Intelligence IBERAMIA-SBIA 2006, Springer Berlin Heidelberg, pp. 48 –
57.
Portugal, D. & Rocha, R. P. (2013), Multi-robot patrolling algorithms:
examining performance and scalability, Advanced Robotics 27.5,
pp. 325–336.
Reif, J. & Wang, H. (1999), Social potential fields: A distributed behavioral control for autonomous robots, Robotics and Autonomous
Systems, Volume 27, Issue 3, pp. 171 – 194.
Rubin, F. (1974), The lee path connection algorithm, Computers, IEEE
Transactions on 100.9, pp. 907 – 914.
Santana, H., Corruble, V. & Ratitch, B. (2004), Multi-agent patrolling
with reinforcement learning, Proceedings of the Third International Joint Conference on 97Autonomous Agents and Multiagent
Systems-Volume 3. IEEE Computer Society, pp. 1122 – 1129.

Whenever the algorithm leads robot to a collision, the
unstuck algorithm is activated.
We designed this algorithm to be effective in different
scenarios. In each particular scenario, it is possible to
slightly increase the efficiency of the algorithm; however,
the proposed algorithm provides most stable results across
the variety of scenarios.
With this method, it is very easy to implement other
types of behavior using Potential Fields method. For
example, if we want the robots to surround an intruder, we
create the attraction force exerted on every robot from the
intruder; we nullify forces exerted on robots by observed

49

Confidential Areas in Innovation Communities:
An Agent-Based Model Using Fuzzy Logic and
Qualitative Empirical Data

Confidential Areas in Innovation Communities:
An Agent-Based Model Using Fuzzy Logic and
Qualitative Empirical Data

Michael A. Zaggl∗ , Benjamin Stahl‡ , and Zeng Zhong‡

Michael A. Zaggl∗ , Benjamin Stahl‡ , and Zeng Zhong‡

∗ Technische

∗ Technische

Universität München
TUM School of Management
Arcisstr. 21, 80333 Munich, Germany
Email: michael.zaggl@tum.de
‡ Technische Universität München
Institute of Automatic Control
Boltzmannstr. 15, 85748 Garching bei München
Email: benjamin.stahl@tum.de
KEYWORDS
Community-based innovation, Complex systems, Innovation communities, Agent-based modeling, Fuzzy logic, Qualitative empirical research
ABSTRACT
This paper examines the relationship between social and
utilitarian incentives in innovation communities. We develop
an agent-based model using insights from a qualitative empirical study. This method combination is motivated by shortcomings of empirical research to capture the dynamics and
the interactions between social and utilitarian incentives. Thus,
we use the synergy between complex systems thinking and
its strengths in modeling in combination with qualitative
empirical research, which is powerful to recognize phenomena.
The problem of incorporating decisions driven by multiple
motivations is approached by including fuzzy interfaces in the
model. With the method combination of qualitative empirical
research, agent-based modeling, and fuzzy logic we can answer
questions of social and utilitarian motives and their relation to
innovation performance in communities. We find that community members do not only want to innovate but have social
motives in addition. Further, some innovation communities
have areas which we call confidential areas. These are areas
for high performers. In the simulation we find that such
confidential areas improve innovation performance. However,
this effect depends on the access restriction. The contribution
of this paper is twofold. First, it improves the understanding
of innovation communities and the incentives for contributing.
The extant literature on innovation management profits from a
dynamic perspective on community-based innovation. Second,
we provide a novel method combination that is useful for
capturing complex phenomena from the empirical perspective.
INTRODUCTION
Collective innovation (Allen 1983), for instance in the form
of innovation communities, is an example of a real-world
phenomenon in the area of management science fitting the
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criteria of complex systems. Innovation communities consist
of interacting individuals without central authority and they
have the potential to produce emergent phenomena. The field
of management science and innovation management has acknowledged properties of complexity in innovation (Lundvall
1988, Fleming & Sorenson 2001, Bleda & del Rı́o 2013).
Conversely, complex systems scholars have approached the
topic of innovation with their modeling methods, in particular
agent-based modeling (Frenken 2005, Watts & Gilbert 2014).
However, both fields work isolated from each other on
the common topic of innovation. This applies in particular for the subtopic of community-based innovation. In this
subtopic research from the management perspective has developed a rich understanding (Franke & Shah 2003, West
& Lakhani 2008, Dahlander & Frederiksen 2012, Boudreau
& Lakhani 2015), but this perspective does not capture the
dynamic perspective to a satisfying degree.
We approach this research gap by introducing a research
concept that combines qualitative empirical research (Creswell
2013) with agent-based modeling (Gilbert & Troitzsch 2005)
and fuzzy logic (Zadeh 1965, Gorrini & Bersini 1994). The
concept begins with qualitatively interviewing participants of
innovation communities. Qualitative interviews are useful to
capture the basic phenomena. They allow to tap knowledge
that is not directly observable (Mackey & Gass 2005). The
weakness of qualitative empirical research is that individual
knowledge barely captures the dynamics of a complex system.
Since the individuals are elements of such a system, they
are only aware of a limited portion of it. Thus, we combine
qualitative empirical research with a simulation method in the
second step of the research concept. This adds dynamics and
completes the picture of innovation communities. So static and
individual aspects are covered by qualitative empirical research
and the simulation complements the dynamics.
With this method combination we address the question
of how individuals’ motivation – utilitarian (i.e., improving
and developing own projects) and social (i.e., socializing with
others) – influences the performance of innovation communities, contingent to exogenous influences. In the qualitative part
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of our research, we find that some communities provide socalled confidential areas. In such areas, some participants of
communities can work more focused but exclude others. We
model the impact of confidential areas on utilitarian and social
motivations and how this relation in turn influences innovation
performance of the community. Recurrent fuzzy logic is used
in order to model individuals’ experiences on the social and
utilitarian level, as well as their decision to participate in the
confidential area or not.
The contribution of this paper is twofold. First, we add
to the literature of innovation communities. We introduce
the phenomenon of confidential areas in communities to the
current understanding and show that the consideration of social
aspects in addition to utilitarian motives changes the innovation
performance. Second, we provide an approach for incorporating qualitative empirical data in an agent-based model. This
approach can be embedded as one step in an iterative research
procedure for theory building involving simulation modeling
(Dilaver 2015, Neumann 2015). The approach is not only
suitable for research on innovation communities, it is also
useful for other complex systems that can be studied from
an empirical angle.
The remainder of this paper is structured as follows.
Next, the literature on the topic of innovation communities is
reviewed. Then, we describe the qualitative study and develop
a conceptual model based on the results of the study. An agentbased model based on the conceptual model is developed and
results are reported. Finally, we draw a conclusion and develop
some ideas for future research.
THEORETICAL BACKGROUND
In this section, we briefly review the most important
aspects of the extant literature on innovation communities, in
particular participants’ motivations for sharing knowledge and
contributing. We also outline the basics of fuzzy logic as a
non-standard modeling technique.
Innovation, communities, and incentives
Innovation communities are a highly relevant topic in the
area of innovation management. They provide a source for
several kinds of input for companies and fulfill multiple functions, for instance, they are a source for innovations (Baldwin,
Hienerth & von Hippel 2006), development of brands (Füller,
Schroll & von Hippel 2013), and as test environment for new
products (Matzler, Grabher, Huber & Füller 2013). On several
occasions communities even substitute companies completely,
for instance in the case of Wikipedia and the Encyclopedia Britannica. Another example with huge economic impact
is open source software development (von Hippel & von
Krogh 2003, Shah 2006, von Krogh, Haefliger, Spaeth &
Wallin 2012).
In general, communities can be assigned with a high
potential for innovation. Among the members of communities,
knowledge is shared and thus it is possible that cumulative
innovation takes place (Franke & Shah 2003, Lakhani &
Panetta 2007, Balka, Raasch & Herstatt 2014, Boudreau &
Lakhani 2015). Because of the combination of users and
specialists, such communities provide the feature to augment
knowledge about need and application. Need knowledge is
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highly valuable to companies because it allows them to address
the demand of consumers intermediately (von Hippel 1986,
von Hippel 2005).
The phenomenon of knowledge revealing is an aspect of
communities that has fascinated scholars in the area management science (Harhoff, Henkel & von Hippel 2003, Henkel
2006, von Krogh et al. 2012, Levine & Prietula 2014). An even
more fundamental question is the economic and institutional
background for participating, contributing, and cooperating
(Zaggl 2014, Williams & Hall 2015). No direct compensation
takes place and participation is often voluntarily. Reputation
concerns, learning, reciprocity, feedback, and signaling of
competence that enhances job prospects are the main motivations for participation (Lakhani & von Hippel 2003, Lakhani
& Wolf 2005).
In addition to that, social benefits from communities can
also be seen as an incentive for participation in communities.
People receive a benefit from the social activity itself. Thus,
they join the community and participate for getting into contact
with other people.
The literature on innovation communities provides a deep
understand of community-based innovation. Parts of that literature have a strong emphasis on theory development (von
Hippel & von Krogh 2003, von Krogh et al. 2012). However,
the dynamics of communities are barely covered. One reason
is probably the difficulty to conduct empirical research. This
motivates our design. We develop an agent-based model which
allows us to add dynamics to static empirical data. Since
motivation plays a major role, we want to research its effect
on the performance on the community level. In an exploratory
approach, we want to find out what contingency may influence
motivation of participants.

Fuzzy logic
When individuals express their beliefs, desires, and intentions, they are often vague and use linguistic categories
with blurred edges and gradations of membership. Moreover,
complete determined decisions are an over-simplification of
real human decision-making. To deal with this and in order to increase the agents’ decision quality, the usage of
fuzzy logic in agent-based models has been proposed (CioffiRevilla 1981). The basic idea of fuzzy logic is to model
human-like decision-making mathematically. In contrast to
classic boolean logic, fuzzy can describe a certain vagueness
in decisions grounded on the linguistic classification of human
individuals.
Given a certain universe of interest X = {x}, a fuzzy
set Lx ∈ X is defined by a membership function µLx (x) :
X 7→ [0, 1] assigns a certain degree of membership to each
x ∈ X (Zadeh 1965). As an example, the linguistic expression
’cold’ could be realized as a fuzzy set Lx1 in the universe of
temperature X by a membership function µLx1 (x) (Fig. 1).
Based on these fuzzy sets, operators are defined in order to
realize operations like Lx1 ∩ Lx2 representing the linguistic
expression ’cold and warm’. Fig. 1 illustrates the resulting
membership function µLx1 ∩Lx2 (x) = µLx1 (x) · µLx2 (x) realized
by multiplication of the respective membership functions.
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real human decision-making. To deal with this and in order to increase the agents’ decision quality, the usage of
fuzzy logic in agent-based models has been proposed (CioffiRevilla 1981). The basic idea of fuzzy logic is to model
human-like decision-making mathematically. In contrast to
classic boolean logic, fuzzy can describe a certain vagueness
in decisions grounded on the linguistic classification of human
individuals.
Given a certain universe of interest X = {x}, a fuzzy
set Lx ∈ X is defined by a membership function µLx (x) :
X 7→ [0, 1] assigns a certain degree of membership to each
x ∈ X (Zadeh 1965). As an example, the linguistic expression
’cold’ could be realized as a fuzzy set Lx1 in the universe of
temperature X by a membership function µLx1 (x) (Fig. 1).
Based on these fuzzy sets, operators are defined in order to
realize operations like Lx1 ∩ Lx2 representing the linguistic
expression ’cold and warm’. Fig. 1 illustrates the resulting
membership function µLx1 ∩Lx2 (x) = µLx1 (x) · µLx2 (x) realized
by multiplication of the respective membership functions.
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2013). For that purpose, the rather small sample size is sufficient (Creswell 2013). Accordingly, we developed an interview
guideline that assured that the most important questions were
posed, but the interviewees still had the chance to come up
with unexpected information. The interview guideline covers four major areas each addressing individual or behavioral/dynamical concerns.
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Partitioning of an universe of interest in fuzzy sets

Recurrent fuzzy systems (Gorrini & Bersini 1994) can be
used to model nonlinear dynamic systems
x[k + 1] = f (x[k], u[k]),

(1)

where x ∈ Rn are the state and u ∈ Rm the input variables
of the system, through a linguistic rule base
x
If x[k] = Lxj and u[k] = Lu
q then x[k+1] = Lw(j,q) ,

(2)

up
= 1, ..., n} and Lu
q = {Lj |p = 1, ..., m}
u
partitioning Lxj i = {Lx1 1 , Lx2 1 , ...} and Lqp =
u
in fuzzy sets Lxj i and Lq p for each state and

{Lxj i |i

where Lxj =
summarize the
{Lu1 1 , Lu2 1 , ...}
input variable respectively.

Transition adaptive recurrent fuzzy systems (Stahl,
Diepold, Pohl, Greitemann, Plehn, Koch & Lohmann 2013,
Diepold & Lohmann 2010) are a special class of discretetime recurrent fuzzy systems where each rule of the rule
base is weighted individually during the aggregation process.
In this way, a transparent adaptation of the dynamic of the
fuzzy system is possible without changing the general system
structure.
QUALITATIVE STUDY
The qualitative study allows to capture phenomena in
innovation communities and thus it provides an empirical
data input for the simulation model. For the purpose of
gathering qualitative data, we contacted people active in innovation communities. We identified interview candidates by
searching in innovation communities and business networks
(linkedin.com, xing.com) and by using personal contacts. The
selected four interviewees represent different professions and
they were all active in communities reflecting their professional
interests. All of these communities were online communities.
The community of interviewee B1 did include workshop
meetings in addition to online exchange. For an overview of the
interviewees, their profession and their community, see Table I.
Interviewee

Profession

Community subject

B1
B2
B3
B4

Media design
Software development
Product design
Civil engineering

3D-printing
Application-development
Product design
Housing automation

TABLE I.

Community: general questions about the community,
its structure, and collaboration behavior within the
community

•

Motivation: factors influencing social and utilitarian
motivation of the participants

•

Innovation behavior: external influences on the individual innovation behavior

•

Commercialization: general and individual opportunities for innovation commercialization by others

Interviews were conducted in summer 2014, each interview
took about 45 minutes. The interviews were recorded and transcribed. Two researchers independently coded the transcriptions with the software MAXQDA (version 11.0.8) resulting
in an inter-coder reliability of α = .81 (Krippendorff 2011).
We structure the findings according to the four areas of the
interview guideline.
Community: In the general discussion on the communities,
the interviewees provide insights on the characteristics of
the system as whole. The interviews showed that trust and
reputation associated with the community played an essential
role (B3-20, B3-70)1 . This is consistent with the discussed
literature. Beyond that, we found that some communities explicitly provide confidential areas (”[...] there are certain areas
[in the community], so called confidential areas, in which
only particular designers and users can submit threads and
also comment. .” B3-20). We found in addition that members
sometimes seek to communicate directly and independently of
the one-to-many communication channels (B1-41).
Motivation: Motivations for engaging in a community are
diverse, but not surprising against the background of the
extant literature. The motive of learning has been mentioned
frequently (e.g., ”My motivation with such projects is often to
learn something from the technology.” B2-28). Socializing or
similar kinds of direct rewards from participation (”I simply
had fun in a community [...]” B1-26) as well as satisfying own
needs (”Actually, it all began with that. I do not have an alarm
clock which wakes me up, and I wanted to build a light which
functions like a wakeup light, but is time controlled and I can
nicely set the alarm time.” B4-10) have been mentioned by the
interviewees.
Reputation concerns, awareness, and recognition of the
own work are also important motivations (answer on the question of why a particular community has been selected by the
interviewee: ”[T]hey have [...] a wide public, attract attention
[...].” B3-18). Also commercial interests are mentioned but
not as primary incentive (”The secondary aspect is of course,
surely, that the work is paid.” B2-18). We found that the
community members’ expectation for monetary or material

I NTERVIEWEES AND THEIR COMMUNITIES

The exploratory character of the first part of the method
combination suggests semi-structured interviews (Creswell
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1 The authors are willing to provide the entire transcriptions. Note that the
interviews and the transcripts are in German language.
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similar kinds of direct rewards from participation (”I simply
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needs (”Actually, it all began with that. I do not have an alarm
clock which wakes me up, and I wanted to build a light which
functions like a wakeup light, but is time controlled and I can
nicely set the alarm time.” B4-10) have been mentioned by the
interviewees.
Reputation concerns, awareness, and recognition of the
own work are also important motivations (answer on the question of why a particular community has been selected by the
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compensation seems to be rather exceptional (e.g., ”An explicit
reward, no [...] it is the implicit reward, simply the satisfaction,
[...] because I have learned something.” B2-38).
Innovation behavior: When it comes to innovation or
development and implementation of new ideas, we found that a
lack of knowledge is a main driver to seek for collaboration in
a community and thus a kind of shared labor system emerges.
First, direct collaboration is important to community members.
Second, we identify a link between collaboration and (the lack
of) knowledge.
As expected, one of the major aspects of the communities
is direct collaboration (”Occasionally, I contribute to projects
of others.” B2-22; ”If I know there is the need for illustration
[where I am not very good in], then in most cases I search
for an expert and ask if he wants to collaborate with me in
that project.” B3-44; ”I would say that in principle standard
task can be solved with the wiki or the forum. When it comes
to the implementation of own ideas, you cannot work alone
anymore.” B4-32; ”It is a bit task sharing. Everyone relies on
each other.” B4-26).
The lack of knowledge is an essential driver of collaboration. People sometimes create ideas that exceed their technical
skills (”[...] an example is, I want to build an automated garden
watering system, but I have little knowledge of how.” B1-30;
”[...] things I am simply not capable of.” B2-50).
Specialization was mentioned often. The interviewees reported about their own specialization (”I started roughly 17
years ago with software development in general, then being a
student and getting a doctoral degree, and now I also work in
that area. Half to three quarters of my work time I spend with
software development.” B2-6; ”I did this avocational, I would
say rather as a hobby, until I started to become occupied with
that topic intensively about 5 years ago. Since then I have
learned much and took many courses.” B3-14) and about the
specialization of the other community members (”And there is
one guy he is doing Perl server-sided [...]” B4-10; ”There are
always such hardware developers, they are involved and they
are specialized on hardware and to design the boards. And
there are others, they say I have nothing to do with hardware,
but I can do software.” B4-10).
Commercialization: The risk of commercialization by other
members of the community, when an idea, innovation, or parts
of it is disclosed, differs among the kinds or communities. In
the area of software development, the community members
describe the established legal mechanisms as sufficient (”[...]
you have to, or you should, license it when you put something
online. And the intention is known by the license. If I license
something under GPL, then I know I don’t want that this is
integrated somewhere and sold. [...] If I use a BSD license or
an Apache license, which says, here it is, do what you want
with it; okay, then I reckon of course that a company takes it
and does something with it, even only for internal use or that
they integrate in a product and sell it.” B2-66).
However, there is less certainty about how to deal with
the risk of commercialization by others in other areas than
software development (”I am not sure. The funny thing is that
many companies are involved.” B4-50). Commercialization in
general, seems to be widely accepted (”In principle, I think
[commercialization of user innovations] is not bad.” B3-72;
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”[Commercialization] is great. [...] In the best case when
somebody says, hey this is so awesome, I pay you money for
that.” B2-62).
CONCEPTUAL MODEL
From the results of the qualitative interviews we develop a
conceptual model. It considers the insights on motivation and
the innovation behavior but not the findings on commercialization. We simplify from the latter even though it could provide
some interesting extensions for the model. We discuss these
possible extensions in the conclusion section.
From the perspective of management science, we seek to
address the performance of innovation communities. Thus,
innovation performance is defined as the dependent variable
in the conceptual model. Performance of the community is a
macro-level measure.
We infer from the qualitative study that socialization and
the use of the innovation outcome are the main motivations of
the individual members. In addition, we found that knowledge
in different specializations is a crucial element in innovation
communities. We denote to this element as capability. Furthermore, we assume that agents have social skills that affect their
socialization activities.
From the topic of communities in general, we conclude that
different areas of the communities provide different degrees of
confidentiality. This enables participants to exclude members
that are undesired in the particular circumstance (e.g., for the
particular project or question). We assume that there is an entry
threshold and that this is a feature of the community. Thus
it is a moderating influence on the relation of the members’
behavior and the performance of the community.

Fig. 2.
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AGENT-BASED MODEL
Based on the conceptual model we develop an agent-based
model. The model is implemented in NetLogo (version 5.0.5)
(Wilensky 1999). In the following, the structure of the model
(community and agents), the dynamic processes, the outcome
variables, and the experimental design are described.
Community structure
The community structure determines the environment for
the agents. Thus, it is an abstraction of the community conditions. We focus on the concept of confidential area and model
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Community structure
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it as a kind of elite sub-community. The confidential area
is an alternative to the public area. The agents can only be
active in one of the areas at a given time. In order to enter
the confidential area, an agent has to reach a certain level
of innovation performance, meaning successful innovations
during a given period of time.
Agents
Each member of the community is represented by an agent.
Agents have the goals to innovate and to socialize. For both
goals the agent uses the community.
Innovation: Agents are assigned to tasks, which represent
ideas or innovation projects. Each agent has exactly one task
at a given time. Tasks require a certain level of capability
r in five disciplines. Such disciplines can be any kind of
specialization (e.g., mechanical construction, software development, controller design). In the same manner agents have
capabilities c in the five disciplines to solve the tasks. We
model requirement and capability as vectors:
r = [r1 , r2 , ..., r5 ], ri ∈ [0, 10]

(3)

c = [c1 , c2 , ..., c5 ], ci ∈ [0, 10]

(4)

For successful innovation (i.e., solving the task) the agent’s
capability c must fulfill the requirement of the task r, i.e. ci ≥
ri ∀i.
Agents with insufficient capability can collaborate with
other agents. Collaboration means that an agent a temporarily
shares his or her capability with a collaboration partner b. Thus,
a’s capability vector changes to
ca,coll = [ca,1,coll , ca,2,coll , ..., ca,5,coll ],
ca,i,coll = max(ca,i , cb,i ), i = {1, 2, ..., 5}
for the duration of collaboration.

pi [ k ]
Innovation
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Fig. 3.
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Agents
Each member of the community is represented by an agent.
Agents have the goals to innovate and to socialize. For both
goals the agent uses the community.

Fuzzy innovation experience

ps[k ]
Socialization
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Fig. 4.
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Preference on
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Fuzzy socialization experience

Selecting community area: Depending on the agent’s innovation performance and his or her preference for innovation
or socialization, he or she has a propensity to either of the
community areas. This propensity is again modeled through
a fuzzy system (Fig. 5). Depending on the innovation performance, the agent might not be allowed to enter the confidential
area of the community. In this case, the agent remains in the
public area irrespectively of his or her preferences.

(5)
Model process

Specialization: As specialization was often mentioned
within the qualitative study, different kinds of agents were
implemented. Specialized agent display high expertise values
within few areas of the capability vector, whereas unspecialized agents have average expertise values throughout the
capability vector. The degree of specialization describes the
extent of which an agent is specialized.
Motivation: We inferred from the qualitative study that
socialization and innovation are the main motivations of community members. Depending on the experience of socialization
and innovation, each agent develops a certain preference for
innovation and socialization respectively. Since experiences
are not only formed through current events but also include
information from the past, two transition adaptive recurrent
fuzzy experience systems are constructed for socialization and
innovation within each agent.
The updated preference for innovation pi [k + 1] depends
on the preference for innovation in the last iteration pi [k], the
current area a[k] (confidential or public area), and the success
in innovation i[k] (Fig. 3). The preference on socialization
is modeled analogously based on the success in socialization
(Fig. 4). For socialization each agent has an individual parameter social skill. The success of socialization depends on that
variable and the size of the community area in which he or
she is currently participating.
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The process of the model consists of a predefined number
of iterations of the following sequence. First, all agents validate
their own capabilities with the required level of capability
for their respective task. If all requirements are met, the task
is solved (i.e., an innovation occurs). Otherwise, the agents
randomly search for another agent within the same community
area. This procedure only takes place every 4th iteration
because it is assumed that forming collaboration consumes
time.
Second, socialization takes place between each agent and
the rest of his or her community area. The success or failure
depends on the social skill and amount of members within the
community area.

Preference on
Innovation
pi [k + 1]
Preference on
Socialization ps[k + 1]
Fig. 5.
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The process of the model consists of a predefined number
of iterations of the following sequence. First, all agents validate
their own capabilities with the required level of capability
for their respective task. If all requirements are met, the task
is solved (i.e., an innovation occurs). Otherwise, the agents
randomly search for another agent within the same community
area. This procedure only takes place every 4th iteration
because it is assumed that forming collaboration consumes
time.
Second, socialization takes place between each agent and
the rest of his or her community area. The success or failure
depends on the social skill and amount of members within the
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Independent variables and experimental design

We set the degree of specialization, the ratio of specialization, and entry threshold as independent variables. In
our model, these contextual characteristics are included as
exogenous variables, that is, their values are determined by
the experimental design. They vary between but not within
simulation runs. The degree of specialization determines the
distribution of specialists in the community. It varies on a scale
between 1 (highly unspecialized community, i.e., capabilities
are equally distributed) and 5 (highly specialized community,
i.e., capabilities are disparately distributed). The ratio of specialization determines the percentage of specialized agents
within the community. A ratio of specialization = 0 represents
the absence of any specialists within the community. The ratio
of specialization does not depend on the degree of specialization. The entry threshold of the confidential area represents
the minimum requirement on innovation performance for each
agent to get access.
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We design a simulation experiment (Law 2006) with the
following settings: degree of specialization = {1, 2, 3, 4, 5},
ratio of specialization = {0.0, 0.1, 0.2, 0.3, 0.4, 0.5}, and entry
threshold for the confidential area = {0.0, 1.5, 3.0, 4.5, 6.0}.
Hence, there are 150 different combinations of settings.
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The capability vector of each agent is initialized randomly
according to the settings of degree of specialization and ratio
of specialization. All agents start within the public area and get
a random value for the social skill. The number of agents is
set to 100 and does not change in a simulation run. To handle
randomness, each setting is repeated 30 times. Each run lasts
500 time steps.
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Outcome measures / Dependent variables
To analyze the outcome of the model at the macro level, we
consider the innovation performance of the community. This
performance measure is calculated as the sum of innovations
(solved tasks) made within a community per time unit.
SIMULATION RESULTS
First, we test the effect of the entry threshold of the
confidential area on innovation performance. Fig. 6 shows
the innovation performance relative to a setting of the entry
threshold of 0. An incline of innovation performance is observed when the entry threshold is increased. The maximum
innovation performance is at about a setting of 3, then it
declines.
The influence of the specialization characteristics of the
community members shows a consistent tendency. Fig. 7
shows an increase by specialization degree and specialization
ratio.
DISCUSSION AND CONCLUSION
This paper addresses the question on the relationship
between individuals’ motivation and the performance on the
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macro level of innovation communities. To approach the answer, we developed an agent-based model with fuzzy interfaces
and incorporated insights from qualitative empirical research.
In an empirical study we found that confidential areas
are a feature of some innovation communities. Furthermore,
agents are motivated by socialization in addition to the utility
of solving a problem (developing an innovation). With the
agent-based model we added dynamics to these insights and
fuzzy interfaces allowed us to combine the different motivations in agents’ decision making. Specifically, the transition adaptive recurrent fuzzy experience system enabled an
individual weighting for each rule of the fuzzy rule base.
We measured innovation performance dependent on different
thresholds for entry in the confidential area. The result was
that restricting access to successful agents increases innovation
performance considerably. However, too restricted access reduces innovation performance of the community. Furthermore,
the performance of the public area of the community is only
slightly reduced when high performing agents are attracted to
the confidential area.
This paper provides two contributions. First, it adds to the
literature of innovation communities. In particular, the understanding of cumulative innovation and community-based innovation. It extends the understanding by adding the phenomenon
of confidential areas. We found that such areas can increase
innovation performance. Setting the right entry barriers, how-
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This paper provides two contributions. First, it adds to the
literature of innovation communities. In particular, the understanding of cumulative innovation and community-based innovation. It extends the understanding by adding the phenomenon
of confidential areas. We found that such areas can increase
innovation performance. Setting the right entry barriers, how-

ever, is essential. Second, we provide a research concept that
uses fuzzy interfaces in an agent-based model in combination
with data from qualitative interviews. Generally, that approach
is suitable for supporting research on complex systems that are
empirical accessible. In the area of management, the approach
can be applied to other questions on innovation communities
or other complex systems, such organizations or business
ecosystems. Future research is encouraged for application of
the process in these and similar systems and in this way
also to improve the approach. We expect future research on
innovation communities with approaches and thinking from
complex systems. A first step could focus on other observations
from the qualitative study of this paper. Commercialization,
for example, is an interesting issue influencing the behavior of
community members.
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explore the operational concept of the future UGVs
reflecting UGV mission scenario, UGV’s functions and
their automation levels, the UGV operator’s tasks
processes assigned according to the automation levels,
and the human interface of the control station.
Traditional Approach to such simulation testbeds is
based
on
Constructive-Virtual(C-V)
distributed
simulation architecture as shown in Figure 1.
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ABSTRACT
This paper presents the application of the agent-based
multimethod simulation approach to the development of
the Unmanned Ground Vehicle(UGV) simulation
testbed prototype to support both concept exploration
and the performance-based requirement analysis of
future UGVs. We describe the UGV simulation testbed
prototype (UGVSimp) incorporating 1) UGV mission
scenario, 2) the operational concepts of UGVs with the
automation level, such as the autonomous unmanned
operation, the autonomous manned operation with
human operators, and the autonomous autocontrolled
operation with Command and Control(C2), 3) UGV
functionality, including move, fire, rescue, 4) operator’s
task processes constrained by the automation level,
human
resources(visual,
auditory,
cognition,
psychomotor), and the associated human machine
interface of the control station. Furthermore, we show
some experimental results for the UGV’s competing
operational concepts for the three cases(autonomous
unmanned,
autonomous
manned,
autonomous
autocontrolled), using UGVSimp.

Figure 1: C-V Architecture of Simulation Testbed
In Figure 1, the constructive simulation is to represent
the mission scenario and the human-in-the loop(HITL)
virtual simulation for the operator’s behavior. However,
these are both expensive and time consuming because of
costly HITL simulator. For this reason, human
performance models(HPMs) were proposed as an
alternative to traditional HITL virtual simulations(Pew
1998). The HPMs were accepted , for example, in the
combat automation requirements testbed(CART)(Brett
2000), which is a well known simulation testbed for the
performance-based analysis of crew systems.
Additionally, the CART was implemented with the
Constructive-Constructive(C-C) distributed simulation
architecture. The C-C distributed simulation architecture
of CART is cheaper than the legacy architecture and
folster reusability and interoperability by using
HLA/RTI(IEEE 1516). However, we believe that the CC distribution simulation architecture is still lengthy and
complicated to implement tasks associated with our
purpose in regard to the UGV testbed. Our detailed
examination of the simulaton testbed has revealed that

1. INTRODUCTION
A simulation testbed is needed for the concept
exploration and performance-based requirement analysis
in the conceptual stage of system acquisition. The term
testbed refers to a simulation environment that has all
the necessary things to experiment with the system of
interest in a representive mission scenario. The
simulation testbed of our interest is the UGV simulation
testbed. Using the UGV simulation testbed, we will
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exploration and performance-based requirement analysis
in the conceptual stage of system acquisition. The term
testbed refers to a simulation environment that has all
the necessary things to experiment with the system of
interest in a representive mission scenario. The
simulation testbed of our interest is the UGV simulation
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the constructive simulation of mission scenario is
implemedted in an event-scheduling world view manner.
On the other hand, the human performance model is
implemented with processed interaction world view.
Although these are definitely taking different world
views, nevertheless, it allowed us to attempt to apply the
agent-based
multimethod
simulation
for
the
development of the UGV simulation testbed. This is
because the multimethod simulation might be much
cheaper than the legacy architecture of the C-V or C-C
distributed simulation archticture.

computerized simulation models by introducing the
notion of object, as mentioned by Rothenberg(1989).
However, recently agent-based simulations are drawing
increasing attention because the notion of agent is
deemed to be more powerful than that of object in the
simulation. Objects in the object-oriented simulation
typically act upon request only when their methods are
called. Agents are more than objects. They are typically
dynamic, have internal time delays, and can initiate
events as individually autonomous entity(Borshchev
2013). A typical agent-based simulation model has three
elements: the agent, the agent relationship, and methods
of interaction with agent environment(Macal et al. 2013).
Agents in a running agent-based model are more like
threads or concurrent processes in a running program,
and they live in and interact with their environment as
well as with other agents using the strong mechanism of
message-passing in an autonomous way(Borshchev
2013). This is where the model’s strength lies, in that we
can hybridize the different paradigms of simulation
world views in a single agent-based simulation model.
These types of simulations are referred to as “agentbased mulimethod simulation” in this paper.

In this paper, we present the application of the agentbased mulitmethod simulation approach to the
development of the UGV simulation testbed prototype
called “UGVSimp”, to support both concept exploration
and performance-based requirement analysis of future
UGVs. The purpose of this paper is twofold: the first is
to address the usefulness of the multimethod simulation
approach for the development of UGV simulation
testbed, and the second is to identify the technical issues
that may occur when the the simulation testbed is
developed using the multimethod simulation paradigm.
For these purposes, the functionalities of UGVSimp will
be limited to: 1) a single mission scenario under which
UGVs are dispatched to rescue an isolated combat team,
2) three types of operational concepts including the
autonomous unmanned operation, the autonomous
manned operation with operator, the autonomous
autocontrolled operation with Command and
Control(C2), 3) UGV mission essential functions which
assume three main functions, i.e. move, fire and rescue,
and 4) UGV operator task processes which are
constrained by the operational concepts(automation
level), human resources(visual, auditory, cognition,
psychomotor), and the associated human interface of the
control station.

UGV Automation
Glster et al.(2007) provide a review of automation and
human factor, and the definition of automation that is
concerned with the replacement of human functioning
by machine functioning. Furthermore, they suggest eight
levels of automation for practical application to
uninhabited military vehicles by considering the type of
automation (Wiener 1988, Sheridan 1988, Rasmussen
1983)and its level(AGARD 1986). The eight levels are
no automation, manual augmented, manual augmented
and limited, co-operative, automatic pre-select,
automatic select, autonomous manned operation, and
autonomous unmanned operation. On the other hand,
Parasurman et al.(2000) proposed four functional area
for automation: information acquisition, information
analysis, decision and action selection, and action
implementation. They also defined ten levels of
automation for each functional area: full auto, autohuman informed in some occasions, auto-human
informed, auto-human vetotime limit, auto exercise only
if human approves, auto suggests, auto narrows, auto
shows with all options, and manual. Even though, there
is no universally agreed taxonomy of automation levels.
Glster et al.(2007) and Parasurman et al.(2000), provide
a reference model to decide on whether the function
should be automated and to what extent.

We begine by presenting an overview of related studies
in Section 2 and continue in Section 3 by addressing the
conceptual model of UGVSimp. Section 4 explains the
agent design of UGVSimp. Section 5 describes its
implementation and presents some experiments and
results using UGVSimp. Fnially, we outline the
conclusions in Section 6.
2. RELATED WORK
Related published studies are summarized into three
catagories: agented-based multimethod simulations,
UGV automation, and human performance models.
Agent-Based Multimethod Simulation

We adopt the definition of Glster et al.(2007) and
Parasurman et al.(2000), namely, the autonomous
unmanned operation, and the autonomous manned
operation that is controlled by an operator in a
supervisory way. Aditionaly, for the sake of our purpose,
we introduce another level of automation, i.e.
autonomous autocontrolled operation, which is the same

Carson II(2004) addressed the traditional simulation
worldview as event scheduling, process interaction, and
activity scanning. These simulation paradigmes have
advantages for modeling the real world. Considering the
three world views, object-oriented simulation has
provided a rich and lucid paradigm for building
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as the autonomous unmanned operation but is controlled
by the automated command and control center. These
automation levels constitute operational concepts we use
for the concept expolaration and the performance-based
requirement analysis in this paper.

scales to present a methodology for modeling the
operator’s performance within a discrete event
simulation. We will also be using the VACP rating scale
to measure the operator’s workload in our
experimentations.

as the autonomous unmanned operation but is controlled
by the automated command and control center. These
automation levels constitute operational concepts we use
for the concept expolaration and the performance-based
requirement analysis in this paper.

scales to present a methodology for modeling the
operator’s performance within a discrete event
simulation. We will also be using the VACP rating scale
to measure the operator’s workload in our
experimentations.

Human Performance Model

3. CONCEPTUAL MODEL

Human Performance Model

3. CONCEPTUAL MODEL

Human performance is characterizd by human
operator’s workloads, UGV automation level, and
human and machine interface of control station. The
introduction of the automation to UGV replaces or
supports human operator functioning at different levels.
However, to a large extent, operators will interact with
UGVs in a way of supervisory control manner where
human operator behave like C2. Henry and
Farrell(1997)
proposed
Human
Information
Process(HIP) model to represent human behavior as
four stages consisting of the perception, the evaluation
of goal state, the selection of the course of action, the
implementation of course of action, on the basis of
human information processing and multiple resource
theories(Wickens 1984). These constitute human
performance models where each stage is comprised of
operator task proesses modelled with a series of tasks
undertaked by the human operator. The task process
resources are described by four components: visual,
auditory, cognition, and psychomotor. These are
referred to as VACP. McCrasken and Aldrich(1984)
developed the rating scales from 0.0 to 7.0, providing a
relative rating of the degree with which each resource
component is used in order for the operator to carry out
his/her task process modeled in the operator’s task
network model. Keller(2002) used this VACP rating

For the purpose of this paper, the conceptual model of
UGVSimp includes the representation of UGV mission
scenario, UGV functionalty, UGV operational concepts,
and the operator’s task processes. Thus, we have six
major
agents:
BattleSpaceAgent,
UGVAgent,
OperatorAgent,
TaskProcessAgent,
C2Agent,
ThereatAgent. BattleSpaceAgent is for a real world
representation and consists of a battle field, maneuver
path, mission area, artificial and natural obstacles.
UGVAgent and OperatorAgent are for the real UGV
and operator, respectively. TaskProcessAgent is for the
operator’s task processes. C2Agent is for the command
and control of UGVs by the target evaluation and
weapon allocation(TEWA). ThreatAgent is for the
adversary against the UGVs. The detailed decription of
the conceptual model is shown in Figure 2. For the
graphical depictions, we use oneSAF objective system
conceptual modeling language(OOS CML)(Karr 2005).
The basic building blocks of CML consists of
element(colored green), event(yellow), behavior(blue).
Herein, we add an additional notion, namely the
process(pink). In Figure 2, elements represent agents.
Agents issue events. Events then stimulate the behavior
of other agents. In adition, we have three pattern actions.
The pattern action Autonomus Unmanned Operation is
for UGVAgent to pursue its mission in an autonomous
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way. The pattern action Autonomous Manned Operation
is to pursue the mission using the supervisory control of
an operator. The pattern action Autonomous
Autocontrolled Operation is to persue the mission under
a control of automated C2 with TEWA. Figure 3 shows
one of the
graphical depictions of the pattern
action(Autonomous Manned Operation).

OpertorAgent
OperatorAgent is the agent for the human operator who
controls the UGV in a supvisory way. The state machine
of OperatorAgent is shown in Figure 5. In this figure,
CoA is short for course of action.
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We have six major agents in the conceptual model.
However, we will be limited to describing three cases of
agent design such as UGVAgent, OperatorAgent,
TaskProcessAgent, because these agents are sufficiently
enough to explain different simulation world views in
the multimethod simulation.
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Figure 5: State Machine of OperatorAgent
The definition of the state machine is shown in Table 3,
and the action carried out by the operator is defined in
Table 4.

UGVAgent

UGVAgent

UGVAgent is the agent for the UGV which has three
types of state machines: Maneuver(AutoManeaver,
MovementByOpCtrl),
Fire(FireByAuto,
FireByC2,
FireByOperator), and Liveness. Figure 4 shows one of
the state machine types, namely, FireByOperator.
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The definitions of the state machine and action type are
shown in Tables 1 and 2.
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TaskProcessAgent

Table 2: Action Type Definition of FireByOperator

TaskProcessAgent

TaskProcessAgent is for the human performance model
representing the operator’s task processes and the
human resources of VACP. Figure 6 shows the simple
task processes embodies in the TaskProcessAgent.
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Figure 7: Message Passing Mechanism of UGVSimp

Figure 6: Task Process Model of TaskProcessAgent

For illustrative purposes, we assume the following input
data set, as shown in Table 6. We investigate the
outcomes by the experimentation of the three case of the
operational concepts(the autonomous unmanned, the
autonomous manned, the autonomous autocontrolled) in
terms of the amount of ammunitions consumed and
operator’s workload by changing the number of UGVs
dispatched.
Table 6: Input Data

The definition of the task process is shown in Table 5.
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5. IMPLEMENTATION AND EXPERIMENTS

The implementation of UGVSimp is done using the
commercial tool AnyLogic 6(XJ Technologies Company
Ltd. 2013). This software package provides capabilities
to implement multimethod simulation paradigms. In the
UGVSimp, we implement BattleSpaceAgent, UGVAgent,
OperatorAgent,
TaskProcessAgent,
C2Agent,
ThereatAgent with the event scheduling world view. On
the other hand, TaskProcessAgent is implemented with
the process interaction world view. These are combined
with the message-passing mechanism in the AnyLogic
simulation engine as shown in Figure 7.
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We will contine to extend the UGVSimp and address the
issues that have been encountered throughout this work.

Figure 8 shows the snapshot of the execution of
UGVSimp. Figure 9 shows the outcomes of average
amount of ammunitions consumed by a single UGV for
the three cases of operational concepts: the autonomous
unmanned operation(AUTO), the autonomous manned
operation(OP),
the
autonomous
autocontrolled
operation(C2). In these cases, two UGVs are employed,
and the kill probability increases from 0.5 to 0.9 in
intervals of 0.2. The simulation period is 3000 min.
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Figure 9: Experimental Results
Figures 10,11,12 show the sample of the operator’s
workload when the number of UGVs employed is 1,2, or
3 with the input data shown in Table 6. It is noted that
the maximum workload for a single operator is 7 level.

Figure 10: Case1: an operator controls a single UGV

Figure 11: Case2: an operator controls two UGVs

Figure 12: Case3: an operator controls three UGVs
6. CONCLUSIONS
We described the application of the agent-based
mulitmethod simulation approach to the development of
the UGV(Unmanned Ground Vehicle) simulation
testbed prototype(UGVSimp) and have shown some
experimental results for three cases of operational
concepts: the autonomous unmanned operation, the
autonomous manned operation, the autonomous
autocontrolled operation. Throughout our attempts, we
believe that multimethod simulation approach is very
powerful to implement our UGV simulation testbed.
However, some issues arise, such as the lack of standard
visual modeling method and deadlock issue, because
agents are deemed to be concurrent processes in the
running simulation. The second issue might be trivial,
but when the size of
agents increases and the
interactions between the agents implemented with
different world views become heavy, the deadlock can
be of significance and might need a resolvable algorithm.
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Figure 9: Experimental Results
Figures 10,11,12 show the sample of the operator’s
workload when the number of UGVs employed is 1,2, or
3 with the input data shown in Table 6. It is noted that
the maximum workload for a single operator is 7 level.

Figure 10: Case1: an operator controls a single UGV

Figure 11: Case2: an operator controls two UGVs

Figure 12: Case3: an operator controls three UGVs
6. CONCLUSIONS
We described the application of the agent-based
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the UGV(Unmanned Ground Vehicle) simulation
testbed prototype(UGVSimp) and have shown some
experimental results for three cases of operational
concepts: the autonomous unmanned operation, the
autonomous manned operation, the autonomous
autocontrolled operation. Throughout our attempts, we
believe that multimethod simulation approach is very
powerful to implement our UGV simulation testbed.
However, some issues arise, such as the lack of standard
visual modeling method and deadlock issue, because
agents are deemed to be concurrent processes in the
running simulation. The second issue might be trivial,
but when the size of
agents increases and the
interactions between the agents implemented with
different world views become heavy, the deadlock can
be of significance and might need a resolvable algorithm.
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and forecasting, the repercussion of the construction of new
parts on infrastructure onto the global behavior of the traffic
flow, . . . According to the defined objective, several models
have been developed and can be classified into microscopic,
mesoscopic and macroscopic models. However, to simulate
large-scale road networks, it can be interesting to integrate
different representations in the same framework which leads
to the so-called “hybrid modeling” as shown on fig. 1. Note
that the concept of hybrid modeling has different meanings
according to the studied domain. Here, hybrid modeling means
the coupling of different models.
In this paper, the first step is devoted to the integration of
microscopic and macroscopic models into a single framework.
The concept of hybrid modeling has been developed by several
authors. Hence, some existing hybrid micro-macro traffic
models are shown in Table I.
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ABSTRACT
Hybrid traffic modeling and simulation provide an important
way to represent and evaluate large-scale traffic networks at
different levels of details. The first level, called “microscopic”
allows the description of individual vehicles and their interactions as well as the study of driver’s individual behavior.
The second, based on the analogy with fluidic dynamic, is the
“macroscopic” one and provides an efficient way to represent
traffic flow behavior in large traffic infrastructures, using three
aggregated variables: traffic density, mean speed and traffic
volume. An intermediate level called “mesoscopic” considers
a group of vehicles sharing common properties such as a
same origin and destination. The work conducted in this
paper presents a first step allowing simulation of wide area
traffic network on the basis of dynamic hybrid modeling,
where the representation associated to a network section can
change at runtime. The proposed approach is implemented in
a simulation platform, called JAM - FREE.
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INTRODUCTION

Severe congestion is a daily problem which leads to a continuously growth of direct and indirect cost. Traffic congestion
which can be recurrent typical to rush hours or non recurrent
due to accidents, works, . . . represents a major preoccupation
of many transportation institutions and practitioners, calls for
an efficient and intelligent dynamic management. Accordingly,
several works were undertaken to study the traffic phenomena,
to implement effective strategies for an optimal use of the
existing infrastructure and to minimize the congestion effects
as well as a high quality of service. Nevertheless, the implementation of traffic measurement and control algorithms
calls for a deep understanding of the traffic phenomena.
In this context, traffic flow modeling and simulation play
an important role and constitute efficient tools to perform
tasks such as traffic prediction and monitoring, traffic control
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have been developed and can be classified into microscopic,
mesoscopic and macroscopic models. However, to simulate
large-scale road networks, it can be interesting to integrate
different representations in the same framework which leads
to the so-called “hybrid modeling” as shown on fig. 1. Note
that the concept of hybrid modeling has different meanings
according to the studied domain. Here, hybrid modeling means
the coupling of different models.
In this paper, the first step is devoted to the integration of
microscopic and macroscopic models into a single framework.
The concept of hybrid modeling has been developed by several
authors. Hence, some existing hybrid micro-macro traffic
models are shown in Table I.
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Hybrid traffic simulation and control approach

The models presented in Table I share the same limitation:
connections between levels are fixed a priori and cannot be
changed at runtime. Therefore, to be able to observe some
emerging phenomena such as congestion formation or to find
the exact location of a jam in a large macro section, a dynamic
hybrid modeling approach is needed.
The work presented in this paper is devoted to overcome
these shortcomings and proposes the first step towards the
development and implementation of dynamic hybrid models.
Such a new approach provides an efficient way to change the
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Magne et al. (2000)
Poschinger et al. (2002)
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Joueiai et al. (2013)

micro model
SITRA-B+
IDM
optimal velocity
ARCHISM
generic ABM
IDM

macro model
SIMRES
Payne
LWR
ARZ
SSMT
LWR, ARZ, Payne
LWR

Use cases examples
In order to assess the relevance of our approach for dynamic
hybrid simulation, use cases demonstrating the limits of the
existing solutions depicted in Table I are presented in this
section.
Reduce the CPU load during peak hours: The hybrid model
can change the traffic representation of a portion of the road
network dynamically. This feature can be used to switch from
a microscopic representation to a macroscopic one, when the
CPU is overused in order to reduce its load. Such situations
include cases where the number of simulated vehicles becomes
too high to be managed satisfyingly by the CPU (for instance
during peak hours). This case is illustrated in figure 2.
Balance the CPU load between clusters: The hybrid model
can change the traffic representation of a portion of the road
network dynamically. This feature can be used to switch from:

TABLE I
S TATIC MICRO - MACRO TRAFFIC FLOW MODELS PROPOSED IN THE
LITERATURE

level of representation dynamically. As a result of these development, a platform called JAM - FREE has been implemented.
In the following sections, we identify the main issues related
to dynamic hybrid traffic modeling and then propose some
generic solutions to them. Then, the JAM - FREE simulator is
presented, as well as some simulation results. Finally, we
conclude and suggest some research perspectives.

•
•

DYNAMIC HYBRID TRAFFIC MODELING : MOTIVATIONS AND
EXISTING SOLUTIONS

a microscopic representation to a macroscopic one when
the CPU is overused in order to reduce its load,
inversely (from macroscopic to microscopic), in order to
detect the reason for the occurrence of traffic congestion.

These features can be used jointly to balance the CPU load
between two clusters.
Such situations include cases where a traffic jam (or congestion) appears in a cluster using a macroscopic model and
where the number of simulated vehicles in another cluster
is significantly reduced (for instance during off-peak hours).
Such situations also include cases where a traffic jam appears
in a cluster using a microscopic model and where the number
of simulated vehicles in another cluster is significantly reduced
(for instance during fluidic period of the flow) as illustrated
in figure 3.
Find out the reason of the occurence of the traffic jam: Figure 4 shows an example of the occurence of traffic congestions.
It demonstrates the relevance of dynamic hybrid simulations
to switch between two levels of representation in order to find
out the causes of the appearance of these phenomena.
Follow moving macroscopic phenomena: The static division
of the road network into clusters that can be found in most
of the existing approaches causes precision losses. Indeed, a
traffic flow simulator has to be able to reproduce macroscopic
phenomena such as shockwaves, capacity drop, . . . Yet, the
static decomposition found in static hybrid models will cause
eventually a loss of quantitative information. To avoid this
issue, a dynamic hybrid model gives the ability to move, resize,
split and merge the clusters of the road network (see figure 5).

Motivations
Traffic simulation is generally used to:
1) simulate the road traffic flow on very large and complex
infrastructures including both city and highways while
2) being able to test the effects of different traffic signs,
for example, or traffic assignment and dynamic routing
strategies. It provides also a simple way to evaluate
the impact of dynamic traffic control (ramp-metering,
dynamic speed limit, . . . ) on the whole behavior of the
traffic,
3) assess their precise influence on the traffic flow and
4) understand how and why traffic perturbations leading to
appearance of congestions do occur.
The first goal is easily achieved using macroscopic simulation models at the expense of the fourth goal. Conversely, the
fourth goal is easily carried-out using microscopic simulation
models at the expense of the first goal. To deal with this
paradox, and benefit from both approaches, a dynamic hybrid
model can be used.
The advantages of this hybrid approach include the ability:
• To obtain both quantitative and qualitative information
about the road traffic, using respectively macroscopic and
microscopic representations in the same simulation using
the clusters principle.
• to switch between these different levels of representation
locally depending:
– on the simulation needs; for instance understanding
the source of a traffic congestion,
– on the computation constraints; for instance managing the CPU load,
• to experiment both macroscopic and microscopic dynamic routing strategies, i.e. road load balancing strategies, and others dynamic trafic control.

Limits of the existing solutions
To the best of our knowledge, the only other work describing a dynamic hybrid model is Sewall et al. (2011). However,
authors focus on the visualization of data rather than accurate
simulation of traffic flow: zooming in a part of the network
triggers a micro representation on this area. Thus, there is no
bi-directional information exchange between the micro and
macro representations.

65

model
Magne et al. (2000)
Poschinger et al. (2002)
Bourrel and Lesort (2003)
Mammar and Haj-Salem (2006)
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Illustration of the use case ”Reduce the CPU load during peak hours”.
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Illustration of the use case ”Balance the CPU load between clusters”.
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Fig. 4.

Illustration of the use case ”Find out the reason of a traffic jam”.

Fig. 5.

Dynamic hybrid model of a shockwave phenomenon.
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Illustration of the use case ”Find out the reason of a traffic jam”.
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Dynamic hybrid model of a shockwave phenomenon.
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DYNAMIC HYBRID TRAFFIC MODELING : ISSUES AND

On the other hand, switching from macro to micro requires
to perform a local warm-up so the speed, density and flow of
vehicles can be accurate.
Formal multi-level agent-based meta-model: Regular multiagent based simulation meta-models lack the structure to
manage such hybrid approaches: their representation of the
agents, the environment and the temporal dynamics of the
system is designed to support a single viewpoint. Multi-level
agent-based modeling is an interesting approach to simulate
such systems. Indeed it offers a large range of techniques to
dynamically adapt the level of detail of simulations, couple
heterogenous models or detect and reify emergent phenomena (Gaud et al., 2008; Gil-Quijano et al., 2012; Picault and
Mathieu, 2011).
Many meta-models and simulation engines dedicated to
multi-level agent-based modeling have been proposed in the
literature. See e.g. Morvan (2013) for a complete review. Managing multiple viewpoints on the same phenomenon induces
the use of heterogeneous time models, thus raising issues
related to time and consistency. However, simulation bias can
be controlled by rules that constraint perceptions, influence
production and reaction computation, according to causality
and coherence principles (Morvan et al., 2011). To deal with
this issue, we developed a generic approach called S IMILAR to
design simulations (see Morvan and Kubera (2014) for more
detailed information about the main principles of S IMILAR).
Indeed, this approach relies on a multi-level, influence-reaction
and agent-based knowledge representation, more fitting to
multiple viewpoints (Ferber and Müller, 1996; Michel, 2007;
Soyez et al., 2013).

PROPOSED SOLUTIONS

Main issues
First, we identify the main issues to address in order to
simulate dynamic hybrid traffic models accurately.
1) How can the simulated network be structured to switch
between different models at runtime?
2) How to switch between different models (particularly
from macro to micro)?
3) How the temporalities of the different interacting models
can be managed to avoid bias?
In the next section, we present possible generic solutions to
these issues.
Proposed solutions
Dynamic decomposition of the network into autonomous
clusters: The network can be dynamically decomposed into
autonomous clusters. Each cluster operates autonomously and
simulates the traffic flow using a model of its own. However,
cutting the road network is not arbitrary, to avoid incoherent
situation like having an area of a few square meters. To
ensure the integrity of the simulation, a minimum cut is
deducted from sensors: the entry and exit points of a cluster
are necessarily sensors. Thus, the road network can be viewed
as a directed graph of interconnected sensors. Each arc of the
graph represents a path joining two sensors directly, without
going through an intermediate sensor.
A cluster is then characterized by input and output sensors
and eventually sensors situated inside the cluster. The minimum cutting of the road network is then defined by:
• a cluster representing the outside of the simulated network,
• clusters representing minimal subsets in the road network;
a cluster is minimal if there is no sensor inside the cluster.
Clusters of a simulation are necessarily disjoint combination
of minimum contiguous clusters. An example of minimal
cutting is depicted in figure 6. Each cluster transmits mean
speed and flow information from its bounding sensors to the
upstream and downstream clusters. In the case of a macro
cluster, this information is integrated using flow conservation
and prediction formulas to compute the flow at next time.
In the case of a micro cluster, it consists in changing the
frequency of generation of vehicles and their speed based on
data from the sensors, and measuring the number of vehicles
passing the sensors and their speed, for a given time interval
to deduct the sensor data.
Aggregation and disaggregation of traffic variables: When
running the simulation, an agent manages the decomposition of
the cluster network. This agent encapsulates rules, determining
whether the model used in a cluster must be changed (for
example from micro to macro) and determining whether the
area of a cluster must be enlarged or reduced according to the
needs of the simulation (see the previous section). Switching
from micro to macro is straightforward: the mean speed and
flow inside the cluster can be directly computed from sensors.

T HE JAM - FREE SIMULATOR
Architecture
JAM - FREE is based on a multi-level architecture (see e.g.,
figure 7):
• the infrastructure level models the components of the
road network; the naming and identification of road
network components follow the Sétra (Service d’études
sur les transports, les routes et leurs am’enagements, is a
French technical service of the Ministère de l’Écologie,
du Développement Durable et de l’Énergie dedicated to
transportation issues) specification (Sétra, 2010).
• the control level is the core of the dynamic hybrid
approach: it manages the dynamic decomposition of the
network into clusters.
• the simulation dependent levels model the traffic dynamic
using a dedicated representation; by default, three traffic
levels are considered: microscopic, macroscopic and datadriven (i.e., using real data).
Models used in JAM - FREE
Road network structure: We consider that the road network
can be divided dynamically into subsets called clusters. The
traffic is simulated on each cluster using various heterogeneous
models depending on the situation: either a microscopic model
or a macroscopic model. For computation time efficiency
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clusters: The network can be dynamically decomposed into
autonomous clusters. Each cluster operates autonomously and
simulates the traffic flow using a model of its own. However,
cutting the road network is not arbitrary, to avoid incoherent
situation like having an area of a few square meters. To
ensure the integrity of the simulation, a minimum cut is
deducted from sensors: the entry and exit points of a cluster
are necessarily sensors. Thus, the road network can be viewed
as a directed graph of interconnected sensors. Each arc of the
graph represents a path joining two sensors directly, without
going through an intermediate sensor.
A cluster is then characterized by input and output sensors
and eventually sensors situated inside the cluster. The minimum cutting of the road network is then defined by:
• a cluster representing the outside of the simulated network,
• clusters representing minimal subsets in the road network;
a cluster is minimal if there is no sensor inside the cluster.
Clusters of a simulation are necessarily disjoint combination
of minimum contiguous clusters. An example of minimal
cutting is depicted in figure 6. Each cluster transmits mean
speed and flow information from its bounding sensors to the
upstream and downstream clusters. In the case of a macro
cluster, this information is integrated using flow conservation
and prediction formulas to compute the flow at next time.
In the case of a micro cluster, it consists in changing the
frequency of generation of vehicles and their speed based on
data from the sensors, and measuring the number of vehicles
passing the sensors and their speed, for a given time interval
to deduct the sensor data.
Aggregation and disaggregation of traffic variables: When
running the simulation, an agent manages the decomposition of
the cluster network. This agent encapsulates rules, determining
whether the model used in a cluster must be changed (for
example from micro to macro) and determining whether the
area of a cluster must be enlarged or reduced according to the
needs of the simulation (see the previous section). Switching
from micro to macro is straightforward: the mean speed and
flow inside the cluster can be directly computed from sensors.

T HE JAM - FREE SIMULATOR
Architecture
JAM - FREE is based on a multi-level architecture (see e.g.,
figure 7):
• the infrastructure level models the components of the
road network; the naming and identification of road
network components follow the Sétra (Service d’études
sur les transports, les routes et leurs am’enagements, is a
French technical service of the Ministère de l’Écologie,
du Développement Durable et de l’Énergie dedicated to
transportation issues) specification (Sétra, 2010).
• the control level is the core of the dynamic hybrid
approach: it manages the dynamic decomposition of the
network into clusters.
• the simulation dependent levels model the traffic dynamic
using a dedicated representation; by default, three traffic
levels are considered: microscopic, macroscopic and datadriven (i.e., using real data).
Models used in JAM - FREE
Road network structure: We consider that the road network
can be divided dynamically into subsets called clusters. The
traffic is simulated on each cluster using various heterogeneous
models depending on the situation: either a microscopic model
or a macroscopic model. For computation time efficiency
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Fig. 6.

Minimal cutting of a network

Highway extraction node
Microscopic level models: The behavior of a vehicle can
be seen as the sum of three different parts:
• A navigation behavior when the current lane of the
vehicle does not lead to the desired destination of the
vehicle. This behavior consists in changing the lane of
the vehicle until the current lane of the vehicle leads to
the desired destination.
• An overtaking behavior when the vehicle either wants
to increase its speed by changing its lane, or when the
vehicle has to swerve because a faster vehicle is tailing
it.
• A behavior when no lane change is required (acceleration
model).
JAM - FREE implements the highly used Intelligent-Driver
Model (I DM) to model the acceleration behavior of vehicles (Kesting et al., 2010).
I DM is a microscopic traffic flow model, i.e., each vehicledriver combination constitutes an active ”particle” in the simulation. Such models characterize the traffic state at any given
time by the positions and speeds of all simulated vehicles. In
case of multi-lane traffic, the lane index complements the state
description. More specifically, I DM is a car-following model.
In such models, the decision of any driver to accelerate or
to brake depends only on his or her own speed, and on the
position and speed of the ”leading vehicle” immediately ahead.
The model structure of I DM can be described as follows:
• the influencing factors (model input) are the own speed
v, the bumper-to-bumper gap s to the leading vehicle, and
the relative speed (speed difference) of the two vehicles
(positive when approaching),
• the model output is the acceleration chosen by the driver
for this situation,
• the model parameters describe the driving style, i.e.,
whether the simulated driver drives slow or fast, careful
or reckless.
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Multi-level architecture of JAM - FREE

reasons, we choose not to model the road network at a physical
level. Indeed, such a model requires the vehicles to interpret a
large continuous zone of asphalt with blank lines as separated
lanes. Such computations are unnecessary complex, since in
our use case (France) rational drivers usually never drive over
the blank lines separating the lanes if they are not overtaking.
To keep the model simple, the road network is only modeled
at a semantic level.
The road network is modeled as a set of interconnected
roads. Each road contains a set of lanes (usually from 1 to 5).
Roads also contain vertical signs (e.g. stop sign, speed limit
sign) that are bond either to all the lanes or to specific lanes
(e.g. extraction lane in the highway, slow vehicles lane). In
our model, we support a specific subset of the french vertical
signs. The connection points of the roads are called nodes. We
distinguish different types of nodes:
•
•
•

Crossroads nodes
Roundabout nodes
Highway insertion node
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Lane changes takes place, if:
• the potential new target lane is more attractive, i.e., the
”incentive criterion” is satisfied,
• and the change can be performed safely, i.e., the ”safety
criterion” is satisfied.
JAM - FREE implements the lane changing model M OBIL (Kesting et al., 2007).
Chosen acceleration and lane changing models are presented
in detail in the JAM - FREE documentation.
Macroscopic level model: Any macroscopic traffic flow
model can be used in JAM - FREE since it defines generic
connectors to convert micro/macro representations. By default,
a generic implementation of the M ETANET model is provided (Messner and Papageorgiou, 1990). M ETANET is based
on a second order macroscopic model and uses the following
traffic flow equations:
ρi (k + 1) = ρi (k) +

Ts
[qi−1 (k) − qi (k)]
Li

Traffic generation: In our model, each input point is a
special connector that will generate traffic on the road it is
attached to. Note that such a connector has to be created and
put on each lane where the traffic appears. The creation of
vehicles is managed by a traffic input point agent. Various
implementation of this agent currently exist:
• ”Flow-mass traffic input point” agents, generating the
traffic flow using a flow-mass parameter
• ”Scripted traffic input point” agents, generating the traffic
flow using user-defined events. The created vehicles and
the creation dates are manually specified by the users.
A first experimentation
To validate the models implemented in JAM - FREE, as well
as the flow (dis)aggregation algorithms, we performed a first
hybrid simulation using real data from of the A25 highway
in France. We simulate a 4780m portion of the highway, decomposed into 11 clusters (see fig. 8). The clusters containing
insertion or extraction lanes are simulated with a microscopic
model, the others with a macroscopic model.

(1)

where, ρi , defines the traffic density in (veh/km/lane). Li , k
and Ts represent, the segment length (km), the simulation step
and its duration, respectively. qi in (vehicles/h) defines the
traffic flow in the segment i:
qi = ρi vi

Lane changes takes place, if:
• the potential new target lane is more attractive, i.e., the
”incentive criterion” is satisfied,
• and the change can be performed safely, i.e., the ”safety
criterion” is satisfied.
JAM - FREE implements the lane changing model M OBIL (Kesting et al., 2007).
Chosen acceleration and lane changing models are presented
in detail in the JAM - FREE documentation.
Macroscopic level model: Any macroscopic traffic flow
model can be used in JAM - FREE since it defines generic
connectors to convert micro/macro representations. By default,
a generic implementation of the M ETANET model is provided (Messner and Papageorgiou, 1990). M ETANET is based
on a second order macroscopic model and uses the following
traffic flow equations:
ρi (k + 1) = ρi (k) +

Ts
[qi−1 (k) − qi (k)]
Li

qi = ρi vi

(2)

The speed vi in (km/h) represents the velocity of vehicles in
segment i at time kTs .

vi = Ve (ρi )

vi = Ve (ρi )

(3)

vi (k + 1) =
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|
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where Ve (ρi ) is the static speed-density characteristic called
a fundamental diagram. The momentum equation is obtained
by introducing two small constant parameters in (3). Such
equation reads:
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as the flow (dis)aggregation algorithms, we performed a first
hybrid simulation using real data from of the A25 highway
in France. We simulate a 4780m portion of the highway, decomposed into 11 clusters (see fig. 8). The clusters containing
insertion or extraction lanes are simulated with a microscopic
model, the others with a macroscopic model.
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where, ρi , defines the traffic density in (veh/km/lane). Li , k
and Ts represent, the segment length (km), the simulation step
and its duration, respectively. qi in (vehicles/h) defines the
traffic flow in the segment i:

(2)

where Ve (ρi ) is the static speed-density characteristic called
a fundamental diagram. The momentum equation is obtained
by introducing two small constant parameters in (3). Such
equation reads:

Traffic generation: In our model, each input point is a
special connector that will generate traffic on the road it is
attached to. Note that such a connector has to be created and
put on each lane where the traffic appears. The creation of
vehicles is managed by a traffic input point agent. Various
implementation of this agent currently exist:
• ”Flow-mass traffic input point” agents, generating the
traffic flow using a flow-mass parameter
• ”Scripted traffic input point” agents, generating the traffic
flow using user-defined events. The created vehicles and
the creation dates are manually specified by the users.

The obtained results permit to validate the performance
of JAM - FREE as well as its microscopic and macroscopic
models. We cannot present them all in this paper for an
evident question of space. The figure 9 shows some simulation
results in cluster R8 (i.e., after (dis)aggregation processes),
using typical model parameter values (i.e., without specific
calibration).

(4)

anticipation

The first term of equation (4) represents relaxation to the
equilibrium. This is the most dominant term in the equation
since the other terms manifest their effects only when there
are (occasional) fluctuations in the traffic speed and density
upstream or downstream. This relaxation term describes the
fact that the drivers adjust their speeds to the equilibrium
speed-density characteristic Ve (ρi ) according to the reaction
time τ. The second term, represents the convection, i.e.,
the influence of the upstream traffic mean speed. The third
term, called ”anticipation”, translates the effect of drivers
reacting to downstream traffic density variations. Drivers tend
to decelerate if the downstream density is higher and accelerate
if it is lower. ν, κ are a model parameters.

C ONCLUSION AND PERSPECTIVES
In this paper a first step towards the implementation of a
dynamic hybrid model was proposed. The main objectives of
this step were to identify use-cases, propose generic solutions
to the dynamic hybrid simulation problem and study the core
aspects of the multi-level simulation approach. These ideas
have then been implemented in a simulator called JAM - FREE.
The first experiments using real data allow us to validate
several issues addressed in the paper and the implemented
models. Further works will focus on the introduction of several
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traffic models allowing to the practitioners multiple choices in
function of their simulation objective and the validation of the
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continuous warm-up process. In addition, some control strategies will be added to JAM - FREE in order to evaluate their
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2013, www.ocopomo.eu/), extended by state-of-the-art data
analysis techniques at the initial stages of the process, and
adapted to the requirements of the concrete modelling tasks
of the GLODERS project. These requirements mainly
regard the following topics:
• stakeholder participation: stakeholders provide
empirical domain knowledge and discuss the state of
development with the modellers on various occasions;
• type of empirical data: reports from criminal
investigations (interrogation reports, court files);
• normative agents: an existing theoretical foundation
constrains the model design.
These requirements shape also the presentation of the
abstract process steps in this paper. Firstly, an overview on
the modelling process is given. Subsequently, the single
phases are discussed in sections for the conceptual analysis
process, the simulation modelling and testing and the
simulation experimentation. A section summarising the
outcomes and giving an outlook for future research
concludes the paper.

KEYWORDS
Evidence-driven modelling, qualitative data analysis,
conceptual modelling, agent-based simulation, normative
agent architecture, criminal networks.
ABSTRACT
Evidence-driven modelling approaches have gained
attention in the computational social science community
over the past couple of years. A number of research projects
have dealt with this topic, and some of the results and
experiences gathered in participating in two recent projects
are presented in this paper. The main assertion of the paper
is motivated by the finding that in order to be reproducibly
successful with creating agent-based models from textual
evidence, the development process needs to involve
conceptual modelling in a well-structured way. This
becomes more important if stakeholders should be taken
along the modelling, and if due to the amount and kind of
evidence to be regarded, appropriate analysis techniques
have to be used. This paper aims to give some guidelines on
how such an approach could be designed, which has been
successfully applied in the realisation of a model about the
collapse of a criminal network - from the initial preparation
of raw texts, through text analysis, conceptual and formal
modelling, right up to the final presentation of simulation
results.

EVIDENCE-BASED MODELLING PROCESS
This paper is a demonstration and proof-of-concept of the
approach to making use of evidence based modelling as a
core tool in a process of grounded theory development
(Neumann 2015; Dilaver 2015). Central to this account is to
rigorously grounding model assumption in empirical
narratives (Lotzmann and Wimmer 2013). Thus it takes a
stance in the ongoing debate on simple or realistic
modelling strategies (Coen 2009). Evidence-based
modelling is an approach of developing models not on
simple theoretical assumptions but on factual empirical
evidence, sometimes referred to as KIDS principle
(Edmonds and Moss 2005) by making use of ethnographic
accounts to get away from numbers (Yang and Gilbert
2010). This is particularly popular in participatory
modelling (Barreteau et al. 2003). Its growing recognition
is demonstrated in a recent special issue on using
qualitative evidence to inform the specification of AgentBased Models in Vol. 18(1) of JASSS.
The following sub-section introduces one of the use cases
developed in the GLODERS project, which serves as means
to exemplify the main assertions of the paper. Afterwards
the design of the process is outlined, which then will be
explained in detail in the course of the paper.

INTRODUCTION
The research presented in this paper is part of the
GLODERS project (http://www.gloders.eu/) and aims to
provide a sort of guideline for an evidence-driven
modelling process, a process to transform empirical data
into simulation models. This process naturally involves a
number of phases, comprising a variety of different steps,
involving activities like manual and automatic analysis of
textual
evidence,
conceptual
modelling,
model
transformation, implementation of formal models and
simulation experimentation and result analysis. A model of
the internal dynamics within a criminal organisation in a
European country, building on Police interrogations
resulting from a number of investigations of a particular
criminal group is used to show the exact activities
performed for model development, but also to illustrate
each phase by presenting some of the results.
The proposed approach is partly based on a modelling
process developed in the OCOPOMO project (Scherer et al.
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2013, www.ocopomo.eu/), extended by state-of-the-art data
analysis techniques at the initial stages of the process, and
adapted to the requirements of the concrete modelling tasks
of the GLODERS project. These requirements mainly
regard the following topics:
• stakeholder participation: stakeholders provide
empirical domain knowledge and discuss the state of
development with the modellers on various occasions;
• type of empirical data: reports from criminal
investigations (interrogation reports, court files);
• normative agents: an existing theoretical foundation
constrains the model design.
These requirements shape also the presentation of the
abstract process steps in this paper. Firstly, an overview on
the modelling process is given. Subsequently, the single
phases are discussed in sections for the conceptual analysis
process, the simulation modelling and testing and the
simulation experimentation. A section summarising the
outcomes and giving an outlook for future research
concludes the paper.

KEYWORDS
Evidence-driven modelling, qualitative data analysis,
conceptual modelling, agent-based simulation, normative
agent architecture, criminal networks.
ABSTRACT
Evidence-driven modelling approaches have gained
attention in the computational social science community
over the past couple of years. A number of research projects
have dealt with this topic, and some of the results and
experiences gathered in participating in two recent projects
are presented in this paper. The main assertion of the paper
is motivated by the finding that in order to be reproducibly
successful with creating agent-based models from textual
evidence, the development process needs to involve
conceptual modelling in a well-structured way. This
becomes more important if stakeholders should be taken
along the modelling, and if due to the amount and kind of
evidence to be regarded, appropriate analysis techniques
have to be used. This paper aims to give some guidelines on
how such an approach could be designed, which has been
successfully applied in the realisation of a model about the
collapse of a criminal network - from the initial preparation
of raw texts, through text analysis, conceptual and formal
modelling, right up to the final presentation of simulation
results.

EVIDENCE-BASED MODELLING PROCESS
This paper is a demonstration and proof-of-concept of the
approach to making use of evidence based modelling as a
core tool in a process of grounded theory development
(Neumann 2015; Dilaver 2015). Central to this account is to
rigorously grounding model assumption in empirical
narratives (Lotzmann and Wimmer 2013). Thus it takes a
stance in the ongoing debate on simple or realistic
modelling strategies (Coen 2009). Evidence-based
modelling is an approach of developing models not on
simple theoretical assumptions but on factual empirical
evidence, sometimes referred to as KIDS principle
(Edmonds and Moss 2005) by making use of ethnographic
accounts to get away from numbers (Yang and Gilbert
2010). This is particularly popular in participatory
modelling (Barreteau et al. 2003). Its growing recognition
is demonstrated in a recent special issue on using
qualitative evidence to inform the specification of AgentBased Models in Vol. 18(1) of JASSS.
The following sub-section introduces one of the use cases
developed in the GLODERS project, which serves as means
to exemplify the main assertions of the paper. Afterwards
the design of the process is outlined, which then will be
explained in detail in the course of the paper.

INTRODUCTION
The research presented in this paper is part of the
GLODERS project (http://www.gloders.eu/) and aims to
provide a sort of guideline for an evidence-driven
modelling process, a process to transform empirical data
into simulation models. This process naturally involves a
number of phases, comprising a variety of different steps,
involving activities like manual and automatic analysis of
textual
evidence,
conceptual
modelling,
model
transformation, implementation of formal models and
simulation experimentation and result analysis. A model of
the internal dynamics within a criminal organisation in a
European country, building on Police interrogations
resulting from a number of investigations of a particular
criminal group is used to show the exact activities
performed for model development, but also to illustrate
each phase by presenting some of the results.
The proposed approach is partly based on a modelling
process developed in the OCOPOMO project (Scherer et al.
Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

71

encoding and language translation.
concept identification, i.e. the (automatic or manual)
extraction of meaningful words and phrases.
• relationship identification, which starts with a
categorisation of the identified concepts, followed by
an extraction of relationships between the categories.
• concept network analysis, based on the identified
relationships, e.g. by appropriate visualisations or a
systematic indicator-based network analysis based on
social network analysis (Wasserman and Faust, 1994).
The first design steps for simulation modelling can be
started already when the preliminary results from the
relationship identification phase are available, the actual
simulation modelling takes place after the conceptual
analysis process, and eventually leads to validated and
analysed simulation results.
The second aspect is a theory of normative agents which
drives the entire analysis and modelling process. A
normative agent is capable of normative reasoning, i.e. to
memorise (social or legal) norms and use them for decision
making. Foundations of the applied theory were originally
developed in previous research conducted in the EMIL
project (Conte et al. 2014), and extended and concretised
within GLODERS (Andrighetto et al. 2013).
In contrast, the third aspect regards the practitioners'
perspective of the stakeholders, who provide the empirical
domain knowledge and have a significant interest in the
activities and results of the different stages of the
development process.
The flow chart in Figure 1 gives further details of the
specific activities carried out during the development of the
particular use case this paper focuses on, together with
information about the applied tools.
As mentioned above, the content of the evidence base are
basically police interrogation protocols and were
contributed by stakeholders. These files had to be translated
into English language using translation software, followed
by a manual correction of errors caused by OCR and
translation (first round for the qualitative analysis, and a
second round for the later quantitative analysis).
As starting point for the conceptual analysis process, a

Use case: Modelling the collapse of a criminal network

•

The case of the collapse of a criminal network is based on
files from police interrogation, arising from investigations
concerning a criminal gang involved in drug trafficking and
money laundering. Within this gang a division of labour
was established: 'black collar criminals' were responsible
for activities related to drug trafficking, while ordinary
business men took part by taking care of the money
laundering as 'white collar criminals'.
The relationship between black collar and white collar
criminals in respect to money transfers had to be built upon
trust (which can be seen as a social norm among the
members of the network), as formal contracts are not
effective in such covert organisations. For some reason, this
trust was corrupted at some point, which triggered a process
of spreading mistrust, extortion, violent actions (in a range
from intimidation to murder) and finally the complete
collapse of the criminal network.
The dynamics of this collapse are of special interest to the
stakeholders from police authority, as the exact
mechanisms could not be understood completely in the
investigations and are, thus, subject of this simulation
modelling initiative.
A detailed description of this case is available in
publications of Neumann and Lotzmann (2014) and (2015).
Process design

The design of the process has to consider a number of
different aspects, which are shown in the background lanes
of Figure 1.
The first aspect, the core of the process - the model
development - is divided into sub-processes for conceptual
analysis and simulation modelling, which are overlapping
but in a specific temporal order. Starting with the
availability of documents in the evidence base, the analysis
has to be performed in the four steps (GLODERS
consortium 2014):
• data preparation for ordering and standardising the
textual data for further processing. This might include
unifying the data from different file formats, data
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qualitative text analysis was performed in the sense of a
grounded theory approach (Glaser and Strauss 1967; Corbin
and Strauss 2008), using the MAXQDA software
(www.maxqda.de), a standard tool for Computer assisted
Qualitative Data analysis (CAQDAS). The results from this
analysis were directly transferred into a Consistent
Conceptual Description (CCD; Scherer et al. 2013), which
contains concept representations of the entities relevant for
the simulation, like actors, (mental and physical) objects,
the relations between both kinds of entities, and - most
importantly for this stage of modelling - the description of
the dynamics constituted by the actors' behaviour by means
of condition-action sequences (Neumann and Lotzmann
2015). The CCD, the type of representation used for the
conceptual modelling of this case, was developed in the
OCOPOMO project.
The process of qualitative analysis and conceptual
modelling was heavily interwoven; insights from both
activities influenced each other manifoldly. In particular the
annotation feature of the CCD (for enabling empirical
traceability from model elements back to the evidence;
Lotzmann and Wimmer 2013) fertilised the analysis
process. Also stakeholders were involved in these two
activities.
The (later started) quantitative analysis eventually provided
further information for the CCD, especially results of the
concept network analysis provided some further insights.
The CCD was then used to develop the simulation model,
starting
with
a
model-to-code
transformation
(CCD2DRAMS) and subsequent implementation as a
declarative rule-based model in DRAMS (both tools
developed in OCOPOMO; explained further below, around
Figure 5) and Java, using an agent architecture derived
from the GLODERS computational normative theory, and
running in a Repast (North et al. 2006) environment.
Simulation experiments were performed, firstly for
verification purposes, afterwards productive runs
generating results to be analysed and presented to the
stakeholders. It is expected that the final results will also
have some impact on the normative theory.
In the following sections, the qualitative and quantitative
analysis, the conceptual modelling, the simulation
modelling and the experimentation will be presented in

detail, showing the approach used concretely for the
selected use case.
CONCEPTUAL ANALYSIS PROCESS

For the conceptual analysis process two facets have to be
regarded, on the one hand qualitative text analysis, on the
other hand quantitative text mining techniques. Both
approaches are designated for informing the development
of a conceptual model, and - as mentioned above - are
partly interwoven with the latter task. The process and
methods used for the conceptual analysis are related to
publications of Diesner and Carley (2005) and Aggarwal
and Zhai (2012); details of this particular approach are
given in (GLODERS consortium 2014).
Qualitative analysis and conceptual modelling

Figure 2 shows the qualitative analysis and associated
conceptual modelling step-by-step. After the initial data
preparation (as described in the previous section), a
MAXQDA-based analysis could be performed. Relevant
text phrases for the main part of the model - the collapse of
the criminal network - were identified, concepts and
codings developed. Afterwards, the concepts were
annotated with related text phrases, resulting in a
preliminary concept model, which was discussed with the
stakeholders in order to ensure the empirical and practical
relevance of the concepts. This discussion lead to a revision
of the concept model, based on newly identified relevant
text phrases.
After the concept model was agreed, in a discussion
between analysts and modellers, concepts relevant for and
realisable in a simulation model were identified and
recorded in a CCD, firstly as a coarse actor-network
diagram (static aspects), followed by the development of a
condition-action diagram (dynamic aspects; Neumann and
Lotzmann 2014). This conceptual model was compared
with the evidence in order to achieve a state of inter-coder
reliability, which required several iterations of the involved
process steps (i.e. development of new concepts/codings
and incorporate these into the CCD).
Once the inter-coder reliability was reached, the CCD
content was enriched with annotations of the related text

Figure 2: Details of the qualitative analysis and conceptual modelling process
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phrases and MAXQDA codings, until a level of theoretical
saturation (Corbin and Strauss 2008) was reached (which
again was a recursive process) and the validity was ensured
by consulting stakeholders. At the same time, the
development of the normative agent architecture for this
particular model could be started, as the concrete
requirements for this case had been extracted from the
conceptual model developed so far.
After completion of these two tasks, the actual process of
implementing the simulation model could be started.
Figure 3 shows an example of one of the artefacts derived
from this process, a part of the CCD action diagram. Here,
the consequences of an event that one of the members of
the criminal network becomes disreputable due to some
action (formulated in the bottommost condition in the
diagram). This action is basically linked to a violation of
the norm of trust within the network, which could be for
example
• (suspected) disloyal behaviour, which might constitute
a crystallising kernel of mistrust and potentially
triggering a spiral of aggression and violence; or
• an act of (unmotivated) aggression, which might
happen in the course of spreading mistrust and
violence.
In any case, both black and white collar criminals in the
network are able to perceive this condition and might react
with some kind of aggression in order to punish the
disreputable member, i.e. to sanction the norm violation.
This action of aggression can either be intimidation or
violence, both in several degrees of severity.
Result of this aggressive action is a condition in which the
aggression has been recognised by the affected member,
who then tries to find out the reason for this incident in
order to react adequately (not shown in the diagram
snippet).
In this example, the action 'perform aggressive action
against member X' should be pointed out here, as it
involves a complex decision process of the agents
representing the related criminals. The aspects of this
decision process that have been discovered in the data
analysis, are preserved as annotations for this CCD action.
The resulting implementation of this action that has to take
all these aspects into account, is discussed in the simulation
modelling and testing section of the paper.

Quantitative analysis

The quantitative analysis process aligned for this use case is
outlined in Figure 4. The data already prepared for the
qualitative analysis had to undergo another manual cleanup, in order to achieve the best possible performance of the
applied tools.
The analysis was basically performed sequentially, using
text-mining methods like tokenisation and stemming
(Aggarwal and Zhai 2012). Starting with AutoMap for
identifying concepts and finding co-occurrences, these
results were imported into ORA for a measurement-based
network analysis. Details of this work are given in (Sartor
2014), for information on the tools used, see
http://www.casos.cs.cmu.edu/tools/.
The results of this analysis could then be incorporated into
the CCD and serve as input for extending the simulation
model.
For the described use case, the qualitative analysis
performed beforehand revealed most of the relevant and
practicable details for modelling the collapse of the
criminal network, as approved by the stakeholders.
However, a quantitative research was carried out in order to
deal with numerical complexity (in contrast to qualitative
methods, which are able to cope with cognitive
complexity). This led to discovering further details of the
construction of the network, its members and their specific
roles and activities. Not only the core group of black and
white collar criminals was investigated, but also other
individuals were in focus, e.g. 'straw men', charged with the
task of obscuring money laundering.

Figure 4: Details of the quantitative analysis process

As it turned out, these findings added quite few new details
to the model of collapse, but shed new light on the 'every
day business' of drug trafficking and money laundering.
For future extensions to the simulation model, this kind of
information will become valuable.
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As it turned out, these findings added quite few new details
to the model of collapse, but shed new light on the 'every
day business' of drug trafficking and money laundering.
For future extensions to the simulation model, this kind of
information will become valuable.

SIMULATION MODELLING AND TESTING

The process of concept analysis of empirical data described
in the previous section provides a basis for the process of
developing the simulation model, as shown in Figure 5.
In a first step, the CCD was automatically transformed into
a skeleton of the simulation model code. Here a software
called CCD2DRAMS was used, which is a model-to-code
transformation tool that transforms conceptual model
elements into code for formal models, in this case in
declarative agent rules for the distributed rule engine
DRAMS, together with supporting Repast-based Java code.
DRAMS - as technological basis for the simulation model supports programming and running simulation models
while enabling traceability of empirical evidence in agent
rules and simulation results (Lotzmann and Wimmer 2013).

Figure 3: Example of a CCD action diagram
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These generated rule stubs were then elaborated. This
implementation also took other aspects into account, in this
case the agent architecture previously designed on base of
requirements that have arisen from the conceptual
modelling, and the GLODERS computational normative
theory.

conditions are satisfied, here expressed by the availability
of certain facts stored in fact bases, a number of actions can
take place, here by triggering certain agent rules.
A rule consists of a condition part (called left-hand side,
LHS) and an action part (called right-hand side, RHS). The
clauses which formulate the conditions in the LHS are
logically evaluated, and in the case of a successful
evaluation, the RHS is triggered, which means that the rule
fires and produces new facts (hence, triggering further
rules) and outputs (textual and numerical simulation
outcome; Lotzmann and Wimmer 2013). However, the
granularity of the actual agent rules can be quite different
from the construction in the conceptual model. For
example, Figure 6 shows the DRAMS rules and facts which
implement the action 'perform aggressive action against
member X' as part of Figure 3. This so called datadependency graph is automatically generated by DRAMS
on the base of the implemented model. The oval nodes
represent the facts (green with facts initially available from
model-to-code transformation, red with facts that are
produced at some point in the simulation run). It can be
directly seen that the complex decision process hidden in
the single CCD action results in the implementation of a
number of different rules which involve different stages of
decisions, in which the agent determines which aggressive
action to plan and perform against the disreputable member.
For example, a black collar criminal agent could 'plan' a
violent action (like beating up the victim) in an emotional
outburst (i.e., the opposite of a rational decision), which
then triggers another rule that actually performs the
aggression against the victim. The rules that would then be
triggered (and are not shown in the figure) would reflect
reasoning about the cause of the attack, i.e. the recognition
whether the aggression has to be interpreted as a sanction,
or as an arbitrary event. This sanction recognition
mechanism will eventually impact the normative theory.
As mentioned above, the agent architecture used for the
simulation model is embedded in a theory of normative
agents. Regarding the technical realisation, a Java
framework for normative reasoning was developed within
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collapse unlikely. This question is related to a more general
question from a theoretical point of view: the importance of
hierarchy for the stability of criminal organisations,
accompanied with the power of enforcement of social
norms within such networks.

SIMULATION EXPERIMENTATION

In order to run experiments with the simulation model,
parameters have to be set according to the experiment
design. Some of these parameters, especially regarding the
model structure (types of agents with certain attributes,
types of aggressive actions etc.) must be configured in the
conceptual model. The CCD allows to define instances for
actors, objects and relations, that constitute the simulation
world. Other parameters (like number of agents,
probabilities for certain decision outcomes) are set by
parameter files or via user interface.
Besides visualising e.g. time series of numerical variables
and associated statistics, the results of simulation runs are
presented as simulation logs, in which 'stories' of the events
are told in a human-readable way.
An example of such a textual output generated by a model
run is printed in Figure 7. The events that happened within
the first two ticks when one of the criminals lost his
reputation can be tracked in that text. Some meta
information - the rule which produced the output and the
time when the rule fired, e.g. '1.0:0 [global.external
event: make random criminal disreputable]' are attached as a prefix to the actual outcome. The clumsy
language in some of the statements is due to the automatic
assembling of the phrases by the simulation program, e.g.
keywords describing concrete actions are inserted in
predefined text frames.
The experiments to be conducted with the model have to be
designed in a way that the stakeholders' issues are
addressed, i.e. relevant questions of the stakeholders are
treated. The model sketched in this paper is designed to
cope with a variety of such questions. On the one hand, it is
capable to 'replay' the events that happened in reality in the
course of the collapse of the criminal network, on the other
hand it allows to explore effects of (slightly) modified
underlying conditions. For example, an interesting question
would be whether the collapse would have taken place in a
similar manner if one of the highly reputable key persons in
the criminal network would not have been jailed at the time
the spreading of mistrust began, i.e. whether the reputation
and mediating skills of this individual would have make the

*** 1.0 ***

1.0:0 [global.external event: make random criminal
disreputable] "Criminal ReputableCriminal-1 has become
disreputable due to an unknown (external) event."

1.0:1 [global.decline reputation of member X] "Reputation of
criminal ReputableCriminal-1 drops from high to low ."

Time to run: 0.133 seconds
*** 2.0 ***

2.0:1 [ReputableCriminal-5.plan aggressive actions against
members X - rational] "ReputableCriminal-5 has rationally
decided to threat ReputableCriminal-1 due to the latter's low
reputation."

2.0:2 [ReputableCriminal-5.plan threatening action - rational]
"ReputableCriminal-5 decides to threat ReputableCriminal-1 by
putting a gun into the stomach ."
2.0:3 [ReputableCriminal-5.perform aggressive actions against
members X] "ReputableCriminal-5 is attacking
ReputableCriminal-1 by putting a gun into the stomach."

2.0:4 [global.evaluate consequences of aggression for member]
"ReputableCriminal-1 has suffered an attack ( putting a gun
into the stomach ) and is alive"
Time to run: 0.233 seconds

Figure 7: Example of a simulation log

In order to find answers to such questions, the traceability is
a valuable instrument in that respect. One of the available
analysis tools capable to visualise these traces is the Model
Explorer tool, a plug-in for the DRAMS software primarily
dedicated for model debugging and code verification, but
also useful for validation purposes. Figure 8 shows a
screenshot of an actual firing of the rule “plan a violent
action - emotional”, in order to give an idea how a user
interface for analysing simulation results could be designed.
On the right hand side, the log file of the simulation run is
placed. On the left hand side, the CCD and the
corresponding empirical texts are displayed. Both elements,
the simulation results and the empirical basis, are related by
a visualisation of the rules that fired and, hence,
transformed empirical evidence into simulation results.

Figure 8: Screenshot of the Model Explorer Tool
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CONCLUSIONS AND FUTURE WORK
Aim of this paper is to present and discuss a process, which
supports the transformation of empirical textual evidence
into agent-based simulation models, and which at the same
time allows to trace results from model executions back to
the relevant parts of the empirical data. Foci of the paper
are the different phases of the modelling process, from
qualitative and quantitative data analysis, conceptual
modelling, simulation implementation through to
experimentation and result presentation. The paper tries to
illustrate this approach by a successfully carried out
modelling task.
The insights obtained by performing this task revealed a
great potential impact of such a process regarding quality
and trustworthiness of models, ensured by the close
participation of stakeholders and non-simulation but
domain experts.
However, next steps to go are to discuss the results with the
stakeholders, and make them familiar with the simulator
and the simulation method in general. For this purpose a
stakeholder workshop is scheduled.
Furthermore - in a mid-term perspective - it would be
important to open the process to a broader range of methods
and techniques, e.g. for different data analysis approaches,
simulation paradigms and techniques, and more
sophisticated simulation result analysis procedures which
entail the full impact of the traceability means. In this
context, other modelling projects need to be carried out,
adapting and possibly enhancing the process.
This extension should also consider a technical perspective,
i.e. the tighter integration of the different software products
used at the single process steps in an integrated toolbox.
While conceptual modelling, model transformation and
implementation of declarative rule-based models could
easily be extended by initial qualitative/quantitative data
analysis from a methodological point of view, on the tool
perspective this integration is much more difficult. It turned
out that the landscape of qualitative and quantitative data
analysis tools is eminently heterogeneous. A tool evaluation
performed in this context showed that, for the kind of
available data, the necessary analysis functionalities are
spread over a broad range of commercial and open source
tools. This integration should be addressed in future
research activities.
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ABSTRACT

In this paper, a type of SPHEB is the study object. Based
on the structure analysis of its powertrain and combined
with the characteristics of the vehicle operation, a torque
distribution control strategy on the base of logic
threshold method is proposed with a major control
object to improve the vehicle's fuel economy. The
simulink model of the strategy is built in Matlab. To
verify the validity and feasibility of the torque
distribution control strategy, the simulation analysis is
completed.

ABSTRACT

In this paper, a type of SPHEB is the study object. Based
on the structure analysis of its powertrain and combined
with the characteristics of the vehicle operation, a torque
distribution control strategy on the base of logic
threshold method is proposed with a major control
object to improve the vehicle's fuel economy. The
simulink model of the strategy is built in Matlab. To
verify the validity and feasibility of the torque
distribution control strategy, the simulation analysis is
completed.

Combined with the characteristics of vehicle operation, a
torque distribution control strategy based on logic
threshold method for a series-parallel hybrid electric bus
is proposed to improve the vehicle's fuel economy. And
the simulink model of this strategy is built. Then the
simulation is completed under the selected cycle
condition. Compared with the real vehicle test data, the
control strategy can reduce the fuel consumption by
6.2% on the basis of guaranteeing the vehicle's dynamic
performance, which achieves the design goals. And the
charge balance of the super-capacitor is also well
maintained. The validity and feasibility of the torque
distribution control strategy has been verified.

STRUCTURE ANALYSIS OF THE SERIESPARALLEL HYBRID POWERTRAIN
The prototype of the SPHEB studied in this paper is a
rear wheel drive city bus with 12 m class, which is
equipped with a powertrain mainly composed by a sixcylinder engine, a traction motor, an integrated/startergenerator(ISG), an automatic clutch, a super-capacitor
and a vehicle controller, as shown in figure 1. Using the
coaxial arrangement, the engine crankshaft is connected
to the ISG spindle directly. The swhich between series
mode and parallel mode can be realized by opening and
closing the clutch installed between the traction motor
and the ISG. The CAN (controller area network) bus
control mode is used in the vehicle controller to
implement the control of the engine, the traction motor,
the ISG and the automatic clutch.

INTRODUCTION
With good fuel economy and low emission, the seriesparallel hybrid electric bus(SPHEB) has become an
important new energy vehicle to deal with the
increasingly serious energy crisis and environmental
problem, and has great market value (Mingze Gao 2013;
Niassar A. H. et al. 2005). As the core of the energy
management for the SPHEB, the vehicle control strategy
is the core technology to realize the energy saving and
emission reduction, and it is also the focus of the
present study(Lqbal Husain. 2012). Gong Xianwu etc.
designed a logic threshold control strategy based on the
principles of meeting the power demand and improving
the engine's fuel economy, and the simulation analysis
was carried out to study the control effect(Xianwu Gong
and Dejun Wu et al. 2014). Abdelsalam A. A. proposed a
fuzzy logic control strategy for PMSM-EVT hybrid
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control strategy with real-time efficiency maximization of
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Combined with the characteristics of vehicle operation, a
torque distribution control strategy based on logic
threshold method for a series-parallel hybrid electric bus
is proposed to improve the vehicle's fuel economy. And
the simulink model of this strategy is built. Then the
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The method of electric power auxiliary control is used in
the distribution of the driving torque. The traction motor
is used as a flexible power component to assist the
engine's working and to optimize the engine's working
condition for a better fuel economy and keeping the
super-capacitor's SOC in a good range.
Driving Torque Required
Engine Actual Output Torque

Since the SPHEB has many working modes, during its
working, the working mode and the distribution of the
drive torque or braking torque among various power
components should be determined by the torque
distribution control strategy. So in the design of this
control strategy, the determination and control of the
SPHEB's working modes and the development of the
torque distribution rules are necessary to be done.
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Control Te =Te_min, Tm= 0, Tisg= Treq-Te_min.
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If Treq ＜Te_min and SOC≥SOC_low, the SPHEB is
working in the pure electric mode. The clutch is
disengaged, and the engine is turned off. Control
Te =Tisg=0, Tm=Treq.
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The distribution of the driving torque is shown in figure
3. According to the size of the driving torque required,
there are 5 kinds of circumstances corresponding to the
different torque distribution rules:
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Figure 3: The Distribution of the Driving Torque

According to the operation characteristics of the SPHEB
studied in this paper, the working modes are determined
by the driving or braking signals from the accelerator
pedal or the brake pedal operated by the pilot and the
super-capacitor's SOC. The determine processes and
conditions of the different working modes are shown in
figure 2. According to whether there is a driving or
braking signal, the working modes can be divided into
driving mode and regenerative braking mode. Then the
driving mode is determined in detail according to the
super-capacitor's SOC and the required torque
calculated by the driving signal. Taking the high limit of
the super-capacitor's SOC as SOC_high=0.9, the low
limit as SOC_low=0.4.

No

Engine
Turned on

Engine
Turned off

Determination and Control of the Working Modes

Driving signal?

Maximum Output Torque
Curve of the Engine

Torque (Nm)

TORQUE DISTRIBUTION CONTROL STRATEGY OF
SPHEB

Engine driving and
charging mode

Figure 2: Determination Flow-chart of Working Modes

If Te_min≤Treq ＜ Te_max and SOC≥SOC_high, the
SPHEB is working in the engine-only driving mode.
The clutch is closed, and the engine is turned on.
Control Te =Treq, Tm= Tisg=0.
If Te_min≤Treq ＜ Te_max and SOC ＜ SOC_high, the
SPHEB is working in the engine driving and
charging mode. The clutch is closed, and the
engine is turned on. Control Te =Te_max , Tm= 0, Tisg=
Treq-Te_max .
If Treq≥Te_max , the SPHEB is working in the engine
and traction motor combined driving mode. The
clutch is closed, and the engine is turned on.
Control Te = Te_max , Tm= Treq-Te_max , Tisg=0.

In the above rules, Treq is the driving torque required.
Te_min is the minimum output torque of the engine. Te_max
is the maximum output torque of the engine. Te is
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Driving Torque Distribution Rules

great flexibility for the energy flow and control. And
many different working modes can be achieved.
Combined with the actual characteristics of the vehicle
operation, 5 kinds of working modes can be implemented:
the pure electric mode, the engine-only driving mode,
the engine and traction motor combined driving mode,
the engine driving and charging mode and the energy
recovery mode.

The method of electric power auxiliary control is used in
the distribution of the driving torque. The traction motor
is used as a flexible power component to assist the
engine's working and to optimize the engine's working
condition for a better fuel economy and keeping the
super-capacitor's SOC in a good range.
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studied in this paper, the working modes are determined
by the driving or braking signals from the accelerator
pedal or the brake pedal operated by the pilot and the
super-capacitor's SOC. The determine processes and
conditions of the different working modes are shown in
figure 2. According to whether there is a driving or
braking signal, the working modes can be divided into
driving mode and regenerative braking mode. Then the
driving mode is determined in detail according to the
super-capacitor's SOC and the required torque
calculated by the driving signal. Taking the high limit of
the super-capacitor's SOC as SOC_high=0.9, the low
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great flexibility for the energy flow and control. And
many different working modes can be achieved.
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the engine and traction motor combined driving mode,
the engine driving and charging mode and the energy
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In the above rules, Treq is the driving torque required.
Te_min is the minimum output torque of the engine. Te_max
is the maximum output torque of the engine. Te is
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the actual output torque of the engine. Tm is the
actual output of the traction motor. Tisg is
the actual output torque of the ISG. Their units are N·m.

but it needn't to turn on the engine for auxiliary
power generation. Control Tm=-Tm_max .
3)

Regenerative Braking Torque Distribution Rules
The energy utilization can be improved by the
regenerative braking of the SPHEB, which is one of the
most important ways of the energy saving(Guozhu Zhao
2012). Mechanical energy can be turned into electrical
energy and stored in the super-capacitor by the
regenerative braking, which can narrow the gap of the
super-capacitor's electricity before and after the SPHEB's
start and stop for a good balance of power.
The opening degree of the brake pedal and the supercapacitor's SOC value is used for the distribution of the
regenerative braking torque. The emergency degree of
braking is determined by the opening degree of the
brake pedal , which can also determine the size of the
braking torque required. For a good power balancing
feature of the super-capacitor, it should be determined
that whether the engine needs to start or not for auxiliary
power generation and maintaining the super-capacitor
by the super-capacitor's SOC. The distribution rules of
the regenerative braking torque designed in this paper
are as follows:
1)

If SOC≥SOC_high, the super-capacitor is fully
charged. The regenerative braking is not needed to
charge the super-capacitor. Otherwise, it may cause
overcharge and affect the service life of the supercapacitor.

2)

If SOC_mid≤SOC ＜ SOC_high and the opening
degree of brake pedal≥0.5, the braking is urgent,

If SOC_mid≤SOC ＜ SOC_high and the opening
degree of brake pedal ＜ 0.5, the braking is not
urgent, and it needn't to turn on the engine. Control
Tm=-Tm_max ×the opening degree of brake pedal.

4)

If SOC＜SOC_mid and the opening degree of brake
pedal≥0.5, the braking is urgent, and it needs to
turn on the engine for auxiliary power generation.
Control Tm=-Tm_max ，Te =-Tisg=Te_max .

5)

If SOC＜SOC_mid and the opening of brake pedal
＜0.5, the braking is not urgent, but it needs to turn
on the engine. Control Tm=-Tm_max ×the opening
degree of brake pedal，Te =-Tisg=Te_max .

SOC_mid is the middle level of the super-capacitor's
SOC, and SOC_mid=0.6. The opening degree of brake
pedal has a range of 0~1.
Modeling of the Torque Distribution Control Strategy
In this paper, the simulink model of the torque
distribution control strategy based on the logic
threshold method is built in Matlab, as shown in figure 4.
This model is mainly composed of 5 submodules: the
input signal processing module, the working mode
selection module, the driving torque distribution module,
the regenerative braking torque module and the coast
control module. With these submodules, the control
strategy model can control the working conditions of the
clutch, the engine, the traction motor and the ISG.

the actual output torque of the engine. Tm is the
actual output of the traction motor. Tisg is
the actual output torque of the ISG. Their units are N·m.
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power generation. Control Tm=-Tm_max .
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super-capacitor's electricity before and after the SPHEB's
start and stop for a good balance of power.
The opening degree of the brake pedal and the supercapacitor's SOC value is used for the distribution of the
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are as follows:
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If SOC＜SOC_mid and the opening degree of brake
pedal≥0.5, the braking is urgent, and it needs to
turn on the engine for auxiliary power generation.
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＜0.5, the braking is not urgent, but it needs to turn
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SOC_mid is the middle level of the super-capacitor's
SOC, and SOC_mid=0.6. The opening degree of brake
pedal has a range of 0~1.
Modeling of the Torque Distribution Control Strategy
In this paper, the simulink model of the torque
distribution control strategy based on the logic
threshold method is built in Matlab, as shown in figure 4.
This model is mainly composed of 5 submodules: the
input signal processing module, the working mode
selection module, the driving torque distribution module,
the regenerative braking torque module and the coast
control module. With these submodules, the control
strategy model can control the working conditions of the
clutch, the engine, the traction motor and the ISG.

Figure 4: Simulink Model of the Torque Distribution Control Strategy

Figure 4: Simulink Model of the Torque Distribution Control Strategy
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According to the inputs including the vehicle velocity,
the SOC, the traction motor's rotation speed and the
opening degree of the accelerator pedal, the parameter
values and control signals such as the engine on/off
signal and the control signal of the clutch status used in
the subsequent modules can be getted by a series of
look-up tables and numerical calculations in the input
signal processing module. And the input signal
processing module is composed of the clutch/engine
status control module and the torque caculation module.

the opening degree of the brake pedal. As shown in
figure 7, the model of the working mode selection
module is built on the basis of the working mode
selection process introduced above. Then the signals
determined and controlled by the driving torque
distribution module or the regenerative braking torque
distribution module are outputted to the engine, the
traction motor, the ISG and other power output
components to get the actual output torque.

The clutch/engine status control module is shown in
figure 5. And the status of the clutch and the engine are
mainly determined by the vehicle's velocity and the
super-capacitor's current SOC.

According to the inputs including the vehicle velocity,
the SOC, the traction motor's rotation speed and the
opening degree of the accelerator pedal, the parameter
values and control signals such as the engine on/off
signal and the control signal of the clutch status used in
the subsequent modules can be getted by a series of
look-up tables and numerical calculations in the input
signal processing module. And the input signal
processing module is composed of the clutch/engine
status control module and the torque caculation module.

the opening degree of the brake pedal. As shown in
figure 7, the model of the working mode selection
module is built on the basis of the working mode
selection process introduced above. Then the signals
determined and controlled by the driving torque
distribution module or the regenerative braking torque
distribution module are outputted to the engine, the
traction motor, the ISG and other power output
components to get the actual output torque.

The clutch/engine status control module is shown in
figure 5. And the status of the clutch and the engine are
mainly determined by the vehicle's velocity and the
super-capacitor's current SOC.

Figure 5: Model of Clutch/Engine Status Control Module
The torque caculation module which used as a caculator
to get 5 torque siganls by a series of look-up tables and
numerical calculations is shown in figure 6. The speed of
motor is the key of this module. These look-up tables are
defined by real torque datas of the related components.

Figure 7: Model of the Working Mode Selection Module

Figure 7: Model of the Working Mode Selection Module

SIMULATION ANALYSIS

SIMULATION ANALYSIS

Based on the simulation model of the SPHEB's
powertrain established in Cruise, the typical city driving
cycle in China is chosen as the test cycle for the
simulation. The simulation results of the vehicle's
velocity, the SOC of the super-capacitor and the output
torque curves of the engine, the traction motor and the
ISG changing over time are shown in figure 8.

Based on the simulation model of the SPHEB's
powertrain established in Cruise, the typical city driving
cycle in China is chosen as the test cycle for the
simulation. The simulation results of the vehicle's
velocity, the SOC of the super-capacitor and the output
torque curves of the engine, the traction motor and the
ISG changing over time are shown in figure 8.

Figure 5: Model of Clutch/Engine Status Control Module
The torque caculation module which used as a caculator
to get 5 torque siganls by a series of look-up tables and
numerical calculations is shown in figure 6. The speed of
motor is the key of this module. These look-up tables are
defined by real torque datas of the related components.

(a) the changing curves of the velocity
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Figure 6: Model of the Torque Caculation Module

Figure 6: Model of the Torque Caculation Module

The current working mode of the SPHEB is determined
by the working mode selection module according to the
velocity, the opening degree of the accelerator pedal and

The current working mode of the SPHEB is determined
by the working mode selection module according to the
velocity, the opening degree of the accelerator pedal and

(c) the torque changing curve of the engine
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(c) the torque changing curve of the engine

84

been improved and the design goal of the control
strategy has been achieved.

been improved and the design goal of the control
strategy has been achieved.

Table 1: Results of the dynamic performance and the fuel
economy

Table 1: Results of the dynamic performance and the fuel
economy

(d) the torque changing curve of the traction
Maximum Speed
(km·h -1)
Acceleration Time
of 0~50 km·h -1 /(s)
Fuel Consumption
(L/100km)

(e) the torque changing curve of the ISG
Figure 8: Simulation results

Simulation
Results

Actual Test
Date

77.8

78.0

15.4

17.2

22.23

23.70

In addition, in order to verify the control effect on
maintaining the electric power balance of the supercapacitor of the torque distribution control strategy
designed in this paper, a comparation with a common
control strategy without the distribution of the
regenerative braking torque is made. With the same
initial value of the SOC(90%), the end value simulated by
the torque distribution control strategy designed in this
paper is 83.6%, while the end value simulated by the
common control strategy is 80.4%. That indicates that
the super-capacitor has a better electric power balance
feature with the torque distribution control strategy
designed in this paper. Figure 9 shows the comparison
of the simulation cueves of the super-capacitor's SOC

As shown in figure 8(a), the simulation velocity is
followed with the actual driving cycle curve closely and
can meet the requirements of the actual working
condition of the velocity and acceleration. Figure 8 (b) is
the curve of the super-capacitor's SOC and it can be
seen that with the velocity changing of the driving cycle,
the SOC curve is changed in regular fluctuations, which
shows that the super-capacitor can be charged or
discharged reasonably. Besides, the initial value of SOC
is 90% and the end value is 83.6%, which means its
power balance is good. With the changing curves of the
output torque shown in figure 8(c)~(e), when the vehicle
starts up or is driven at a low speed, the driving torque
required is provided by the traction motor only, and the
SOC drops. With the increase of the vehicle's veloxity,
the engine turns on and the driving torque required is
provided by both the engine and the traction motor
during the acceleration. When the SOC is very low, the
super-capacitor is charged by the electricity generated
from the ISG with producing negative torque. When
braking, the braking energy is recycled by the traction
motor which outputs negative torque and the SOC is
rising. All of these are in accordance with the proposed
vehicle control strategy as well as the designed torque
distribution rules, which are also showing that the
control strategy designed in this paper is correct and
effective.

Figure 9: Comparison of the SOC Curves
CONCLUSIONS
Combined with the actual operations and based on the
structure analysis of a SPHEB's powertrain, a torque
distribution control strategy is designed with a major
control object to improve the vehicle's fuel economy.
And the simulink model of the control strategy is built.
The control effect of the torque distribution control
strategy proposed in this paper is got by the joint
simulation analysis. The simulation results show that:

As shown in table 1, the simulation results of the
SPHEB's dynamic performance and fuel economy are
compared with the actual vehicle test data. The
simulation result of the acceleration time for 0~50 km/h is
shorter than the actual vehicle test data and the fuel
consumption is 6.2% lower than the actual vehicle test,
which means that with the control strategy built in this
paper, the fuel consumption has been decreased on the
premise of a good dynamic performance. And on the
other hand, it also indicates that there is a good control
effect of the torque distribution control strategy
proposed in this paper. The vehicle's fuel economy has

(1) Under the typical city driving cycle in China, the
velocity of the simulation can meet the velocity of the
actual driving cycle closely and the dynamic
performance of the simulation can match the actual
vehicle test data.
(2) The fuel consumption of the SPHEB is 6.2% lower
than the actual vehicle test and the SOC of the supercapacitor is more smooth with a better electric power
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paper, the fuel consumption has been decreased on the
premise of a good dynamic performance. And on the
other hand, it also indicates that there is a good control
effect of the torque distribution control strategy
proposed in this paper. The vehicle's fuel economy has

(1) Under the typical city driving cycle in China, the
velocity of the simulation can meet the velocity of the
actual driving cycle closely and the dynamic
performance of the simulation can match the actual
vehicle test data.
(2) The fuel consumption of the SPHEB is 6.2% lower
than the actual vehicle test and the SOC of the supercapacitor is more smooth with a better electric power

85

balancing feature, which has indicated that the torque
distribution strategy proposed in this paper can not only
improve the vehicle's fuel economy and achieve the
design goals effectively, but also can maintain the
electric power of the super-capacitor in a better way. The
torque distribution strategy has a good control effect.
The simulation results have verified the validity and
feasibility of the torque distribution strategy proposed
in this paper.
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In 2010–2012, the hydrogeological model (HM) of
Latvia (LAMO) was developed by scientists of Riga
Technical University (RTU). The model generalizes
geological
and
hydrogeological
information
accumulated by the Latvian Environment, Geology and
Meteorology Center (LEGMC). LAMO simulates the
active groundwater zone that provides drinking water.
The worldwide used commercial program Groundwater
Vistas is applied for running LAMO. In 2013 – 2014,
LAMO has been considerably upgraded and, presently,
three successive versions (LAMO1, LAMO2, LAMO3)
can be marked. The main innovations are considered
that have converted the basic LAMO1 into the more
advanced LAMO3 version that accounts for larger
amount of real hydrographical and geological field data.
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Figure 1: Location of LAMO
Table 1: Versions of LAMO
Name of Year Approximation grid
Rivers in model
Lakes
version of Plane Number Number Number Valleys Flow Number
dispo- step of grid of cells
incised data
se [metre] planes [106]
used
LAMO1 2012 500
25
14.25
199
no
no
67
LAMO2 2013 500
27
15.43
199
yes
no
67
LAMO3 2014 500
27
15.43
469
yes
no
127
LAMO4 2015 250
27
61.56
469
yes yes 127

INTRODUCTION
The European Union (EU) countries are developing HM
where, by means of computer modelling, the information
is obtained for water resources management that must
implement the EU aims defined in (Water Framework
Directive 2000). In Latvia, the LEGMC team is
preparing and updating the water resources management
plans for cross-border type river basins districts: those
of Venta, Lielupe, Daugava and Gauja rivers.
In 2010-2012, HM LAMO has been established by
scientists of RTU. LAMO simulates steady state average
hydrogeological situation of Latvia. The land territory of
Latvia and the area of the Gulf of Riga constitute the
HM active area (Figure 1). LAMO simulates 27
geological layers (Figure 2).
The commercial program Groundwater Vistas (GV) is
used for running LAMO (Environmental Simulations
2011). In (Spalvins et al. 2013), novel methods used to
create LAMO have been explained and they are not
described in this paper.
In 2013, by using the results of LAMO, scientists of
RTU have prepared materials that are being applied by
specialists of LEGMC. The main items of these
materials are summarized in (Spalvins et al. 2014a).

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

In 2013-2014, LAMO has been considerably updated
(Spalvins et al. 2014c, Spalvins and Lace 2014, Krauklis
and Slangens 2014). Due to these innovations, four
successive versions of LAMO can be marked (Table 1).
In 2013, (Report 2013a) was prepared that revealed
necessity for urgent improvements of HM. Two
upgrades were completed that changed LAMO1 into the
next LAMO2 version: the number of LAMO planes was
increased from 25 to 27 (see Figure 2); valleys of rivers
were fully incised into the HM body;
By comparing (Report 2013a) with (Report 2013b)
originated, accordingly, by LAMO1 and LAMO2 for the
Gauja river basin district, one finds that results of
LAMO2 are more feasible.
In 2014, LAMO2 has been turned into LAMO3: the
density of hydrographical network was increased; the
transmissivity for aquifers was refined.
For LAMO, the residual (difference between monitored
and computed piezometric head values) does not exceed
1.7 metres (quadratic error) and 2% (relative error).
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of rivers will be accounted for. These upgrades will
improve HM, especially, due to more accurate
simulation of real interaction between groundwater
bodies and surface water sources.
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MATHEMATICAL FORMULATIONS

To describe upgrades of LAMO, some mathematical
knowledge must be applied. By using the 3D-finite
difference approximation, the x, y, z – grid of HM is
built. The grid consists of (hhm) sized blocks (h is the
block plane step, m is the variable thickness of a
geological layer). For LAMO, h=500 metres. The model
constitutes a rectangular p-tiered xy-layer system where
p is the number of geological layers. For LAMO, p=27
(see Figure 2). It is shown in Figure 3 that most of the
layers are outcropping. After emerging at the surface,
such layers have zero thickness m=0. To avoid in GV
calculations “the division by zero”, m=0 must replaced
by small  > 0 (for LAMO,  = 0.02 metres).
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HM provides the 3D-distribution of piezometric head
vector φ as the numerical solution of the boundary field
problem which is approximated in nodes of the HM
xyzgrid by the following algebraic expression:

HM provides the 3D-distribution of piezometric head
vector φ as the numerical solution of the boundary field
problem which is approximated in nodes of the HM
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Aφ=-Gψ,

A=Axy+Az

where A is the symmetric sparse matrix of the geological
environment which is presented by the xy-layer system
containing horizontal (Axy – transmissivity T) and
vertical (Az  vertical hydraulic conductivity) elements
of the HM grid; ψ and  the boundary head and flow
vectors, respectively; G is the diagonal matrix (part of
A) assembled by elements linking the nodes where φ
must be found with the nodes and points where ψ is
given. For LAMO, the flow vector is presented only
by discharges of water supply wells. To support fast
convergence of iterative solution process of the very
large system (1), the ψtype boundary conditions are
applied on the exterior surfaces (top, bottom, sides) of
the HM body. The boundary conditions ψriver and ψlakes

Figure 2:Vertical schematization of LAMO
Reliance of HM depends not only on the above reported
excellent residuals, but mainly on feasible distributions
of groundwater flows and their interaction with the
hydrographical network. In the paper, mainly the
LAMO2 and LAMO3 versions are compared, because
they differ significantly in density of these networks
(Table 1).
In 2015, the next LAMO4 version will appear where the
plane approximation step will be 250 metres and flows
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for rivers and lakes, accordingly, also enlarge the
elements of G as the diagonal dominance of A that
ensures convergence of iterations (Strang, 1976).
The elements axy, az of Axy, Az (or gxy, gz ) are computed
as follows:
axy = k m =T,
mi=zi-1-zi ≥ 0,

present above Q2 (relh, aer) and between the Q2 and
D3am layers (gQ2z, Q1#, gQ1#z,
…,D3pl,
D3amz).The task of arranging the z-maps even for the
“incomplete” incision was complex and the effect of the
full incisions of river valleys was still unknown.
Therefore, only the layers Q2 and gQ2z were cut out by
river valleys.

az =h2 ki / (mi+mi+! ki/ki+!),
i=1, 2, …, p
(2)

where zi-1, zi are elevations, accordingly, of the top and
bottom surfaces of the i-th geological layer; z0
represents the ground surface elevation ψrel-map; mi, ki
are elements of digital mi, ki-maps of thickness and
permeability of the i-th layer, accordingly; mi+1, ki+1 are
parameters of the next underlying plane of the HM grid.
The set of z-maps describes the full geometry
(stratification) of LAMO.
For the i-th layer, the HM grid block centres are located
on the surface zi-0.5 :
zi-0.5 =0.5(zi-1 + zi ),

i=1, 2, …p.
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on the surface zi-0.5 :

(3)

zi-0.5 =0.5(zi-1 + zi ),

The vector φi and the vertical infiltration flow γi,i+1 are
spatially related to this surface. The flow γi,i+1 [mm/year]
can be computed by using the formula:
γi,i+1 =0.73106(φi - φi+1) ki / (mi + mi+1 ki / ki+1 )
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The vector φi and the vertical infiltration flow γi,i+1 are
spatially related to this surface. The flow γi,i+1 [mm/year]
can be computed by using the formula:
Figure 4: Incisions of valleys for the Gauja river and its
tributary Vildoga

(4)

where the i-th and (i+1)-th layers are an aquitard and
aquifer, respectively; the units φ [metre asl],
k [metre/day], m [metre] are applied.
The above section contains information that is important
for the HM upgrades and it does not describe the
methods used for creating of LAMO.

Consideration of river regimes (Report 2013a) showed
that the incomplete incisions of river valleys not only
distorted the ground surface geometry but also
considerably crippled the river flows. It was necessary
to develop more advanced software that could rearrange
the z-surfaces at locations of complete incisions
(Krauklis and Slangens 2014).
In Figure 4b, the full incisions of the river valleys are
shown. There the geometry of the primary geological
layers D3am, D3gj2z, D3gj2, D3gj1z was also changed.
As an example of the φ and γ – maps, the geological
cross section 4W-4E is shown (see Figure 5). There the
φ – map is presented by isolines, but the γ – map is
shown in the color fill mode. It is explained in (Spalvins
et al. 2014b), how the φ and γ – maps are obtained. The
φ and γ – isolines must be vertical within aquifers and
aquitards, accordingly.
The section of Figure 5 crosses the river basin districts
Venta (VN) Lielupe (LP) and Daugava (DG).
Regionally, the districts VN and LP are the groundwater
recharge and discharge areas, accordingly; the DG
district includes both kinds of the areas. The section top
is the ground surface that controls the γflow there.
Rivers and lowlands cause groundwater discharges, but
the hilly areas are the recharge sources.
The geological section map assembles the xytype data
from the zi-0.5 planes into the lz  picture that is projected
on the geological stratification formation. The map for a
section provides worthy information that cannot be
easily deducted from their separate xytype data.

LAMO2 UPGRADES. CROSS SECTIONS
In (Report 2013a) that was based on results of LAMO1,
the customary 2D xydistributions for heads φi and
flows γi,i+1 appeared doubtless. However, the l,zcross
sections for these distributions (φ and γ-maps) revealed
necessity for the following improvements which turned
LAMO1 into LAMO2:
 the valleys of rivers should be fully incised into the
HM body;
 the thick unifed D2ar# aquifer should be split into
the aquifers D2brt, D2ar and the aquitard D2arz
(see Figure 2, Figure 3); the number of HM layers
increased from 25 to 27; the improvement was very
important for the northern part of Latvia where
only the D2ar# aquifer represented the active
groundwater zone of the primary layers and its top
reached the Quaternary strata.
The effect of the river valley incisions is explained by
Figures 4a and 4b where the geological sections for the
river Gauja and its tributary Vildoga are shown for the
cases of LAMO1 and LAMO2. In Figure 4a, at the place
of valleys the thickness of the Q2 aquifer is 1.0 metre.
The thickness is 0.02 metre for fifteen layers which are
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Figure 5: Geological section 4W-4E; φ and γ-maps are shown
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Table 2: kmaps for LAMO2 and LAMO3

In 2014, LAMO2 has been changed into LAMO3: the
transmissivity maps of the HM primary aquifers were
refined; the density for the HM hydrographical network
was remarkably increased (Table 1).
As it follows from (2), the Tmaps are computed by the
GV system where the k and zmaps serve as the initial
data. The zmaps simulate geological stratigraphy and,
in fact, T can be controlled by changing only the
kmaps. For LAMO, the kmap is the product:
k=knorm kmean, kmea n 
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Aquifer
LAMO2
code
D3ktl#
knorm
kmean
D3zg#
1.0
3.0
D3krs#
1.0
3.0
D3dg#
1.0
2.0
D3pl
1.0
10.0
D3am
1.0
10.0
D3gj2
1.0
10.0
D3gj1
1.0
10.0
D2brt
1.0
14.0
D2ar
1.0
5.0
kmean [metre/day]

(5)

n 1

where knorm , kmean and s, accordingly, are normalized
kmaps, the mean permeability and the number of nodes
within the m > 0 area of a geological layer; kn is value of
k for the the n-th node.
It is explained in (Spalvins and Lace 2014), how the
data of well pumping have been used to obtain the
kmaps for LAMO3. Table 2 provides data for the
kmaps of LAMO2 and LAMO3. For LAMO2, knorm
=1.0, because constant values of k were used. For
LAMO3, knorm is variable and, in Table2, knorm is the
range of its matrix elements.

LAMO3
knorm
0.2‒2.1
0.4‒2.2
0.4‒1.7
0.1‒1.2
0.2‒1.9
0.3‒1.8
0.4‒1.8
0.3‒1.9
0.3‒1.8

kmean
2.1
3.6
5.9
5.6
7.8
4.7
5.6
5.2
1.9

The effect of the variable kmaps is considered later.
To compare the groundwater flow regimes of LAMO2
and LAMO3, Table 3, Table 4, Table 5 and Table 6
were prepared. Table 3 and Table 4 contain the
groundwater flow balances of Latvia that were obtained
by LAMO2 and LAMO3, correspondingly.
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Table 3 Groundwater flows [thous. m3/day] for LAMO2
Aquifer
code
Q2
Q1#
D3ktl#
D3zg#
D3krs#
D3dg#
D3pl
D3am
D3gj2
D3gj1
D2brt
D2ar
Model
Q1+Q2
Primary
aquifers

qinflow

qrivers

qlakes

qborder

qwells

3888
25
173
63
23
599
516
144
365
505
689
209
7199
3913

-3288
-7
-192
-41
-11
-569
-446
-93
-244
-327
-462
0
-5680
-3295

-426
0
0
0
0
-10
8
0
0
0
0
0
-428
-426

-118
-18
20
-18
-8
-15
-70
-50
-96
-154
-214
-195
-936
-136

-56
0
-1
-4
-4
-5
-8
-1
-25
-24
-13
-14
-155
-56

3286

-2385

-2

-800

-99

environment which flow balance is under consideration.
An aquifer is the smallest module, but any HM or its
parts can also be modules (Figures 7 and 8).

Figure 6: Scheme for explanation of flow balance
In Table 3 and Table 4, the local flow balance is given
for any aquifer, for whole HM, for the Quaternary and
Primary strata systems.
In Figure 7, the last three rows of Table 4 are exposed.
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Table 4: Groundwater flows [thous.m3/day] for LAMO3

Table 4: Groundwater flows [thous.m3/day] for LAMO3

Aquifer
code
Q2
Q1#
D3ktl#
D3zg#
D3krs#
D3dg#
D3pl
D3am
D3gj2
D3gj1
D2brt
D2ar
Model
Q1+Q2
Primary
aquifers

Aquifer
code
Q2
Q1#
D3ktl#
D3zg#
D3krs#
D3dg#
D3pl
D3am
D3gj2
D3gj1
D2brt
D2ar
Model
Q1+Q2
Primary
aquifers

qinflow

qrivers

qlakes

qborder

qwells

7223
47
261
82
94
800
474
262
527
322
557
114
10763
7270

-6596
-31
-277
-64
-80
-692
-361
-237
-443
-213
-442
0
-9436
-6627

-487
0
0
-3
0
-90
-8
0
0
-5
-6
0
-599
-487

-84
-16
17
-11
-10
-13
-97
-24
-59
-80
-96
-100
-499
-100

-56
0
-1
-4
-4
-5
-8
-1
-25
-24
-13
-14
-155
-56

3493

-2809

-112

-399

-99

Figure 7: Mass balances [thous. m3/day] for LAMO3
In Table 5, the difference between the flows of LAMO3
and LAMO2 are shown. The last three rows of Table 5
are shown by Figure 8.
It follows from Table 5 that the total inflow for LAMO3
was enlarged by 3564 thous.m3/day, the flows of rivers
and lakes have the enlargements 3756 thous.m3/day and
171 thous.m3/day, accordingly.
The LAMO2 version was calibrated to match the total
river flow 6000 thous. m3/day given in (Dzilna 1970).
For LAMO3, the total river flow is much larger than for
LAMO2 (9436>5680). This difference is mostly due to
the Quaternary system (6627>3295), where nearly all
“new rivers” of LAMO3 are joined.
Presently, it is not clear if the simulated river flows in
LAMO3 are not much larger than in nature. The right
answer will be possible when the measurements of river
flows will be accounted for by the next LAMO4 version.
The effect of the “new” lakes is little, because their
areas are small (1km2-2.5km2). The 110 thous. m3/day
enlargement for the Primary system is caused mainly by
artificial lakes of hydroelectric-power stations of the
Daugava river. In LAMO3, the lakes are joined with the
D3dg# and D3pl aquifers (Table 4 and Table 5).

For an aquifer, GV computes the flows qtopin, qtopout,
qbotin, qbotout. The sum of these flows is the inflow qinflow :
qinflow = qtopin + qtopout + qbotin + qbotout .

(6)

The inflow qinflow exists only for the m>0 area of a layer.
The GV system also finds the flows qriver, qlakes, qborder
and qwells, accordingly, for rivers, lakes, external
boundaries and exploitation wells. The sum of these
flows must be in balance with qinflow :
qinflow+qriver+qlakes+qborder+qwells =0.

(7)

The graphical scheme for the expressions (6) and (7) is
given by Figures 6a and 6b, correspondingly. There a
“module” represents any part of the geological
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Table 5: Groundwater flow [thous. m3/day] differences
between LAMO3 and LAMO2
Aquifer
code
Q2
Q1#
D3ktl#
D3zg#
D3krs
D3dg#
D3pl
D3am
D3gj2
D3gj1
D2brt
D2ar
Model
Q1+Q2
Primary
aquifers

∆qinflow

∆qrivers

∆qlakes

∆qborder

∆qwells

3335
22
88
19
71
201
-42
118
162
-183
-132
-95
3564
3357
207

-3308
-24
-85
-23
-69
-123
85
-144
-199
114
20
0
-3756
-3332
-424

-61
0
0
-3
0
-80
-16
0
0
-5
-6
0
-171
-61
-110

34
2
-3
7
-2
2
-27
26
37
74
118
95
-363
36
327

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

are larger (60.91> 40.73) mm/year and (41.14>22.14)
mm/year, correspondingly. For the Primary strata, if
their real areas are used, the flows are larger: for
LAMO2 (38.63>18.59); for LAMO3 (49.90>19.76).
For the Primary strata, the mean infiltration of LAMO3
is only slightly larger than one for LAMO2.
Table 6: Infiltration flow for LAMO2 and LAMO3
Aquifer code

Area
[thous.km2]

D3ktl#
D3zg#
D3krs
D3dg#
D3pl
D3am
D3gj2
D3gj1
D2brt
D2ar
Primary Total
Model
Q1+Q2
Primary
aquifers

Figure 8: Flow difference [thous. m3/day] between
LAMO3 and LAMO2
For LAMO3, the flow through boundaries was smaller
by 363=(936499) thous.m3/day. This decrease was
caused mainly by the Primary strata system
(327 thous.m3/day), because there for the deeper D3gj2,
D3gj1, D2brt, D2ar aquifers, the kmean values were
smaller than the ones of LAMO2 (Table 2).
In Table 6, the infiltration flows γ [mm/year] are
computed for LAMO2 and LAMO3, if the m > 0 areas
of aquifers are accounted for:
γ =0.365 qinflow / L

γ [mm/year]

5.44
7,53
9.34
32.84
44.10
46.52
51.17
56.66
63.40
63.40
64.50
64.50

LAMO2
11.61
3.05
0.90
6.66
4.27
1.13
2.60
3.25
3.96
1.20
38.63
40.73
22.14

LAMO3
17.71
3.97
3.67
8.89
3.92
2.05
3.76
2.07
3.20
0.66
49.90
60.91
41.14

64.50

18.59

19.76
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Table 6: Infiltration flow for LAMO2 and LAMO3
Aquifer code

Area
[thous.km2]

D3ktl#
D3zg#
D3krs
D3dg#
D3pl
D3am
D3gj2
D3gj1
D2brt
D2ar
Primary Total
Model
Q1+Q2
Primary
aquifers

γ [mm/year]

5.44
7,53
9.34
32.84
44.10
46.52
51.17
56.66
63.40
63.40
64.50
64.50

LAMO2
11.61
3.05
0.90
6.66
4.27
1.13
2.60
3.25
3.96
1.20
38.63
40.73
22.14

LAMO3
17.71
3.97
3.67
8.89
3.92
2.05
3.76
2.07
3.20
0.66
49.90
60.91
41.14

64.50

18.59

19.76

NEXT UPGRADES

In 2015, LAMO3 will be converted into LAMO4 where
the plane approximation step will be reduced from 500
metres to 250 metres. In LAMO3, bodies of rivers/lakes
are somewhere touching. In LAMO4, due to use of the
smaller approximation step, this problem will be eased,
hence the ground surface will be simulated with the
higher accuracy. Rivers will be joined with the HM
body more trustworthy, because the data of the
measured river flows will be accounted for.
In the near future, LAMO4 may be also used for
complex geochemical studies, because the GV system
can simulate migration of groundwater contaminants in
space and time as described in (Mokrik et al. 2014)
where HM of Lithuania has been used that is very
similar with LAMO, because the RTU team has
participated in its development (Spalvins et al. 2010).

In 2015, LAMO3 will be converted into LAMO4 where
the plane approximation step will be reduced from 500
metres to 250 metres. In LAMO3, bodies of rivers/lakes
are somewhere touching. In LAMO4, due to use of the
smaller approximation step, this problem will be eased,
hence the ground surface will be simulated with the
higher accuracy. Rivers will be joined with the HM
body more trustworthy, because the data of the
measured river flows will be accounted for.
In the near future, LAMO4 may be also used for
complex geochemical studies, because the GV system
can simulate migration of groundwater contaminants in
space and time as described in (Mokrik et al. 2014)
where HM of Lithuania has been used that is very
similar with LAMO, because the RTU team has
participated in its development (Spalvins et al. 2010).

In 2013-2014, the hydrogeological model of Latvia
(LAMO) has been upgraded by scientists of Riga
Technical University. The upgrades have improved
credibility of the main LAMO results: the groundwater
head and flow distributions, geological stratigraphy data,
permeability of geological layers and etc. LAMO4 can
be applied for updating information that is necessary for
water management planning, as the base for creating
detailed local models and for investigation of complex
geochemical processes.

where L [thous.km2], qinflow [thous.m3/day], accordingly,
are the area of aquifer and its inflow qinflow which is
taken from Tables 3 and 4.
It follows from Table 6 that for LAMO3, the mean
infiltrations on the HM top and of the Quaternary system

Aquifer
code
Q2
Q1#
D3ktl#
D3zg#
D3krs
D3dg#
D3pl
D3am
D3gj2
D3gj1
D2brt
D2ar
Model
Q1+Q2
Primary
aquifers

are larger (60.91> 40.73) mm/year and (41.14>22.14)
mm/year, correspondingly. For the Primary strata, if
their real areas are used, the flows are larger: for
LAMO2 (38.63>18.59); for LAMO3 (49.90>19.76).
For the Primary strata, the mean infiltration of LAMO3
is only slightly larger than one for LAMO2.

NEXT UPGRADES

CONCLUSIONS

(8)

Table 5: Groundwater flow [thous. m3/day] differences
between LAMO3 and LAMO2

Figure 8: Flow difference [thous. m3/day] between
LAMO3 and LAMO2
For LAMO3, the flow through boundaries was smaller
by 363=(936499) thous.m3/day. This decrease was
caused mainly by the Primary strata system
(327 thous.m3/day), because there for the deeper D3gj2,
D3gj1, D2brt, D2ar aquifers, the kmean values were
smaller than the ones of LAMO2 (Table 2).
In Table 6, the infiltration flows γ [mm/year] are
computed for LAMO2 and LAMO3, if the m > 0 areas
of aquifers are accounted for:
γ =0.365 qinflow / L

CONCLUSIONS
In 2013-2014, the hydrogeological model of Latvia
(LAMO) has been upgraded by scientists of Riga
Technical University. The upgrades have improved
credibility of the main LAMO results: the groundwater
head and flow distributions, geological stratigraphy data,
permeability of geological layers and etc. LAMO4 can
be applied for updating information that is necessary for
water management planning, as the base for creating
detailed local models and for investigation of complex
geochemical processes.
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are the area of aquifer and its inflow qinflow which is
taken from Tables 3 and 4.
It follows from Table 6 that for LAMO3, the mean
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ture of ecological macrosystems was studied in the article (Riitters K.H. et al. 2009). Interesting results on the
self-organization in spatially distributed plant communities were obtained in (Kolobov and Frisman 2008).
Mainly, the researches were focused on analysis of spatial and spatial-temporal processes of self-organization.
In the current paper self-organisation is considered for
systems with lumped parameters. The model of open
Eigen’s hypercycle (Chernyshenko 2005) is used to
describe such ecological processes of self-organisation
as primary succession.

KEYWORDS
Ecological successions, open Eigen hypercycle, nonlinear dynamics, self-organisation.
ABSTRACT
Models of the long-term ecological successions are considered. The model of open Eigen’s hypercycle has
been used to model the process. It is shown that ecological succession is a complex process with ability for
self-organisation. It is distinguished two type of selforganisation: by adjusting system control parameters or by
change of quantity of its components. The first type is
determined by bifurcation properties of the system. In both
cases the process is under essential influence of a level
of flows of matter and information through the system.

GENERALIZED MODEL
Let’s consider the model
dx i 
  f i  X   S 01
dt 

INTRODUCTION
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associations; f i  X , i  1, n are functions of interaction
between the associations; S 0 is capacity of environment; Х  х1 ,..., хп  .
Т

Summing up all equations of the system (1), one can
get:
n

d  xi
i 1

dt



 1  S01  xi  xi f i  X  .
i 1

 i 1
n

n

Let’s analyse this expression. It is evident, that some of
equilibrium points of the model (1) have the property,
that the sum of their coordinates equals S 0 , and there is
the stationary point with all zero coordinates.
Let’s consider only the positive region of the phase
space { х1 ,..., хп }. If f i  X   0, i  1, n , then the system
state tends to the equilibrium point with the total size of
the associations equals to S 0 . If f i  X   0, i  1, n and
the sum of initial coordinates less than S 0 , then all the
coordinates will tend to zero. If one of the coordinates
is larger than S 0 , the sum of coordinates grows.
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Majority of natural, economic, are social systems are
complex, i.e. it consists of a large number of elements,
each of which is also quite complex. A large number of
links between elements of such systems and their complexity determine their essentially nonlinear behaviour.
Usage of nonlinear models and relevant research methods allows to describe different types of structures, ways
to their stabilization or transition to instability.
Basics of the theory of nonlinear systems were formed
by such classics as J.W. Rayleigh, J.L d‘Alembert, J.H.
Poincare. Their ideas were developed in the works of
O.L. Lyapunov (Lyapunov 1950), A.A. Andronov (Andronov et al. 1966), V.I. Arnold (Arnold et al. 1986)
within the qualitative theory of differential equations.
One of stages of of the theory was synergetics, developed by H. Haken (Haken 1980) and I. Prigogine
(Prigogine and Nicolis 1979).
The first "customer" of the nonlinear theory was physics. However, with the development of systems approach and cybernetic theory the use of the nonlinear
ideas was extended and covered the processes of a different nature, including ecological ones. Thus, in the
paper (Samarskiy and Mihailov 2001) A.P. Mikhailov
showed a spatial self-organization of populations basing on a diffusion-reaction equation. The mosaic struc-
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It was proved that:
P and P are unstable complicated equilibrium points;
P is a saddle with two-dimension unstable subspace, if

S 0 / N  0, a1  1 , or two-dimension stable sub-
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As it was shown in (Ruzich 2011), the two-dimensional
model of open Eigen’s hypercycle has 6 equilibrium
points:
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S 0 / N  0, 1  a1  a1a2  , or stable equilibrium point

 S 0  N S 0 a1  1  N 

 ,  N , a1 N  . Characteristics of
,
a1  2
 a1  2

stability of these points are represented in Table 1.
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Using standard methodology (Andronov et al. 1966), behaviour of trajectories near degenerate equilibrium points
can be found. Thus, the point 0,0 is an equilibrium
points of the “saddle-node” type for any positive values
of the model parameters; point  N ,0 is the same, if
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P is a saddle with two-dimension stable subspace, if

S0 / N  1 ; point S 0 ,0 is the same, if S0 / N  а1  1 ;
point  N , a1 N  is the same, if S 0 / N  а1  1 .
For any set of positive parameters, there is only one attractor, namely stable node, in the two-dimensional case of
the model (1)-(2).
1
If size of ecological niche is small ( S 0 / N  а1  1 ),
only one association is able to exist in the ecosystem.
1
When
S0 / N  а1 1 ,
the
point
1


S 
     a  a
  
  ,
,   a  , a stable node,
N  a      a  aa

S  
  a  a 
 , and a saddle with two 
,
N  a     a  aa 
dimension unstable subspace, if S0 / N  1  a1 ,   ;

if

P is a saddle with two-dimension unstable subspace, if
 S     a 
S
,  ,   ,    ,  ,   ,
  
N
 N    a 

a  ,   ,
 
a  ,,

 S0  N S0 a1  1  N 

 appears in the first quarter of
,
a1  2
 a1  2

the phase portrait (which is interesting from practical
point of view). In this bifurcation point the appearance
of second association in the ecosystem takes place. If
S 0 / N  а1  1 , there is surplus of resources in the system, two associations cannot utilise all of them. In the
two-dimension system, naturally, we cannot expect
origin of a third association, but it is really a case in the
three-dimension model.
In the article (Chernyshenko and Ruzich 2013a) it was
shown that 11 equilibrium points of the 3-D model of
open Eigen’s hypercycle (1)-(2) exist:
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where ai , i  1, n  1 , ai  0 are coefficients, which reflect a level of dependence of association i from the previous one i-1; N  0 is a coefficient, which determine
equilibrium size of the first association, when it develops alone. These functions describe an interaction between
associations, when the first stage of succession is characterised by logistic rise, and growth rate of each further stage depends linearly on association size on previous stage.

and with two-dimension stable subspace, if

S 0 / N  0, 1  a1  / 1  a1 ,

a1  0, 1,

P is a saddle with two-dimension unstable subspace;
P is a saddle with two-dimension unstable subspace,
if

S 0 / N  0, 1  a1  / 1  a1 ,

a1  0, 1,

or a stable equilibrium point (node or spiral point) if

P :  N , a N , ;
P : , S  , ;


S   a  a   
 
,  a  a a   ,
N    a  a a 


95

F1  X   N  x1 ,


S
S (a  ) 
 ,  ,  
 ;
 a    a   

(2)

 S  N a   
,
P :  
 a a   a  a   

where ai , i  1, n  1 , ai  0 are coefficients, which reflect a level of dependence of association i from the previous one i-1; N  0 is a coefficient, which determine
equilibrium size of the first association, when it develops alone. These functions describe an interaction between
associations, when the first stage of succession is characterised by logistic rise, and growth rate of each further stage depends linearly on association size on previous stage.

aa   a  a  

aa  a  S   N a  a     .



a a   a  a   

It was proved that:
P and P are unstable complicated equilibrium points;
P is a saddle with two-dimension unstable subspace, if

S 0 / N  0, a1  1 , or two-dimension stable sub-

space, if S 0 / N  a1  1,    ;

As it was shown in (Ruzich 2011), the two-dimensional
model of open Eigen’s hypercycle has 6 equilibrium
points:
0,0 ,
0, S 0  ,
 N ,0  ,
S 0 ,0 ,

P is a saddle with two-dimension stable subspace, if

S 0 / N  0, 1  a1  a1a2  , or stable equilibrium point

 S 0  N S 0 a1  1  N 

 ,  N , a1 N  . Characteristics of
,
a1  2
 a1  2

stability of these points are represented in Table 1.

(node or spiral point) if S 0 / N   1  a1  a1a 2 ,    ;





P is a stable node, if S 0 / N  0 , a1  11 , a saddle
with
two-dimension
stable
subspace,
if
1
S 0 / N  a1  1 , 1 , and an unstable node, if



Using standard methodology (Andronov et al. 1966), behaviour of trajectories near degenerate equilibrium points
can be found. Thus, the point 0,0 is an equilibrium
points of the “saddle-node” type for any positive values
of the model parameters; point  N ,0 is the same, if

S0 / N  1,    ;



P and P are unstable nodes;
P is a saddle with two-dimension stable subspace, if

S0 / N  1 ; point S 0 ,0 is the same, if S0 / N  а1  1 ;
point  N , a1 N  is the same, if S 0 / N  а1  1 .
For any set of positive parameters, there is only one attractor, namely stable node, in the two-dimensional case of
the model (1)-(2).
1
If size of ecological niche is small ( S 0 / N  а1  1 ),
only one association is able to exist in the ecosystem.
1
When
S0 / N  а1 1 ,
the
point
1


S 
     a  a
  
  ,
,   a  , a stable node,
N  a      a  aa

S  
  a  a 
 , and a saddle with two 
,
N  a     a  aa 
dimension unstable subspace, if S0 / N  1  a1 ,   ;

if

P is a saddle with two-dimension unstable subspace, if
 S     a 
S
,  ,   ,    ,  ,   ,
  
N
 N    a 

a  ,   ,
 
a  ,,

 S0  N S0 a1  1  N 

 appears in the first quarter of
,
a1  2
 a1  2

the phase portrait (which is interesting from practical
point of view). In this bifurcation point the appearance
of second association in the ecosystem takes place. If
S 0 / N  а1  1 , there is surplus of resources in the system, two associations cannot utilise all of them. In the
two-dimension system, naturally, we cannot expect
origin of a third association, but it is really a case in the
three-dimension model.
In the article (Chernyshenko and Ruzich 2013a) it was
shown that 11 equilibrium points of the 3-D model of
open Eigen’s hypercycle (1)-(2) exist:

P : ,, ;
P :  N ,, ;
P :  N , a N , a a N  ; P : S  ,, ;

a  S   N a   ,

and with two-dimension stable subspace, if

S 0 / N  0, 1  a1  / 1  a1 ,

a1  0, 1,

P is a saddle with two-dimension unstable subspace;
P is a saddle with two-dimension unstable subspace,
if

S 0 / N  0, 1  a1  / 1  a1 ,

a1  0, 1,

or a stable equilibrium point (node or spiral point) if

P :  N , a N , ;
P : , S  , ;


S   a  a   
 
,  a  a a   ,
N    a  a a 


95

Table 1: Stability of Equilibrium Points

Table 1: Stability of Equilibrium Points

S0

N

S0

N

Intervals

Intervals


1 
 0;

 a1 1 

 1


;1
 a1  1 

0,0

Saddle-node

Saddle-node

Saddle-node

Saddle-node

0, S 

Unstable node

Unstable node

Unstable node

 N ,0 

Unstable node

Unstable node

S ,0

Stable node

 S 0  N S 0 a1  1  N 


,
a1  2
 a1  2


N , a N 

Points

0

0

1


1 
 0;

 a1 1 

 1


;1
 a1  1 

0,0

Saddle-node

Saddle-node

Saddle-node

Saddle-node

Unstable node

0, S 

Unstable node

Unstable node

Unstable node

Unstable node

Saddle

Saddle

 N ,0 

Unstable node

Unstable node

Saddle

Saddle

Saddle

Unstable node

Unstable node

S ,0

Stable node

Saddle

Unstable node

Unstable node

Saddle

Stable node

Stable node

Saddle

 S 0  N S 0 a1  1  N 


,
a1  2
 a1  2


Saddle

Stable node

Stable node

Saddle

Saddle

Saddle

Saddle

Stable node

N , a N 

Saddle

Saddle

Saddle

Stable node

or a saddle with two-dimension unstable subspace, if

1; a

1

 1

a

1

Points

 1;

0

0

1

The process is even more complex. It can be considered
as self-organization by adjusting control parameters.
The size of ecological niche S 0 can play role of such
parameter. It is adjusted by flows of matter and energy
through the ecosystems. Total size of associations,
which are inherent for each stage of succession, is
equal to the size of ecological niche. And in the case of
surplus of resources only, the adjusting does not work.
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So, the system of three associations has several equilibrium points, which are equivalent to ones of the system
1
with two associations: if S 0 / N  а1  1 size of ecological niche is so small, that only one association is
able to exist in the ecosystem; then the second associa1  a1  a2
N
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What is a way of the system dynamics, when some external impact changes essentially sizes of some associations? Let’s consider the 3-D model (1)-(2). Use ideas
of method of inner bifurcations (Chernyshenko 2005)
for analysis of size dynamics of an association depending on size of others. Let’s define the stationary values
of x2 , considering all the other variables as parameters:

S0  1  a1  a1a2 N , there is surplus of resources for all
three associations.
The same situation was described for ecosystems of
higher dimension (Chernyshenko and Ruzich 2013b). It
was shown that all stages of ecological succession are
accompanied by bifurcations in the positive region of
the phase space. Also it was shown that the process of
stages’ change (in the course of continuous increasing
of S0) is linear.
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The process is even more complex. It can be considered
as self-organization by adjusting control parameters.
The size of ecological niche S 0 can play role of such
parameter. It is adjusted by flows of matter and energy
through the ecosystems. Total size of associations,
which are inherent for each stage of succession, is
equal to the size of ecological niche. And in the case of
surplus of resources only, the adjusting does not work.
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( x3  0 ), and inequality (12) is right if
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But it means that the condition in (9) cannot be satisfied, so this state of the system is unstable. The system
will try to restore its structure.
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and it does not satisfy the condition (13). So, the
mechanism of homeostasis is triggered in this case.
If the size x3 of the third association is determined by
(11), then state (3) is unstable too.
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If the size of the second association x2 equals zero
(18), then inequality (17) cannot be true, and the state
(14) is unstable.
If size of the second association x2 is determined by
(19), then condition (17) is not satisfied. The state (20)
is unstable, and the system tends to the state (19). Correspondingly, the state (14) is unstable, and the situation can be interpreted as restoring by the system its
structure.
The situation has been considered from practical point
of view in the article (Ruzich 2012). Any association in
the ecosystem is based of previous associations and
their elimination is a reason of system’s destabilization.
Exclusion of the first association leads to full degradation of system in the both cases: of total sharing of limited resources (Fig.1, a) and of surplus of resources
(Fig.1, b). The origin of coordinates is always unstable

In the case, when the size of the first association is sufficiently small, the size of the third association is determined by (10). The inequality (12) is right if
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point; therefore even low-level introduction of the first
association’s representatives activates mechanism of
system restoration.

The size of ecological niche S 0 is an adjusting parameter in the first case. Value of this parameter determines
number of associations, which can exist in the ecosystem. Total size of all associations is usually equals to
size of corresponding ecological niche, and only in the
case of surplus it is smaller. According to “the fourth
law of the thermodynamics” ecosystem tends to take
form, allowing to maximise use of energy potential of
environment. This result is consistent with theoretical
studies (Harper and Clatworthy 1963; Ovsjanikov and
Pasekov 1990). Flows of energy through the system
determine this type of self-organisation.
Mechanism of the second type of self-organisation can
be described by the following statement: new association, originated during successions, oppresses, but
keeps associations-predecessors (associations, which
are inherent to the system with smaller size of ecological niche). If some association-predecessor is eliminated from the system, all its successors are under danger to be eliminated also. Successions do not change
associations, but make layers of them. In the same time,
“the fourth law of the thermodynamics” still works:
when association-predecessor is reintroduced to the
ecosystem, it restores its structure, which is determined
by energy potential of the environment.
The considered processes can take pace not only in ecological systems, but also in social and economic ones.
For example, scientific and technological progress have
all the properties of successions, innovations do not
destroy previous technologies, but create new layers on
them. So, the model can find not only ecological applications.
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So, self-organization of an ecosystem can take place in
the form of changing quantity of its components. Sometimes such process can be degenerative: elimination of
an element can provoke simplification of the system.
Though, as it was shown above, the new state is usually
unstable, and the system has homeostatic mechanisms
of restoring initial structure.

CONCLUSION
The model of open Eigen’s hypercycle (1)-(2) was considered as a model of successions in an ecosystem. Two
types of self-organisation in ecological macrosystems,
closely connected with successions, were illustrated:
self-organisation by adjusting parameters and selforganisation by change of quantity of components.
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adaptations to facilitate the infection of and subsequent
establishment within their host(s). Whereas trophically
transmitted helminthes rely on ingestion by their host(s)
(Lafferty, 1999) and vector-borne parasites are transmitted by arthropods (Chaisson and Hallem, 2012), many
helminthes must actively seek out their host in the
environment by moving through water or soils (Sciacca et al., 2002). Furthermore, once inside the host,
helminthes are able to navigate to preferred infection
sites within the host (Grabe and Haas, 2004). Mounting
evidence suggests that movements toward and within
the host are guided by olfaction using simple chemical
cues, or chemoattractants (Chaisson and Hallem, 2012;
Haas, 2003). Remarkably, several nematodes are able
to selectively seek out preferred host species based
on chemoattractants demonstrating high specificity in
signal integration and movement (e.g,(Chaisson and
Hallem, 2012; Safer et al., 2007; Rae et al., 2009)).
Several helminthes, particularly nematodes, will also use
chemoattraction to find food sources, such as bacteria,
during their larval stage prior to infecting their definitive
host (Zuckerman and Jansson, 1984).
Despite evidence demonstrating that a wide range of
chemoattractants influence helminth behavior and movement, little is known regarding how the properties of the
chemoattractant itself govern the attraction process. An
understanding of how chemoattractant properties affect
the movement of helminthes may be critical in developing new strategies to preventing human infections
and developing alternative strategies to prevent crop
destruction (Chaisson and Hallem, 2012).
Animal movements such as that of Caenorhabditis elegans, represent a complex spatio-temporal phenomena
driven by the interaction of behavioral processes and
external environmental factors. Agent based modeling
(ABM) provides a framework for integrative bottom
up modeling for simulation of complex adaptive movement dynamics (Tang and Bennett, 2010; Railsback
and Grimm, 2011). To describe mechanisms underlying
movement, four basic components are needed: internal
state, motion capacity, navigation capacity, and external
factors (Nathan, 2008). Thus ABM is a framework well
suited for the study of individual animal movement and
exploration of factors related to emergent population
level decision patterns.
In this manuscript, we use an ABM framework to

ABSTRACT
Parasitic helminthes remain important causative
agents of human, plant and animal diseases. Helminthes
seek out food sources and navigate toward potential
hosts using olfaction of simple chemical cues in a process called chemoattraction. While several studies have
examined how nematodes, including Caenorhabditis
elegans, behave in response to a chemoattractant, how
the characteristics of the chemoattractant affect worm
behavior has yet to explored. In this manuscript, we develop a mathematical model to examine how characteristics of common chemoattractants affect movement and
behavior in the model nematode C. elegans. Specifically,
we model a scenario where a toxic, engineered bacteria
designed to express a chemoattractant influences the behavior of a population of worms. Through the model we
observe that, under static conditions, the diffusion rate
of the chemoattractant is critical in influencing choice
of C. elegans. Here, the higher diffusion rate, the more
the worms are attracted to the chemoattractant. We then
show that if the worms learn that the chemoattractant
is associated with toxicity, choice index is counterintuitively more strongly reduced with increasing diffusion
rate. Finally, our model predicts a tradeoff between pulse
period and attractant strength when the chemoattractant
is dynamically pulsed in the environment. Our results
reveal unique tradeoffs that govern chemoattraction in
worms and may have implications in designing novel
strategies for preventing or treating infections with parasitic worms.
INTRODUCTION
Parasitic helminthes remain important causative
agents of human disease (e.g., (De Silva et al., 2003)),
particularly in developing nations (Hotez et al., 2008).
Parasitic nematodes such as hookworms are significant
problems in many parts of the world, causing morbidity and exacting a cruel toll of hardship on affected
human populations (Brooker et al., 2004). Helminthes,
including the nematodes, possess a remarkable array of
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adaptations to facilitate the infection of and subsequent
establishment within their host(s). Whereas trophically
transmitted helminthes rely on ingestion by their host(s)
(Lafferty, 1999) and vector-borne parasites are transmitted by arthropods (Chaisson and Hallem, 2012), many
helminthes must actively seek out their host in the
environment by moving through water or soils (Sciacca et al., 2002). Furthermore, once inside the host,
helminthes are able to navigate to preferred infection
sites within the host (Grabe and Haas, 2004). Mounting
evidence suggests that movements toward and within
the host are guided by olfaction using simple chemical
cues, or chemoattractants (Chaisson and Hallem, 2012;
Haas, 2003). Remarkably, several nematodes are able
to selectively seek out preferred host species based
on chemoattractants demonstrating high specificity in
signal integration and movement (e.g,(Chaisson and
Hallem, 2012; Safer et al., 2007; Rae et al., 2009)).
Several helminthes, particularly nematodes, will also use
chemoattraction to find food sources, such as bacteria,
during their larval stage prior to infecting their definitive
host (Zuckerman and Jansson, 1984).
Despite evidence demonstrating that a wide range of
chemoattractants influence helminth behavior and movement, little is known regarding how the properties of the
chemoattractant itself govern the attraction process. An
understanding of how chemoattractant properties affect
the movement of helminthes may be critical in developing new strategies to preventing human infections
and developing alternative strategies to prevent crop
destruction (Chaisson and Hallem, 2012).
Animal movements such as that of Caenorhabditis elegans, represent a complex spatio-temporal phenomena
driven by the interaction of behavioral processes and
external environmental factors. Agent based modeling
(ABM) provides a framework for integrative bottom
up modeling for simulation of complex adaptive movement dynamics (Tang and Bennett, 2010; Railsback
and Grimm, 2011). To describe mechanisms underlying
movement, four basic components are needed: internal
state, motion capacity, navigation capacity, and external
factors (Nathan, 2008). Thus ABM is a framework well
suited for the study of individual animal movement and
exploration of factors related to emergent population
level decision patterns.
In this manuscript, we use an ABM framework to
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model and simulate the model nematode C. elegans to
investigate how chemoattractants affect the movement
of worms in both continuous and periodic environments.
Within this framework each model C. elegans integrates
information about position, heading, and sensing of the
external environment to to make movement decisions,
resulting in a correlated random walk. Based on their
perception of the environment and movement decisions,
C. elegans will either locate and move towards the
source of the chemoattractant or wander away from the
source location. Our chemoattractant is emitted by a
strain of engineered bacteria designed to attract and kill
nematodes. This strain of bacteria is engineered using
the principles of synthetic biology and may serve as a
biocontrol mechanism to prevent nematode infections.
Our mathematical modeling is explicitly connected
to an experimental setting where we exposed C. elegans to various concentrations of the chemoattractant
3-oxohexanoyl-homoserine lactone (3OC6HSL), an Nacyl homoserine lactone (AHL), which is produced by
bacteria during the process of quorum sensing (Beale
et al., 2006; Fuqua et al., 1994). As such, the results
presented herein may be generally tractable to additional
scenarios where a small molecule is used by nematodes
as a chemoattractant.

arrests its movement, turns and reorients itself relevant
to the attractant gradient. While pirouettes often involve
sharp adjustments in orientations, runs are characterized
as more or less straight forward motion where the worm
may gradually curve to change its orientation within
the chemoattractant gradient (Albrecht and Bargmann,
2011). Pirouette frequency has been shown to increase
as the worm moves down the concentration gradient
(Pierce-Shimomura et al., 1999). Furthermore, pirouettes
tend to result in larger reorientations when the worms
are farther down the concentration gradient. In contrast,
movement speed, turning rate and turning bias remain
relatively unchanged when presented with a chemoattractant (Pierce-Shimomura et al., 1999).
While several generalized parameters of C. elegans
movement have been described in the literature (e.g.
(Pierce-Shimomura et al., 1999)), we wanted to examine
C. elegans movement within our specific experimental
framework to develop a set of parameters that were more
specifically matched to our application. To accomplish
this, we grew C. elegans (strain N2) at room temperature on nematode growth agar medium containing
E. coli strain MG1655 as its food source. We placed
approximately 100 worms at one end of an M9 agar
medium in a 10 cm diameter Petri dish. At the opposite
end, we placed a 10 µL aliquot of 20 µM 3OC6HSL.
After allowing the worms to become disentangled and
hence engage in independent motility (approximately
one hour), we performed time-lapse photography at
2.52X magnification. We then quantified worm length,
the time required to complete one sinusoidal swimming
motion, the distance travelled per undulation and the
turning angle of the worms during a run.
We found no significant correlation between the
length of C. elegans and forward velocity, forward displacement, and undulation period (R2 < 0.1, p > 0.05
for each variate). Hence we choose forward velocity
as the distinguishing characteristic of each individual
worm. We observed an average forward velocity of
0.115 cm/sec with a standard deviation of 0.0052
cm/sec. Here, the minimum velocity observed was
0.0029 cm/sec while the maximum velocity observed
was 0.0293 cm/sec. We note that C. elegans did not
appear to significantly alter their individual forward velocity during a run. Finally, we determined the maximum
observed turning angle rate of 44.15o /sec.

BIOLOGICAL BASIS OF OUR MODELING
FRAMEWORK
To model the essential features of the system, we
considered several key parameters of both C. elegans
and a strain of engineered bacteria. Our engineered
strain of Escherichia coli secretes the AHL 3OC6HSL.
This is readily accomplished by placing the luxI gene,
which makes 3OC6HSL, downstream of an externally
inducible promoter. This allows us to modulate the
expression of luxI and thus the amount of 3OC6HSL
secreted by changing the concentration of an externally
applied signaling chemical. The luxI gene has been
successfully engineered previously into E. coli (Smith
et al., 2014). Our strain of bacteria is minimally motile
and thus rests in a fixed position, or colony, within
the environment. From this position, the 3OC6HSL
produced by the bacteria diffuses in a Gaussian fashion
(Song et al., 2009). In addition to secreting 3OC6HSL,
our engineered bacteria are designed to produce a toxin.
Upon ingestion, the engineered bacteria release the
toxin, which results in death of the worm. In our system
nutrients are not limiting to the ability of the bacteria to
produce and secrete 3OC6HSL or to produce the toxin.
We did not explicitly model the growth of the bacteria
and assumed that they were initially at carrying capacity
within the colony.
Next, we explicitly considered several core behaviors
that have been previously described in C. elegans when
they sense a chemoattractant. In general, C. elegans
behavioral response to gradients of chemoattractants
involves orientation and movement up the gradient,
accumulation, and then habituation. The direction of
movement is determined by the lateral motion of the
head and is thus a form of klinotaxis (Ward, 1973). Overall movement takes place in two distinct phases: runs,
where C. elegans moves continuously in a sinusoidal
swimming motion, and pirouettes, where C. elegans

A MODEL THAT DESCRIBES THE
INTERACTIONS BETWEEN OUR
ENGINEERED BACTERIA AND C. ELEGANS
Based on these core biological behaviors, we developed a model that describes the interactions between a
strain of bacteria engineered to produce a chemoattractant and C. elegans. The model contains two kinds of
entities or agents, a colony of engineered bacteria and C.
elegans (or more generically worms). These entities are
placed in an environment that represents a circular Petri
dish 8cm in radius. One bacterial colony is placed in the
center of the plate. The colony occupies a circular space
1cm in diameter considered to be the capacity size of
the colony. 100 worms are randomly placed a distance
of 4cm from the center of the bacteria colony.
The bacteria are described by two internal state
variables; chemoattractant attraction strength (A) and
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diffusion of the chemoattractant in the environment (D).
The chemoattractant released by the colony diffuses
across the environment creating an isotropic profile of
the chemoattractant strength across the medium. The
bacteria agent interacts with the worm agents to influence movement decisions through this alteration of
the external environment. This concentration is sensed
by the worms for movement decisions. The attraction
strength, A, is effectively a function of the chemoattractant concentration that normalizes the attraction so that
A = 1 is the maximum attraction perceived by a worm.
Each worm stores internal state variables describing
their current position (x, y), heading (θ), and forward
velocity (v). Initially, each worm is assigned a random
heading and velocity. Headings are drawn from a uniform distribution with a range of 360o . Each worm
then selects a forward velocity drawn from a normal
distribution with a mean and standard deviation given
by the velocity measurements detailed above. If the
forward velocity draw exceeds the measured maximum
or minimum velocities, the forward velocity is rejected
and redrawn.
The simulation consists of two sequential processes
at each time step based on the worm’s sensing of
the environment. These include a reorientation process
followed by a displacement process. Through klinotaxis, the worm samples differences in chemoattractant
concentration and attempts to reorient itself towards
the greatest concentration gradient. With the updated
heading, each worm will update its current position by
the equations of motion:

Fig. 1. Turning angle distribution, f (φ; ρ, ∆θ): Examples of the
turning angle distribution for different parameterizations, A: ρ =
0.1, ∆θ = 0o ; B: ρ = 0.1, ∆θ = 180o ; C: ρ = 0.9, ∆θ = 0o ; D:
ρ = 0.9, ∆θ = 180o . φM = 60o in all panels.

(Haefner, 2005). The probability density function for
this constrained WCD is defined as:
 1
Z fW CD (φ; ρ, ∆θ) if |φ| < φM
f (φ; ρ, ∆θ) =
0
otherwise
where Z is a normalization factor for the probability
density function, fW CD (φ; ρ, ∆θ) is the WCD probability density function, and 0 ≤ ρ ≤ 1. When ρ = 0 turning
angles are drawn from a uniform distribution and when
ρ = 1 the turning angle is drawn from a Dirac δ-function
distribution representing a ballistic motion. Values of ρ
between this range are interpolating between these two
extremes. While we measured a maximum turning rate
of 44.15o /sec exclusive of pirouettes, we set φM = 60o
to allow for conceptualization of pirouette type motion.
Given our 1 second time step, this allows for a full
pirouette to occur in the approximate time period that
we observe full pirouette motion.
Figure 1 shows examples of this turning angle distribution for parameters describing different chemoattractant gradients sensed by the worms and relative
headings of the worms to the chemoattractant gradient.
Panels A and B illustrate cases where there is a weakly
sensed concentration (ρ = 0.1) and choice of turning
angle is nearly uniform. The worms current heading
is towards or away from the chemoattractant in panels
A or B, respectively. In Panels C and D, the sensed
chemoattractant gradient is very strong (ρ = 0.9) and
the turning angle is strongly biased. In panel C the worm
is headed towards the colony and will have very little
variation in its heading. In panel D the worm is headed
away from the colony and is likely to make a large
turn. We conceptualize a pirouette as a sequence of such
large turns to reorient itself amongst the chemoattractant
gradient.
Each worm recomputes its individual ρ value at each
time step based on the chemoattractant concentration
at its current location. In standard chemotaxis assays,
this concentration is time independent and decreasing
exponentially consistent with a diffusion process (Ward,
1973). Hence, ρ is described by

dxi
= vi cos(θi )
dt
dyi
= vi sin(θi )
dt
where i indexes the worm. At the end of each step,
worms that have landed on the bacteria colony are
considered to have ingested the bacteria and died due to
the toxin. Worms that have wondered off the edge of the
plate are considered to have either not detected or chosen
not to detect the chemoattractant and are removed from
the population. The simulation is run until every worm
either finds the bacterial colony or reaches the edge of
the plate. Then, a choice index is computed to determine
the proportion of the population that has chosen the
bacteria colony:
number worms found bacteria
.
total number worms
We use a timestep of 1 second for this report.
For the reorientation process, each worm selects a
turning angle, φ, based on how strongly the worm perceives the attraction from the chemical gradient (ρ) and
the angular displacement between the current heading
and the direction towards the bacteria colony (∆θ). We
draw displacements from a wrapped Cauchy distribution
(WCD) that is limited to a maximum absolute displacement φM . We use this distribution as it is parameterized
by a preferred angle and a shape parameter that reflects
the strength of the attraction from the chemical gradient.
Additionally, the inverse cumulative density function for
the unconstrained WCD can be given in closed form
to simplify the probability density sampling process
choice index =

(

− x2 +y 2

ρ(x, y) = Ae
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Fig. 2. Choice index as a function of diffusion constant in static
gradient: Comparison of the impact of D on the choice index for
A=0.1 (grey line), A=0.9 (black line). Without learning (solid lines)
the choice index will asymptote to its maximum value of 1 for both
cases; however, this will happen more rapidly for greater A. Learning
(dashed lines) can significantly reduce the choice index for cases where
the choice index exceeds 0.40 without learning. Error bars represent
one standard deviation over 100 trials.

Fig. 3. Choice index as function of attraction strength in static gradient: Comparison of impact of A on the choice index for D=0.9cm
(grey lines) and D=1.5cm (black line). Without learning (solid lines),
in both cases there is an initially large effect from increasing the
strength of AHL that quickly asymptotes. Learning (dashed lines)
makes a marked decrease in choice index. The choice index is greater
for greater diffusion constants D. Error bars represent one standard
deviation over 100 trials.

We set a global parameter ρmax = 0.9 that sets the
maximum value of ρ in order to avoid cases of pure
ballistic motion.
This model was implemented in the NetLogo programming language and all simulations were performed
within the NetLogo environment (Wilensky, 1999). NetLogo is well designed for models such as this one where
agent behavior is dominated by local interactions over
a short period of time and agents are mobile and act
concurrently on a grid space (Railsback et al., 2006).

in an overall sigmoidal shape. We also observe from
figure 2 that for larger choices of A the choice index
will reach this peak for smaller values of D. Thus in
medium that allows for greater diffusion of the chemoattractant, a smaller attraction strength or equivalently
AHL concentration production may be required to attract
the worms to the bacterial colony. While increasing
the diffusion constant so that the chemoattractant is
detectable across the entire landscape may be sufficient
to attract all worms towards the bacteria colony, figure
3 indicates that for a given value of D, we may not be
able to produce sufficient chemoattractant to attract all
the worms in the environment. That is, for a diffusion
constant of 0.9cm we may only attract half the worms
in the environment regardless of the attraction strength
of the AHL. However a small increase to 1.5cm may
permit for a sufficiently large proportion of the worms to
be attracted to the colony even at low AHL concentration
levels.

DIFFUSION CONSTANT OF AHL IS A
CRITICAL PARAMETER THAT
DETERMINES CHOICE
Initially, we used the model to explore the impact
of diffusion constant (D) and attraction strength (A) of
chemoattractants produced by our engineered bacteria
in guiding the chemotaxis of the worms. To accomplish
this, we determined the choice index of the worms while
varying the attraction strength and diffusion constant
of AHL. Experimentally, these parameters may be perturbed by changing the rate or type of AHL produced
from the engineered bacteria or by changing the media
components in which the engineered bacteria and worms
are grown. We performed 100 simulations of each choice
of parameter pairs A and D.
When there is no AHL, or very high concentrations
of AHL within which the worms cannot determine a
chemoattractant gradient (A=0), the worms engage in
purely random turning decisions limited only by the
maximum turn angle φM resulting in a mean choice
index of 0.23. This indicates that, on average, only
23% of the worms will find the bacterial colony before
leaving the plate. For non-zero choices of A we find
the choice index of the worm indistinguishable from
the A = 0 case for D ≤ 0.3cm as shown in figure 2.
Once D exceeds this value, the choice index becomes
an approximately linear function of D for any choice
of A until it approaches the choice index of 1 resulting

These modeling predictions indicate that choice index
is sensitive to the diffusion constant of AHL. As the diffusion constant is increased, the time required for AHL
to begin drawing the worms towards the engineered bacteria decreases. As such, fewer worms are removed from
the system having not found the engineered bacteria.
Conversely, when the diffusion constant is sufficiently
low, the AHL does not reach the worms at a sufficiently
fast time scale, and worms are removed from the system
before they can locate the engineered bacteria. For a
given diffusion constant, large increases in attraction
strength appear to play a minor role in increasing choice
index. Even with low attraction strength, once the AHL
reaches the worms (controlled via diffusion constant)
they re-orient their movement towards the engineered
bacteria and will eventually locate the colony. We verified this observation of sensitivity by computing the
relative sensitivity of the choice index (CI) to each
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Fig. 2. Choice index as a function of diffusion constant in static
gradient: Comparison of the impact of D on the choice index for
A=0.1 (grey line), A=0.9 (black line). Without learning (solid lines)
the choice index will asymptote to its maximum value of 1 for both
cases; however, this will happen more rapidly for greater A. Learning
(dashed lines) can significantly reduce the choice index for cases where
the choice index exceeds 0.40 without learning. Error bars represent
one standard deviation over 100 trials.

Fig. 3. Choice index as function of attraction strength in static gradient: Comparison of impact of A on the choice index for D=0.9cm
(grey lines) and D=1.5cm (black line). Without learning (solid lines),
in both cases there is an initially large effect from increasing the
strength of AHL that quickly asymptotes. Learning (dashed lines)
makes a marked decrease in choice index. The choice index is greater
for greater diffusion constants D. Error bars represent one standard
deviation over 100 trials.
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low, the AHL does not reach the worms at a sufficiently
fast time scale, and worms are removed from the system
before they can locate the engineered bacteria. For a
given diffusion constant, large increases in attraction
strength appear to play a minor role in increasing choice
index. Even with low attraction strength, once the AHL
reaches the worms (controlled via diffusion constant)
they re-orient their movement towards the engineered
bacteria and will eventually locate the colony. We verified this observation of sensitivity by computing the
relative sensitivity of the choice index (CI) to each
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Fig. 4. Choice index as a function of pulse period for a pulsing
chemoattractant source: Comparison of the impact of pulse period on
the choice index for A=0.1 (grey line), A=1 (black line). For high
levels of attraction strength, there is little sensitivity of the choice
index to the pulse period with choice index remaining approximately
constant after a 1 hour pulse period. However at low levels of AHL
attractiveness pulse period is a critical factor in determining the choice
index. Error bars represent one standard deviation over 100 trials.

Fig. 5. Choice index as function of attraction strength from a pulsing
chemoattractant source: Comparison of impact of A on the choice
index for pulse period of 10 minutes (grey line) and 1 hour (black
line). At shorter pulse periods, there is relatively little sensitivity
to the attraction strength. However, at long pulse periods the AHL
attractiveness is a critical factor for determining choice index. Error
bars represent one standard deviation over 100 trials.

Our model predicts that the introduction of learning
serves to reduce the choice index, on average, for each
diffusion constant (Figure 2) and attraction strength
(Figure 3) examined. However, Figure 2 indicates that,
if the diffusion constant is low, and for both attraction
strengths examined, there exists less difference between
the two cases where learning is and is not included. As
the diffusion constant is increased, the disparity between
the modeling prediction with and without learning becomes greater.
This trend is echoed in Figure 2. When the diffusion
constant is large, there is a greater difference in the
choice index predicted for when the model includes,
or does not include, learning. This difference increases
as attraction strength increases. However, when the
diffusion constant is small, the difference in choice index
between the two models is minimal for all values of
attraction strength examined.
Overall, the inclusion of learning in the model serves
to reduce the positive relationship between diffusion
constant and choice index. Our modeling results suggest that the interplay between the diffusion rate of a
chemoattractant and learning of the worm must be carefully considered to maximize choice in an experimental
setting.

parameter (p),
relative sensitivity =

∆CI/CI
.
∆p/p

While the relative sensitivity to A is nearly constant,
prior to nearing the asymptote, the relative sensitivity to
D can be 6 to 8 times larger than that for A.
REDUCTION IN CHOICE INDEX DUE TO
LEARNING IS GREATER AT HIGHER
DIFFUSION CONSTANTS
Previous studies have indicated that C. elegans will
learn and preferentially avoid bacteria that harm it
(Zhang et al., 2005). Under these conditions, C. elegans
will often learn to avoid the chemoattractant secreted
by the toxic bacteria (Beale et al., 2006). While a
quantitative framework that examines learning has yet
to be established, we included this parameter in our
equations as it is likely to affect chemoattraction.
Our model includes an internalized learning state
variable for each worm. The mechanism we employed
is one where the worm becomes less biased towards the
bacterial colony as the worm senses an increased choice
index. We implemented this by rescaling the attraction
strength used for the computation of ρ,


CI 5
Aef f = 1 −
A.
.255 + CI 5

ATTRACTION STRENGTH DRIVES CHOICE
IN C. ELEGANS WHEN THE
CHEMOATTRACTANT IS PULSED
To date, the majority of studies on the effect of
chemoattractants on motion and behavior of C. elegans
have been performed in static environments, wherein the
chemoattractant is always present and forms a time independent concentration gradient. However, in practice,
few natural environments are static, and chemoattractant
concentrations are likely to fluctuate over time. These
dynamic environments may have a significant influence
on the behavior of C. elegans. For example, it has
recently been demonstrated C. elegans behavior is affected by periodically pulsing of a chemoattractant that

We previously noted that in the absence of a chemoattractant, the choice index will be 0.23. In our learning
model, the bias of the worms towards the bacteria colony
will make a sharp transition around this choice index.
We observe that in learning scenarios, the choice index
tends to threshold around 0.5. For the choice of learning
model we use Aef f , which will be very small when the
choice index is 0.5.
Using our modified model, we explored how the
introduction of learning affected choice index when
diffusion constant and attraction strength were varied.
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Fig. 4. Choice index as a function of pulse period for a pulsing
chemoattractant source: Comparison of the impact of pulse period on
the choice index for A=0.1 (grey line), A=1 (black line). For high
levels of attraction strength, there is little sensitivity of the choice
index to the pulse period with choice index remaining approximately
constant after a 1 hour pulse period. However at low levels of AHL
attractiveness pulse period is a critical factor in determining the choice
index. Error bars represent one standard deviation over 100 trials.

Fig. 5. Choice index as function of attraction strength from a pulsing
chemoattractant source: Comparison of impact of A on the choice
index for pulse period of 10 minutes (grey line) and 1 hour (black
line). At shorter pulse periods, there is relatively little sensitivity
to the attraction strength. However, at long pulse periods the AHL
attractiveness is a critical factor for determining choice index. Error
bars represent one standard deviation over 100 trials.

Our model predicts that the introduction of learning
serves to reduce the choice index, on average, for each
diffusion constant (Figure 2) and attraction strength
(Figure 3) examined. However, Figure 2 indicates that,
if the diffusion constant is low, and for both attraction
strengths examined, there exists less difference between
the two cases where learning is and is not included. As
the diffusion constant is increased, the disparity between
the modeling prediction with and without learning becomes greater.
This trend is echoed in Figure 2. When the diffusion
constant is large, there is a greater difference in the
choice index predicted for when the model includes,
or does not include, learning. This difference increases
as attraction strength increases. However, when the
diffusion constant is small, the difference in choice index
between the two models is minimal for all values of
attraction strength examined.
Overall, the inclusion of learning in the model serves
to reduce the positive relationship between diffusion
constant and choice index. Our modeling results suggest that the interplay between the diffusion rate of a
chemoattractant and learning of the worm must be carefully considered to maximize choice in an experimental
setting.
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D can be 6 to 8 times larger than that for A.
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LEARNING IS GREATER AT HIGHER
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Previous studies have indicated that C. elegans will
learn and preferentially avoid bacteria that harm it
(Zhang et al., 2005). Under these conditions, C. elegans
will often learn to avoid the chemoattractant secreted
by the toxic bacteria (Beale et al., 2006). While a
quantitative framework that examines learning has yet
to be established, we included this parameter in our
equations as it is likely to affect chemoattraction.
Our model includes an internalized learning state
variable for each worm. The mechanism we employed
is one where the worm becomes less biased towards the
bacterial colony as the worm senses an increased choice
index. We implemented this by rescaling the attraction
strength used for the computation of ρ,
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Aef f = 1 −
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ATTRACTION STRENGTH DRIVES CHOICE
IN C. ELEGANS WHEN THE
CHEMOATTRACTANT IS PULSED
To date, the majority of studies on the effect of
chemoattractants on motion and behavior of C. elegans
have been performed in static environments, wherein the
chemoattractant is always present and forms a time independent concentration gradient. However, in practice,
few natural environments are static, and chemoattractant
concentrations are likely to fluctuate over time. These
dynamic environments may have a significant influence
on the behavior of C. elegans. For example, it has
recently been demonstrated C. elegans behavior is affected by periodically pulsing of a chemoattractant that

We previously noted that in the absence of a chemoattractant, the choice index will be 0.23. In our learning
model, the bias of the worms towards the bacteria colony
will make a sharp transition around this choice index.
We observe that in learning scenarios, the choice index
tends to threshold around 0.5. For the choice of learning
model we use Aef f , which will be very small when the
choice index is 0.5.
Using our modified model, we explored how the
introduction of learning affected choice index when
diffusion constant and attraction strength were varied.
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is distributed throughout the environment (Albrecht and
Bargmann, 2011). However, it remains unclear as to how
the properties of a chemoattractant affect choice when
the attractant is periodically pulsed.
To examine how periodic pulses of AHL emitted by
the bacterial colony might impact the choice index of
the worms, we modified our model to include an internal state variable (P ) representing the pulse period of
secretion of the chemoattractant by the bacterial colony
in the description of the bacteria agent. Specifically, the
external environmental influence on the worms’ perception of the attraction strength (ρ) will be both space
and time dependent. We idealize the bacteria colony to
make periodic instantaneous releases of chemoattractant
from the center of the colony. The concentration of
chemoattractant in the environment (u(x, y, t)) is then
given by a superposition of solutions of the Cauchy
problem for the 2-dimensional diffusion equation:

ut = ∇u
in R2 × (0, ∞)
u(·, 0) = g on R2

rate of pulsing may be required. This pulsing rate may
be impractical in the engineered bacteria. On the other
hand, when the AHL is pulsed at longer pulsing periods,
which may be more feasible in engineered bacteria, an
AHL with a significantly high attraction strength (or
concentration) may be required.
Figure 5 examines the influence of the chemoattractant attraction strength for different pulse periods. Our
model predicts that, even at low attraction strength and
long pulse periods, the choice index is significantly
different than when there is no AHL present (A = 0,
CI = 0.23). Furthermore, our model predicts that at long
pulse periods, attraction strength has a greater impact on
the choice index, relative to shorter pulse periods. These
results echo conclusions drawn from Figure 4; choosing
an AHL with a high attraction strength is critical when
the chemoattractant is pulsed in the environment.
DISCUSSION
This manuscript describes an ABM framework to explore how the properties of a chemoattractant influence
choice in nematodes, such as C. elegans. The parameters
of our model are connected to measurements made when
C. elegans was presented with an AHL that can be
readily secreted from engineered bacteria. While the
specific setup studied here arguably does not require the
ABM framework utilized, the present study provides as
an additional outcome a proof of concept for utilizing
an ABM framework in this application context. This
study provides preliminary results, and a modeling and
simulation framework for future studies integrating a
higher degree of individual autonomy between worm
agents including individual lifecycles and adaptive worm
agent motion decisions based on learning and memory
from a more limited interaction with other worm agents.
Using this modeling framework we have uncovered
several tradeoffs that may influence how C. elegans
perceives chemoattractants. Specifically, we have observed that when AHL is emitted continuously from
the engineered bacteria, selecting an AHL that diffuses
quickly will lead to the greatest choice index. Interestingly, nematodes are known to be attracted to a variety
of AHLs and additional chemicals, all of which likely
have different diffusion rates (Zhang et al., 2005; Beale
et al., 2006). However, our model cautions against using
this principle when the chemoattractant is emitted from
a toxic bacteria. If the worm learns to associate the
chemoattractant with injury, selecting a chemoattractant
with a slower diffusion rate would be preferable. While
we have modeled learning as a function of choice
index, it will be interesting the future to develop a
more quantitative, experimentally driven understanding
of learning, as well as memory, so as to further refine
the implementation of this critical facet of the model.
Our framework has also examined choice index when
the chemoattractant is pulsed. In the laboratory setting,
this may reflect dynamic regulation of chemoattractant
producing genes in engineered bacteria. In the natural
environment, this may represent a population of bacteria
or other organisms whose density, and thus ability to
secrete chemoattractants, changes over time. While we
have yet to examine how learning impacts choice index
under this dynamics condition, it is interesting to hypothesize that dynamic regulation of the chemoattractant can

where g(x, y) represents one pulse of chemoattractant.
That is, g(x, y) has the properties:
g(x, y)

=

0 for all (x, y) 6= (0, 0)

Z
g(x)dx

= A

R2

The sensed attraction strength (ρ) is then given by a normalization of the fundamental solution of the diffusion
equation in 2-dimensions:
ρ(x, y, t) =

n(t)
X
k=1

−(x2 +y 2 )
A∗N
e 4D∗(t−τk )
4πD ∗ (t − τk )

where τk are the pulse times up to time t and N = 14 πe
is a normalization to make ρ = A at the boundary of
the 1cm radius bacteria colony. Experimentally, AHL
pulsing may be realized by introducing and removing
the chemical that induces luxI expression within the
experimental setup. We use previous estimates of the
diffusion constant for 3OC6HSL in a 0.2% M9 agar of
D = 0.4cm2 /hr (Song et al., 2009). At any location
where ρ exceeds the previously defined ρmax , the value
of ρ will be set to this ρmax .
Figure 4 examines the influence of the pulsing period for the chemoattractant emitted by the bacterial
colony for different levels of the attraction strength of
the chemoattractant. First, we note that with a pulsing
chemoattractant source, choice index does not reach
1. That is, we cannot attract all the worms to the
bacterial colony. As such, overall pulsing the attractant
reduces the ability of the engineered bacteria to attract
the worms. Our model predicts that increasing pulse
period reduces choice index. This is due to the fact that
at longer pulse periods, the concentration of AHL in
the environment is lower as compared to shorter pulse
periods. We note that the reduction in choice index as
pulse period is increased in markedly reduced when the
attraction strength is sufficient high. This may create a
significant trade off between the attraction strength of the
emitted chemoattractant and the pulsing period. On the
one hand, to attract a significant number of worms using
an AHL with a low attraction strength, a relatively high
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is distributed throughout the environment (Albrecht and
Bargmann, 2011). However, it remains unclear as to how
the properties of a chemoattractant affect choice when
the attractant is periodically pulsed.
To examine how periodic pulses of AHL emitted by
the bacterial colony might impact the choice index of
the worms, we modified our model to include an internal state variable (P ) representing the pulse period of
secretion of the chemoattractant by the bacterial colony
in the description of the bacteria agent. Specifically, the
external environmental influence on the worms’ perception of the attraction strength (ρ) will be both space
and time dependent. We idealize the bacteria colony to
make periodic instantaneous releases of chemoattractant
from the center of the colony. The concentration of
chemoattractant in the environment (u(x, y, t)) is then
given by a superposition of solutions of the Cauchy
problem for the 2-dimensional diffusion equation:
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hand, when the AHL is pulsed at longer pulsing periods,
which may be more feasible in engineered bacteria, an
AHL with a significantly high attraction strength (or
concentration) may be required.
Figure 5 examines the influence of the chemoattractant attraction strength for different pulse periods. Our
model predicts that, even at low attraction strength and
long pulse periods, the choice index is significantly
different than when there is no AHL present (A = 0,
CI = 0.23). Furthermore, our model predicts that at long
pulse periods, attraction strength has a greater impact on
the choice index, relative to shorter pulse periods. These
results echo conclusions drawn from Figure 4; choosing
an AHL with a high attraction strength is critical when
the chemoattractant is pulsed in the environment.
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specific setup studied here arguably does not require the
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an additional outcome a proof of concept for utilizing
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study provides preliminary results, and a modeling and
simulation framework for future studies integrating a
higher degree of individual autonomy between worm
agents including individual lifecycles and adaptive worm
agent motion decisions based on learning and memory
from a more limited interaction with other worm agents.
Using this modeling framework we have uncovered
several tradeoffs that may influence how C. elegans
perceives chemoattractants. Specifically, we have observed that when AHL is emitted continuously from
the engineered bacteria, selecting an AHL that diffuses
quickly will lead to the greatest choice index. Interestingly, nematodes are known to be attracted to a variety
of AHLs and additional chemicals, all of which likely
have different diffusion rates (Zhang et al., 2005; Beale
et al., 2006). However, our model cautions against using
this principle when the chemoattractant is emitted from
a toxic bacteria. If the worm learns to associate the
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colony for different levels of the attraction strength of
the chemoattractant. First, we note that with a pulsing
chemoattractant source, choice index does not reach
1. That is, we cannot attract all the worms to the
bacterial colony. As such, overall pulsing the attractant
reduces the ability of the engineered bacteria to attract
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period reduces choice index. This is due to the fact that
at longer pulse periods, the concentration of AHL in
the environment is lower as compared to shorter pulse
periods. We note that the reduction in choice index as
pulse period is increased in markedly reduced when the
attraction strength is sufficient high. This may create a
significant trade off between the attraction strength of the
emitted chemoattractant and the pulsing period. On the
one hand, to attract a significant number of worms using
an AHL with a low attraction strength, a relatively high

105

reduce learning and memory, and thus serve to increase
choice index.
The principles and tradeoffs observed in this study
may be useful in developing a more profound understanding of how nematodes integrate and respond to signals in their environment. Furthermore, they may serve
as design principles to allow optimization of bacteria
specifically engineered to kill parasitic nematodes.
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(Srinisava et al 2001) In the last two methods was
obtained a better retention of transactions in the system
when it is saturated with conflicts (due the frequent
rollbacks of transactions). Therefore, it is desirable to
use the method of Two-phase locking (two-phase
locking - 2PL). But in servicing the transactions
method 2PL may arise deadlocks of transactions. In
DDBMS this problem is even more complicated to
solve, because the transactions work at different sites in
the distributed system. There are two basic methods for
avoiding of transactions of deadlocks: using
multiversion (two-version) architecture of data in
database (Chardin 2005) and embed timestamping
algorithm, working in one of two strategies: "wait-die"
and "wound-wait" (Connolly and Begg 2002; GarciaMolina et al. 2001; etc). The problems in the
application of 2PL method in DDBMS and avoiding
transactions of deadlocks require testing. Methods 2PL
in DDBMS are four varieties: Centralized 2PL, Primary
Copy 2PL, Distributed 2PL and Voting 2PL. In the
paper we consider algorithms, modeling first of these
protocols – the protocol for Centralized 2PL (Bernstein
and Goodman 1981; Connolly and Begg 2002; GarciaMolina et al. 2001). For the development environment
modeling algorithms Centralized Two-version 2PL
(2V2PL) and 2PL with integrated Timestamping
method (strategy "wait-die") was chosen general
purpose system simulation - GPSS World.
“System GPSS World is … a comprehensive modeling
tool, covering the fields of both discrete and continuous
computer modeling, possessing a high level of
interactivity and visual representation of information.
Using GPSS World allows you to assess the impact of
engineering solutions in extremely complex systems of
real world” (GPSS World). The above, the studied
literature on simulation (Tomashevski and Zhdanova
2003) and many other unnamed here, convince us in
the benefits of the environment GPSS World for
simulation systems for processing transactions, such as
database management systems (DBMS). In front of the
authors is standing the problem of studying the
transaction concurrency control in distributed DBMS,
in which the data are subjected to fragmentation and
replication on the nodes of the system.
The review of published modeling studies (Agrawal et
al. 1987; Al-Jumah, 2000; Madria et al. 2003;
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ABSTRACT
One of the most important problems in distributed
database systems is the concurrency control. This paper
considers algorithms simulating the implementation of
centralized two-phase locking (2PL) in distributed
database systems and simulation results. It describes
specifically the simulations of two-version 2PL and 2PL
with integrated timestamp ordering mechanism. In
concurrency control method 2PL may take place
deadlocks of the transactions. Therefore, in the
modeling algorithms described here are integrated
algorithms for deadlock avoiding: two-version
architecture of database and timestamp ordering
strategy “wait-die”. There are also presented, the
results of the simulations of these two variants of the
2PL method at different scales of the networks for the
transmission of data and at different intensities of
inflow transactions. Modeling algorithms are developed
by means of the system for simulation modeling GPSS
World Personal Version.
INTRODUCTION
Many of today's information systems and management
systems have a distributed structure, because the
distributed computer systems meet the requirements of
the relevant application areas much better than
centralized ones. The modular and open structures
increase the opportunities for expansion and
modification of these systems, and their flexibility.
(Connolly and Begg 2002).
All this is especially true for the distributed database
(DDB) systems and vital component to them Distributed Database Management System (DDBMS).
In DDBMS as a result of fragmentation and replication
of data is increasing the reliability and throughput of
the system. A major problem in these systems is
concurrency control to general data parallel executed
transactions. (Bernstein and Goodman 1981; Carey and
Livny 1988; etc) Concurrency control techniques are
generally divided into: Locking, Timestamp ordering
and Optimistic strategies - Validation check up.
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Srinivasa et al. 2001; etc) showed that most of them are
parametric - do not describe detailed transaction
concurrency control algorithms. Therefore, it is
necessary to synthesize detailed imitation models of
Two-phase locking of distributed transactions in DDB
systems.

transmits operations read/write of the data manager,
respectively returns the results in TMi . Data manager
asynchronously performs the operations derived from
the Lock manager.
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Two-phase locking of distributed transactions in DDB
systems.
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Consider distributed database (DDB) system for the
management of which the scheduler works by the
method of two-phase locking. In particular, we consider
distributed DBMS with Central Lock manager (LM).
Processing the transactions in such systems is discussed
in detail in (Garcia-Molina et al. 2001; Connolly and
Begg 2002 etc). In the only node, which is the LM, is
stored all the information about the locks of data
elements in the system only Lock table.
When starting the global transaction from site Si:
I. The transaction coordinator node ТСi divides it into
several subtransactions, using information from the
global system catalogue. If the transaction updates
replicated data element, ТСi must ensure the renewal of
all existing replicas of this data element. Therefore ТСi
must require an exclusive (exclusively) locks on all
copies of the updates data element, and then release
those locks. To read updated data element ТСi it can
select any of the existing replicas. Usually the
transaction reads the local replica, if it exists.
II. Central Lock Manager verifies the eligibility of
incoming requests to block data elements, taking into
account the current state of the lock of these elements:
If the lock is admissible, the Lock Manager sends to the
site-initiator a message that states that the request for
the element block is granted; otherwise the application
shall be placed in a queue and is there until the
requested lock is not provided.
Fig. 1 shows a structural model of such distributed
DBMS (DDBMS). Modules involved in the processing
of the transactions, are depicted by circles, and the
necessary data - with rectangles. For clarity in the
model site S0, where is located the only Lock manager
LM0 and the only Lock table LT0, are not shown the
remaining components: Transaction manager TM0,
Data manager DM0, Transaction coordinator TC0,
Local database LDB0 and the service for data
transferring. The remaining indications of the scheme
of Figure 1 are:
Si – Site - source of transactions;
TCi – Transaction coordinator in Si (has included a
component for transmitting data);
SCi – System catalogue.
The transaction manager keeps a record of the
transactions, decides to abort and commits to the
transactions and transmits query locking to the lock
manager. The Lock manager receives queries about
interlock, checks in the Lock table compatibility and

Consider distributed database (DDB) system for the
management of which the scheduler works by the
method of two-phase locking. In particular, we consider
distributed DBMS with Central Lock manager (LM).
Processing the transactions in such systems is discussed
in detail in (Garcia-Molina et al. 2001; Connolly and
Begg 2002 etc). In the only node, which is the LM, is
stored all the information about the locks of data
elements in the system only Lock table.
When starting the global transaction from site Si:
I. The transaction coordinator node ТСi divides it into
several subtransactions, using information from the
global system catalogue. If the transaction updates
replicated data element, ТСi must ensure the renewal of
all existing replicas of this data element. Therefore ТСi
must require an exclusive (exclusively) locks on all
copies of the updates data element, and then release
those locks. To read updated data element ТСi it can
select any of the existing replicas. Usually the
transaction reads the local replica, if it exists.
II. Central Lock Manager verifies the eligibility of
incoming requests to block data elements, taking into
account the current state of the lock of these elements:
If the lock is admissible, the Lock Manager sends to the
site-initiator a message that states that the request for
the element block is granted; otherwise the application
shall be placed in a queue and is there until the
requested lock is not provided.
Fig. 1 shows a structural model of such distributed
DBMS (DDBMS). Modules involved in the processing
of the transactions, are depicted by circles, and the
necessary data - with rectangles. For clarity in the
model site S0, where is located the only Lock manager
LM0 and the only Lock table LT0, are not shown the
remaining components: Transaction manager TM0,
Data manager DM0, Transaction coordinator TC0,
Local database LDB0 and the service for data
transferring. The remaining indications of the scheme
of Figure 1 are:
Si – Site - source of transactions;
TCi – Transaction coordinator in Si (has included a
component for transmitting data);
SCi – System catalogue.
The transaction manager keeps a record of the
transactions, decides to abort and commits to the
transactions and transmits query locking to the lock
manager. The Lock manager receives queries about
interlock, checks in the Lock table compatibility and

Figure 1: Model of the DDBMS structure at
Centralized 2PL
GPSS MODEL OF THE QUEUING SYSTEM
In the construction of probabilistic models of computer
systems of different types and especially information
systems for public use, the processing of user requests
is described as service requests in a closed queuing
system (QS). The number of service phases - the
number of QS, forming the network, the probability of
transmission of requests from one phase to another, the
number of parallel channels for service workers in
phases, average times and laws of distribution of
service requests phases depend on the configuration of
the test system (Bernstein et al. 1987; etc).
Furthermore, the structure of the model and the
topology model depends a lot on the algorithm
processing the requests of users in the system. For the
network of QS in the model it is assumed that:
- The flow of the receipt of global transactions in sites
DDBMS is Poisson using parameter l;
- The duration of service transactions has exponential
distribution with parameter m;
- Serving devices are arranged alternately in parallel
channels;
- Discipline of service queues is „First Input – First
Serviced”;
- Incoming transaction does not leave the system until
it is serviced.
In our case transactions go to the sites on an
exponential law. They are sent on parallel channels,
recorded in certain incoming and outgoing buffers
reach sites with the necessary data and transmitted to
the recipient (leave the system).
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The algorithm modeling Centralized 2PL with an
integrated mechanism of timestamping (strategy "waitdie") is described in (Vasileva 2011).

GPSS MODEL OF CENTRALIZED 2PL OF
DISTRIBUTED TRANSACTIONS
The main component in Database management system,
carrying out the transaction concurrency control is the
Scheduler. When working on 2PL protocol, is called
the Lock manager. When DDBMS works on
Centralized 2PL protocol, the system has only one Lock
manager – LM0 and only one Lock table – LT0, located
on one of the sites of the distributed system. (Connolly
and Begg 2002; Garcia-Molina et al. 2001; etc)
In different sites S1 – Sk of the distributed system enter
transactions, which are managed by the relevant
transaction managers TM1 – TMk. We consider the
work of DDBMS on centralized 2PL protocol, therefore
all queries about locks (or release locks) are sent as
operations transactions to the only lock manager LM0.
Indications for incoming operations: rn(x) – transaction
with number n (Tn) wants to read element x; wn(x) - Tn
recording the value of the element x; cn - Tn
successfully completes its operation and fixes; an – Tn
interrupts his performance and restarts.
The Two-version 2PL protocol is described in details in
(Chardin 2005), and the modeling algorithm of
Centralized 2V2PL is presented in (Milev and Vasileva
2009). Fig. 2 represents a structural scheme of the
execution simulating algorithm of global (distributed)
transaction, initiated from site SP2 and refreshing the
data elements El1 having copies in local databases
LDBР6 and LDBP7 and the data element El2 with copies
in local databases LDBР8 and LDBP9 located in
corresponding sites respectively SР6 and SР7, and SР8
and SР9.

The main elements of a simulation model of
Centralized 2PL
Based on the analysis of 2PL protocols for modeling
DDBMS 2PL algorithms have to use the following
initial parameters:
- Cash flows (number of sites in the distributed system)
generated transactions;
- Average intensity of each flow generated transactions;
- Law of distribution of each input stream;
- Number of data elements in the modeled DDB
(variable NumEl), which will compete in parallel
performed transactions;
- Number of elements to which transactions will lock
states (length transaction);
- Number of replicas of data element - in the presented
models each data element has two replicas;
- Functions, modeling the distribution of copies on sites
modeled DDBMS.
Parameters of the generated transaction in
simulation models
To the generated GPSS transactions are given values of
the following parameters:
P1 – Number of the transaction. The value is the sum
of System Numeric Attribute (SNA) MP2 (the
difference between the relative time model and the
contents of the second parameter of the GPSS
transaction) and the number of the site;
P2 – Number of the site, which is generated by the
transaction. The value is an integer from 1 to <the
number of streams transactions>. In the presented
models, <cash flows transactions> = 6;
P$Nel – Length of the modeling of GPSS distributed
transaction. Value the synthesized models is 1 or 2,
selected with probabilities given by the function
FN$BrEl, respectively 0.30 and 0.70. The model
assumes that the "long" transactions enter the system
more often than the shorter;
P$El1 / P$El2 – Number of the first / second element
that generates a transaction will "read" or "updated".
The value is chosen at random number uniformly
distributed in the range [1, NumEl];
P$Bl1 - Type of lock applied to the first element,
processing of the generated transaction. The value is
taken from one of the numbers: 1 (Reading), 2 (update)
or 3 (for recording), selected with probabilities given by
the function FN$LockTip1 (Originally are set 0.40,
0.30 and 0.30 respectively);
P$Bl2 – Type of lock applied to the second element.
The value is taken from one of the numbers: 1
(reading), 2 (update) or 3 (for recording), selected with
probabilities given by the function FN$LockTip2
(Originally are set 0.10, 0.30 and 0.60, respectively);

Figure 2: Structural scheme of the algorithm modeling
the execution centralized 2V2PL of transactions
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the execution centralized 2V2PL of transactions
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P$CHTN1, P$CHTS1 – If P$Bl1 = 1, the transaction
will only „read” the element with number P$El1, if the
element is not available, but the lock is allowed, in
these two parameters are recorded, the number of
previous transaction, blocked the element and the
numbers generated by the site (by LT);
P$CHTN2, P$CHTS2 – If P$Bl2 = 1, the transaction
will only „read” the element with the number P$El2, if
the element is not available, but the lock is allowed, in
these two parameters are recorded the number of
previous transaction, blocked the element and the
numbers generated by the site;
P5 – Value 0, if the transaction is in the first phase –
seizure of locks and a value of 1 if the transaction
completes its work and must release the locks. In
simulation of longer transactions, where it can take
place deadlocks on transactions can be assigned a value
of 1 and P5 of transaction, which would, needs to
reboot;
P6 / P7 – It records the number of the site where the
first / second copy of the first data element (P$El1) is
processed by the transaction;
P8 / P9 - It records the number of the site where the
first / second copy of the second data element (P$El2)
is processed by the transaction;
In the synthesis of models with a greater number of
copies of the data element can be used more parameters
of the transactions (for example P10 and P11 for
recording numbers on the sites where the third copies
respectively to the first and the second element).
P$vr – This parameter is used in the model of 2PL with
timestamping - P$vr = 1 in the case that the lock of the
element is not possible and the number of the GPSS
subtransaction is smaller than the number of the
transaction, which set the lock, then, according to
timestamping mechanism strategy "wait-die" (Connolly
and Begg 2002) if subtransaction does not continue and
does not restart, it waits for the release of the elements
in the user chain, whose number is the number of
elements.

- Number the GPSS transaction, blocked free element.
This column records the value the P1 parameter
transaction, which placed the lock in the first column;
- Number of the site - initiator the GPSS transaction
blocked first element (the value of parameter P2 of the
transaction, borrowed the element in the lock table);
- Number of the GPSS transaction, received a shared
lock element, blocked by another "reading" transaction
before. This column records the value the P1 parameter
of the transaction, whose request for "reading" is
compatible with the shared lock set by the first column;
- Number of the GPSS transaction, received an
interlock "record" elements blocked by "reading"
transaction before. This column records the value the
P1 parameter of the transaction, whose request for
"record" is compatible with the shared lock, set by the
first column 2V2PL modeling algorithm.
In the synthesized simulation models are used also and
two matrices - MX$RAZST and MX$RAZDEV to set the
mean and standard deviation of the retention time of
the transactions in the transmission of messages
between the nodes of the distributed database system
modeled for communication costs.
Variables. In the simulation models primarily are used
the following variables:
V$ElemN1 – in it are calculated random selection
numbers of the first element that will process the
transaction;
V$ElemN2 – in it are calculated the random selection of
the numbers of the second element which will process
the transaction. In the statements which calculates
variable ElemN1 and the ElemN1 is involved and the
random number generator RN2;
V$RAZRBL1 – in it is calculated the admissibility of
the first lock element processed by the transaction. The
value is the product of the parameter P$Bl1 of the
GPSS transaction requesting the lock and the value in
the first column of the matrix LTA;
V$RAZRBL2 – in it is estimated eligibility of the
second element lock, processed by the current
transaction. The value is the product of the parameter
P$Bl2 of the transaction requesting the lock and value
in the first column of the LTA matrix;
Cells. In the synthesized simulation models are used
the following cells serving as counters:
X$BROITR – total number of generated GPSS
transactions during the modeling;
X$ZAVTR – total number of transactions leaving the
model served;
X$BROITR1 – total number of generated transactions,
processing one data element;
X$BROITR2 – total number of generated GPSS
transactions, processing two data elements;
X$ZAVTR1 – total number of transactions with length 1
leaving the modeled served system;
X$ZAVTR2 – total number of transactions with length 2
leaving the modelled served system;

Auxiliary variables and matrices, used in modeling
algorithms
Besides the parameters of transactions in 2PL modeling
algorithms shall also apply the following options of
GPSS World:
Matrices. In the synthesized simulation models mainly
is used the matrix MX$LTA for modeling the lock table.
Each row of the table corresponds to the data element
from DDB. The matrix has the following columns:
- Type of the resulting lock the GPSS transaction
blocked free data elements. This column, records the
value parameter P$Bl1 or P$Bl2 of the same
(depending on whether the element is the first or the
second processed by transaction);
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SIMULATION RESULTS
The studies over the simulation models, are enabling in
the GPSS World environment to be collected,
summarized and analyzed the results of the modeling
algorithm of Centralized 2V2PL and modeling
algorithm of Centralized 2PL with an integrated
mechanism of timestamping in DDB. Calculate the
main characteristics of service transactions DDBMS:
Throughput (TP), Service Probability (SP) and
Response time (RT). Throughput of one system is
calculated in the number of requests serviced per unit
time (Tomashevski and Zhdanova 2004). This indicator
is calculated by the formula (1):

X =

Nc
Tn
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Figure 3: Throughput of the systems
Service probability factor or completeness of service
transactions serves to assess the dynamic properties of
DDBMS. The probability of service Ps of distributed
transactions is calculated by the formula (2)
(Tomashevski and Zhdanova 2004):

(1)

Where NС is the total number of the committed
transactions (in the synthesized models it is the value of
the cell X$ZAVTR), for the monitoring period of the
system - Tn (time modeling at different startups of the
modeling algorithm).
Time modeling developed in the GPSS World
algorithms is set in milliseconds. All streams
transactions are received upon an exponential law with
a variable at different studies with an average length of
the interval. In all modeling algorithms we consider 6
streams generated by GPSS transactions modeling 6
sites in distributed database system, from which
Poisson law shall go global transactions.
The diagram of fig. 3 presents the results of simulations
of Throughput Centralized 2PL algorithms at the same
intensities of input flows depending on the monitoring
period (in seconds): The graph marked with a thin blue
dashed line (2V2PL) and the graph indicated by a thick
black line and square markers (2PL TSwd) – 6
streams, each with an average intensity 4,17 tr/s
(minimum load - intensity cumulative flow 25 tr/s);
The graph marked with thin black line and asterisks
(2V2PL) and in the graph illustrated by dashed lines
with triangular markers (2PL TSwd) - 6 streams, each
with an intensity of 8,33 tr/s (average load - intensity of
the aggregate stream 50 tr/s); The graph indicated by
the thin dotted line (2V2PL) and the graph indicated by
a thin blue line (2PL TSwd) - 6 streams of medium
intensity 16,67 tr/s (maximum load - intensity of
aggregate stream 100 tr/s).
The diagram in fig. 3 shows Throughput for both
models at three operating modes of load increased with
the increase of the model during and after a certain
time (5 minutes after the operational start of the
system); the occurrence of stationary mode reaches a
maximum value and does not change with time. The
diagram also is similare with the Throughput template
chart in (TPC Counsil 2010).

N
Ps = c
Ng

(2)

where NC is the total number of fixed transactions (cell
value of X$ZAVTR after modeling, and Ng is the total
number of transactions generated for the same period of
time (cell value of X$BROITR after modeling).
Fig. 4 presents the results for the probability of service
of distributed transactions at simulation algorithm
Centralized 2V2PL and Centralized 2PL with an
integrated mechanism of timestamping at the same
intensities of inflows (as for Figure 3).
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Figure 4: Service probabilities in the 2V2PL model and
the 2PL with TS “wait-die” model
Table 1 presents the results obtained for the average
Response time for modeling of Centralized 2V2PL and
Centralized 2PL with TS "wait-die". The data are taken
automatically from the generated reports by GPSS
World after the end of each simulation. In the codes of
the models is set a table DaTable, which records the
"residence time" (SNA of GPSS - M1) model of each
GPSS transaction. Furthermore, the Response Time can
be fixed and from the table of queues in the accounts of
the implementation of modeling algorithms. In the
report of the queues (realized by GPSS blocks QUEUE
<name of a queue> - entry in the respective queue and
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DEPART <name of a queue> - exit from the respective
queue), for each queue GPSS World model displays the
following statistics: Maximum length of the queue;
Average length of the queue; Number of entries in the
queue; Average time of residence in the queue of all
transactions; etc.
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Figure 5: Response time of transactions in model
systems at different intensities of inflows
In the diagram of Figure 5 are shown in graphical form
the data from Table 1. It can be seen that the graphics
of RT measurements have the same kind - a rapid
increase in the beginning, slow growth and stationary
mode.
From the diagram of fig. 5 it appears that the greatest is
the response time in the model of Centralized 2PL with
timestamping "wait-die" at the intensity of the
incoming stream 100 tr/s. This can be explained by the
specificity of the protocol. If the transaction, which
wants locking the element is older than the occupied by
the element transaction (has a smaller number), it
restarts with a reservation number. So, the next race for
locking elements will be with the smallest number and
will receive the locking of the elements, to accomplish
after the read / write operation. This way appear the
delays by the lock manager to the site-initiator and after
that back to the lock manager, this increases the time of
service of the transaction.
On fig. 6 graphically are given the values that are
obtained for throughput by Formula (1) by substituting
the fixed in the receiving reports values of the cell
X$ZAVTR. Intensity of inflows transactions are the
same as the graphs of fig. 3, was changed only the
matrix of distances MX$RAZST - the values in it are
increased twice compared to models whose results are
reported in the graphs of fig. 3.
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Figure 6: Throughput in the models at doubled distance
between the sites in the system
From the graphs of fig. 6 it can be concluded that with
the increase of the distance between sites in the system,
the throughput graphs are "spaced apart" more. This is
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In all models, after the generation of each transaction,
are assigned values of its parameters (how many data
elements will process; the numbers of the elements that
will process; will read or updated elements;, the
numbers of sites where are the copies of the elements
that will process; etc.). After setting the values of
"common" for each transaction parameter, the
transaction enters into the queue TOTALTIM. Once
the transaction is fixed, exits the TOTALTIM queue (in
which the transaction "submit" the information about
itself in the automatically collected statistic by GPSS)
before leaving the model.
The data in Table. 1 is obtained by the following
intensities:
- in Column 2 (2V2PL) and Column 5 (2PL TSwd) each of the six flows has an average interval of
receiving the transactions 60 model units. The intensity
of the aggregate flow is the highest of those surveyed 100 tr/s (in the general case, the transaction ends her
performance, long after the generation of the next
transaction in the stream);
- in Column 3 (2V2PL) and Column 6 (2PL TSwd) –
each of the six fluxes has a mean interval of placing the
model units 120 transactions. The intensity of the
aggregate flow is the average value in the surveyed - 50
tr/s (in each transaction, the flows have the opportunity
to leave the served, shortly after the generation of the
next transaction).
- in Column 4 (2V2PL) and Column 7 (2PL TSwd) –
each of the six fluxes has a mean interval of placing the
model units 240 transactions. The intensity of the
aggregate flow is the lowest of those surveyed - 25 tr/s
(in each transaction, the flows have the opportunity to
leave the served, before the generation of the next
transaction).
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between the sites in the system
From the graphs of fig. 6 it can be concluded that with
the increase of the distance between sites in the system,
the throughput graphs are "spaced apart" more. This is
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very evident in the graphs at maximum load of the
system (intensity of inflow 100 tr/s).
By varying the values of cells in the matrix MX$RAZST
we can conduct research whether and how the gaps in
the net, impact on Throughput, Service probability and
other performance indicators of concurrency control
algorithms.
For example, by five times, increasing the cell values of
the matrix MX$RAZST are obtained the values of the
throughput graphs on fig. 7 from the simulation reports
of the Centralized 2V2PL protocol and the Centralized
2PL with timestamping "wait-die" at the same
intensities of inflows as Figure 3.

intensity of the input streams 100 tr/s (maximum load
on the system) and observation time 28.8 seconds. A
histogram is generated automatically by GPSS World
on table Response time distribution DATABLE, whose
values are brought into the simulation report.
On fig. 10 is demonstrated the histogram of Frequency
distribution of RT in modeling Centralized 2PL with
timestamping (wait-die) at total intensity of the input
streams 100 tr/s (maximum load on the system) and
observation time 28,8 seconds (as in Figure 9).
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By increasing the distance between sites in the system,
except the increasing divergence of the graphs
throughput, is observed slower occurrence of stationary
mode, and also "instability" of the values in the
transition mode. This is shown in the graph for the
Centralized 2V2PL maximum intensity of the inflow
transactions - graph, marked with dotted lines in fig. 8.
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Another indicator of the performance of concurrency
control algorithms is Frequency distribution of
Response time of transactions. Diagrams of Frequency
distribution of RT are built automatically by the
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locking of transactions in DDBMS with one-version
and two-version architecture of replicated data.
The synthesized simulation models of GPSS World for
Centralized 2V2PL and for Centralized 2PL with builtin mechanisms of timestamping (strategy "wait-die")
allow experimentation and accumulation of statistical
data to conduct comparative analysis of algorithms.
The proposed simulation models of Centralized Twoversion 2PL and Centralized 2PL with timestamping in
the DDB are convergent and give good results in the
experimental research done.
The comparative analysis of the results of modeling of
one-version and two-version Centralized 2PL showed
no deadlocks, while 2V2PL throughput is high and the
response time is significantly lower than that of the
one-version 2PL algorithm.
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ABSTRACT
In this paper, we propose a safety-critical system with
a run-time resource management that is used to operate an
application for flood monitoring and prediction. This application can run with different Quality of Service (QoS) levels
depending on the current hydrometeorological situation.
The system operation can follow two main scenarios - standard or emergency operation. The standard operation is active
when no disaster occurs, but the system still executes shortterm prediction simulations and monitors the state of the river
discharge and precipitation intensity. Emergency operation is
active when some emergency situation is detected or predicted
by the simulations. The resource allocation can either be used
for decreasing power consumption and minimizing needed
resources in standard operation, or for increasing the precision
and decreasing response times in emergency operation. This
paper shows that it is possible to describe different optimal
points at design time and use them to adapt to the current
quality of service requirements during run-time.
INTRODUCTION
Urgent computing (Beckman 2008) prioritises and provides
immediate access to supercomputers and grids for emergency
computation such as severe weather prediction during disaster
situations. For these urgent computations, late results are useless results, because the decisions based on these results have
to be made before the disaster happens and endangers human
lives or property. As theHigh Performance Computing (HPC)
community builds increasingly realistic models, applications
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that need on-demand computation are emerging. Looking into
the future, we might imagine event-driven and data-driven
HPC applications running on demand to predict any kind of
event, e.g. running air pollution dispersion models at real time
to predict hazardous substance dispersion caused by some
accident. Of course, as we build confidence in these emerging
computations, they will move from the scientists workbench
into critical decision-making paths, but HPC clusters will still
be needed to execute and analyse these simulations in a short
time frame and they will have to provide the results in a
reliable way based on the specified operational requirements.
The intent of this paper is to describe the characteristics
and constraints of disaster management (DM) applications for
industrial environments.
We therefore propose an HPC system running with a RunTime Resource Manager (RTRM) that monitors the healthiness
of the platform. Our in-house disaster management application
called Floreon+ (Martinovič, Kuchař, Vondrák, Vondrák, Šı́r &
Unucka 2010) is running on the system. The application can
run with different Quality of Service (QoS) levels depending
on the situation. Taking the current situation in mind, the
resource allocation can be used either for decreasing power
consumption and minimizing needed resources in standard
operation or increasing the precision and decreasing response
times in emergency operation. Power consumption is a critical
consideration in high performance computing systems and it
is becoming the limiting factor to build and operate petascale
and exascale systems in the future. When studying the power
consumption of existing systems running HPC workloads, we
find that power, energy and performance are closely related
leading to the possibility to optimize energy without sacrificing
performance.
This paper shows that it is possible to describe different optimal points at design time and use them to adapt to the current
QoS requirements during run-time. The proposed process can
then be used to prepare an operational environment with high

FLOOD PREDICTION MODEL SIMULATION
WITH HETEROGENEOUS TRADE-OFFS IN
HIGH PERFORMANCE COMPUTING
FRAMEWORK
Antoni Portero
Radim Vavrik
Stepan Kuchar
Martin Golasowski
Vit Vondrak
IT4Innovations
VSB-Technical University of Ostrava
Ostrava, Czech Republic
Email: antonio.portero@vsb.cz

Simone Libutti
Giuseppe Massari
William Fornaciari
Politecnico di Milano
Dipartimento di Elettronica,
Informazione e Bioengegneria (DEIB)
Milano, Italy
Email: simone.libutti@polimi.it

KEYWORDS
Hydrology model simulation; High Performance Computing systems; disaster management; reliability models; computing resource management; multi and many-cores systems;
parallel systems
ABSTRACT
In this paper, we propose a safety-critical system with
a run-time resource management that is used to operate an
application for flood monitoring and prediction. This application can run with different Quality of Service (QoS) levels
depending on the current hydrometeorological situation.
The system operation can follow two main scenarios - standard or emergency operation. The standard operation is active
when no disaster occurs, but the system still executes shortterm prediction simulations and monitors the state of the river
discharge and precipitation intensity. Emergency operation is
active when some emergency situation is detected or predicted
by the simulations. The resource allocation can either be used
for decreasing power consumption and minimizing needed
resources in standard operation, or for increasing the precision
and decreasing response times in emergency operation. This
paper shows that it is possible to describe different optimal
points at design time and use them to adapt to the current
quality of service requirements during run-time.
INTRODUCTION
Urgent computing (Beckman 2008) prioritises and provides
immediate access to supercomputers and grids for emergency
computation such as severe weather prediction during disaster
situations. For these urgent computations, late results are useless results, because the decisions based on these results have
to be made before the disaster happens and endangers human
lives or property. As theHigh Performance Computing (HPC)
community builds increasingly realistic models, applications

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

115
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event, e.g. running air pollution dispersion models at real time
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time frame and they will have to provide the results in a
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industrial environments.
We therefore propose an HPC system running with a RunTime Resource Manager (RTRM) that monitors the healthiness
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on the situation. Taking the current situation in mind, the
resource allocation can be used either for decreasing power
consumption and minimizing needed resources in standard
operation or increasing the precision and decreasing response
times in emergency operation. Power consumption is a critical
consideration in high performance computing systems and it
is becoming the limiting factor to build and operate petascale
and exascale systems in the future. When studying the power
consumption of existing systems running HPC workloads, we
find that power, energy and performance are closely related
leading to the possibility to optimize energy without sacrificing
performance.
This paper shows that it is possible to describe different optimal points at design time and use them to adapt to the current
QoS requirements during run-time. The proposed process can
then be used to prepare an operational environment with high

availability and varying energy cost and model precision levels.
We manage to adapt the precision of the model by changing its
input parameters and configuration, e.g. changing the number
of Monte-Carlo samples used for uncertainty modelling. The
change of precision alters the model execution time and/or
the number of required computational resources, effectively
changing the energy cost of the simulation. The decision to
focus on the precision or energy cost is taken by the RTRM
that computes the best-trade off for the current QoS.
This paper is divided into seven sections. A section containing the current state-of the art follows this introduction section.
In section three, we introduce our driving disaster management
example in the form of a rainfall-runoff uncertainty model.
Section four describes the run-time operating (RTRM) system
that monitors the sensors and knobs of the platform. Section
five shows the possible way of RTRM deployment in an
HPC environment. Section six presents the results of possible
optimal computation points that are obtained at design time
for the described solution deployed on single computing node
and on multiple nodes. These optimal points are used by the
RTRM at run-time and the results show the performance and
energy efficiency of the deployed solution. The final section
provides a summary of the presented research and possible
future work.
THE STATE OF THE ART
Elastic computing cloud (Galante & de Bona 2012) can
provide thousands of virtual machine images rapidly and
cost effectively. Unfortunately, one of the main drawbacks of
elastic computing is the application scalability due to computer
limited bandwidth communication. Another problem is the
feasibility of allocating resources and the infrastructure size
that can be used on demand in case of emergency; sometimes,
it cannot be determined fast enough. Therefore, one of the
goals of the future HPC systems is to develop automated
frameworks that use power and performance knobs to make
applications-aware energy optimizations during execution using techniques like dynamic voltage and frequency scaling
(DVFS) (Iraklis Anagnostopoulos 2013) for reducing the speed
(clock frequency) in exchange for reduced power. Power gating
technique then allows for the reduction of power consumption
by shutting off the current to blocks of the circuit that are
not in use, in case that diverse computations have different
power requirements. For example, when a CPU is waiting
for resources or data, the frequency can be reduced to lower
power consumption with minimal performance impact (Tiwari,
Laurenzano, Peraza, Carrington & Snavely 2012).
System scenarios classify system behaviours that are similar from a multi-dimensional cost perspective, such as resource
requirements, delay, and energy consumption, in such a way
that the system can be configured to exploit this cost. At
design-time, these scenarios are individually optimized. Mechanisms for predicting the current scenario at run-time and
for switching between scenarios are also derived. These are
inferred from the combination of the application behaviour
and its mapping on the system platform. These scenarios
are used to reduce the system cost by exploiting information
about what can happen at run-time to make better design
decisions at design-time, and to exploit the time-varying
behaviour at run-time. While application scenarios classify
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the application’s behaviour based on the different ways the
system can be used in its over-all context, system scenarios
classify the behaviour based on the multi-dimensional cost
trade-off during the implementation (Gheorghita, Vandeputte,
Bosschere, Palkovic, Hamers, Vandecappelle, Mamagkakis,
Basten, Eeckhout, Corporaal & Catthoor 2009).
RTRM: Run-Time Resource Manager
The RTRM (Run-Time Resource Manager) framework
(Bellasi, Massari & Fornaciari 2015) is the core of a highly
modular and extensible run-time resource manager which
provides support for an easy integration and management of
multiple applications competing on the usage of one (or more)
shared many-core computation devices. The framework design,
which exposes different plug-in interfaces, provides support
for pluggable policies for both resource scheduling and the
management of applications coordination and reconfiguration.
With RTRM, it is possible to make a suitable instrumentation to support Design-Space-Exploration (DSE) techniques,
which could be used to profile application behaviour to either
optimize them at design time or support the identification
of optimal QoS requirement goals as well as their run-time
monitoring. Suitable platform abstraction layers, built on top
of GNU/Linux kernel interfaces, allow an easy porting of
the framework to different platforms and its integration with
specific execution environments.
The configuration of a run-time tunable application is
defined by a set of parameters. Some of them could impact the
application behaviour (e.g. the uncertainty of rainfall-runoff
models can produce different results for different scenarios)
while other have direct impact on the amount of required
resources (e.g. the amount of Monte-Carlo method samples
in uncertainty modelling and the time between simulation
batches leads to different requirements for allocating system
resources).
FLOOD MONITORING AND PREDICTION
MODEL
The studied flood prediction model is a modular part
of the Floreon+ system (Martinovič et al. 2010). The main
objective of the Floreon+ system is to create a platform for
integration and operation of monitoring, modelling, prediction
and decision support for disaster management. Modularity
of the Floreon+ system allows for a simple integration of
different thematic areas, regions and data. The central thematic
area of the project is flood monitoring and prediction. The
system focuses on acquisition and analysis of relevant data
in near-real time and using these data to run hydrologic
simulations with short-term prediction. The results are then
used for decision support in disaster management processes by
providing predicted discharges on river gauges and prediction
and visualization of inundated areas in the landscape.
A model used in this paper is a rainfall-runoff model developed as part of the Floreon+ system (Golasowski, Litschmannova, Kuchar, Podhoranyi & Martinovic 2015), (Vavrik,
Theuer, Golasowski, Kuchar, Podhoranyi & Vondrak 2015).
The RR models transforms precipitation to water discharge
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process. Common inputs of these models are an approximation
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the application’s behaviour based on the different ways the
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process. Common inputs of these models are an approximation

of physical and spatial properties of modelled river catchment
and time series of precipitations. Outputs of these models are
usually represented by time series of water discharge levels
(i.e. the relation between water discharge (Q) and time (t)) for
modelled parts of the river course. Our RR model uses SCSCN method (Beven 2012) for transforming rainfall to runoff
with the main parameter curve value (CN) approximated from
the hydrological soil group, land use and hydrological conditions of the modelled catchments. The contribution from river
segments to a sub-basin outlet is computed using the kinematic
wave approximation parametrized by Manning’s roughness
coefficient (N), which approximates physical properties of the
river channel.
The input precipitation data for short-term prediction are
provided by numerical weather prediction models and can be
affected by certain inaccuracy. Such inaccuracy can be projected into the output of the model by constructing confidence
intervals. These intervals provide additional information about
possible uncertainty of the model output and are constructed
using the Monte-Carlo (M-C) method. Data sets are sampled
from the model input space and used as input for a large
number of simulations. Precision of uncertainty simulations
can be affected by changing the number of provided M-C
samples. The precision of the simulations can be determined
by computing the Nash-Sutcliffe (NS) model efficiency coefficient between the original simulation output and one of
the percentiles selected from the Monte-Carlo results. The NS
coefficient is computed by formula (1) and is often used for
estimating precision of given model by comparing its output
with the observed data, but it can also be used for comparison
of any two model outputs.
PT

NS = 1 −

t
t=1 (Qo
PT
t
t=1 (Qo

− Qts )2
− Qo )2
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Where:
Qo is the observed flow in a specific time-step.
Qs is the simulated flow in a specific time-step.
N S is the Nash-Sutcliffe model efficiency coefficient.
N S = 1 means that the simulation matches observed data
perfectly.
N S = 0 means that the simulation matches a median of the
observed data.
N S < 0 means that the simulation is less precise than the
median of the observed data.
Fig. 1 shows the precision of the simulated uncertainty
results based on the number of Monte-Carlo samples and
different combinations of modelled parameters in the experimental model. P shows the standard deviation of uncertainty
results where only uncertainty of input precipitations were
taken into account, N stands for the uncertainty model of the
Manning’s coefficient, CN for the CN uncertainty model, N
+ CN describes the combination of Manning’s coefficient and
CN uncertainty models, and so on. These results show that the
standard deviation is unstable for low numbers of M-C samples, but starts to decrease steadily from around 5-8 samples.
Precipitation uncertainty models and their combinations also
show much higher standard deviations than CN and N based
models. To obtain the best precision (i.e. standard deviation
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close to 0), the number of samples of the precipitation based
models has to be in the order of 104 to 105 depending on
the number of modelled parameters and the complexity of the
model, while the CN and N based models are very close to
0 even for orders of 101 . This was mainly caused by small
deviations in uncertainty of CN and N when compared to
precipitations and also to the fact, that precipitation uncertainty
was sampled for each time-step of the simulation and each
observed gauge, while CN and N did not depend on time.

Fig. 1. Comparison of the precision provided by standard deviation of NashSutcliffe coefficient and the number of Monte-Carlo samples for different
model parameters and their combinations.

Application Scenarios
Application scenarios describe different triggers and states
of the application that influence the system responsiveness and
operation (e.g. critical flooding level, critical state of patient’s
health, voice & data, etc.). Based on these scenarios, the
system can be in different states with different service level
requirements that can also be translated to the parameters of
the uncertainty modelling and its required resources. Shorter
response time in critical situations can for example be acquired
by decreasing the number of Monte-Carlo samples (also decreasing the precision of the results), or by allocating more
computational resources (maintaining the same precision level
if the load is rebalanced appropriately). We identified two main
application scenarios (Portero, Kuchař, Vavřı́k, Golasowski
& Vondrák 2014) that support the different workload of the
system based on the flood emergency situation.
Standard Operation: In this scenario, the weather is
favourable and the flood warning level is below the critical
threshold. In this case the computation can be relaxed and
some kind of errors and deviations can be allowed. The
system should only use as much power as needed for standard operation. One batch of Rainfall-Runoff simulations with
uncertainty modelling only has to be finished before the next
batch starts. The results do not have to be available as soon
as possible, so no excess use of resources is needed.
Emergency Operation: Several days of continuous rain
raise the water in rivers or a very heavy rainfall on a small
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if the load is rebalanced appropriately). We identified two main
application scenarios (Portero, Kuchař, Vavřı́k, Golasowski
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system based on the flood emergency situation.
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favourable and the flood warning level is below the critical
threshold. In this case the computation can be relaxed and
some kind of errors and deviations can be allowed. The
system should only use as much power as needed for standard operation. One batch of Rainfall-Runoff simulations with
uncertainty modelling only has to be finished before the next
batch starts. The results do not have to be available as soon
as possible, so no excess use of resources is needed.
Emergency Operation: Several days of continuous rain
raise the water in rivers or a very heavy rainfall on a small

area creates new free-flowing streams. These conditions are
signalled by the river water level exceeding the flood emergency thresholds or precipitation amount exceeding the flash
flood emergency thresholds. Much more accurate and frequent
computations are needed in this scenario and results should be
provided as soon as possible even if excess resources have to
be allocated.
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The RTRM exposes a Run-Time Library (RTLib) (Bellasi
et al. 2015), (Bellasi, Massari, Libutti & Fornaciari 2014),
which is linked to the integrated applications. Besides controlling the execution of the application, the library transparently
monitors the application and profiles its execution. This activity is useful at both design-time and run-time. In the former
case, it serves as an informative support for the developer.
In the latter, profiling data can be used as an input to the
RTRM resource allocation policy, or external monitoring tools.
The RTLib provides the Abstract Execution Model, which
encapsulates the execution flow of the application in a way
that lets the RTRM govern its life-cycle. Generally, we can
structure an application by splitting it into several Execution
Contexts. From the RTRM point of view, an Execution Context
is seen as a task that has to be scheduled. Having more
contexts in the same application can come from the need
to schedule different parts of the application with different
priorities and resource usages. This is possible using the recipe
that is associated with specific contexts.
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To fully exploit the RTRM, the application has to be implemented in a way that allows its reconfiguration during runtime. From the RTRM side, the configuration of an application
is characterized by a set of resource requirements, and is called
Application Working Mode (AWM). Fig. 2 summarizes the
Abstract Execution Model and shows different methods that
have to be supported by the application:
•

onSetup: Setting up the application (initialize variables
and structures, starting threads, etc.).

•

onConfigure: Configuration / re-configuration code
(adjusting parameters, parallelism, resources etc.).

•

onRun: Single cycle of computation (e.g., computing a
single rainfall-runoff simulation for one Monte-Carlo
sample).

•

onMonitor: Performance and QoS monitoring.

•

onRelease: Code termination and clean-up.

onSetup method
Initialization of the framework is done in the onSetup
method. In order to allow the RTRM to carry out a correct
structure initialization, it has to support the run-time statistics
recollection.
In our experimental system, the onSetup method sets all
initial input parameters of the uncertainty model:
•

Schematization: Description of all hydrologic and geographic parameters of the modelled area.
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Fig. 2.

Diagram of the RTRM methods.

•

CN, N range and precision: Probability function and
its parameters used for generating samples of the CN
and N values.

•

Input rainfall data: Rainfall input data from the modelled area received from the meteorological gauges
and prediction models. In the experimental system,
new observed data are received every 10 to 60 minutes, new meteorological predictions are received every 6 hours.

•

•

Predicted rainfall error distribution: Probability distribution of the used rainfall prediction models’ errors
that are taken into account in uncertainty simulations.
This distribution is constructed statistically from the
past prediction results and their comparison with observed values.
Threads for uncertainty: The number of threads for
parallel Monte-Carlo method execution in each computational node.
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single rainfall-runoff simulation for one Monte-Carlo
sample).

onConfigure method
This method is called when the RTRM assigns resources
to the application for the first time or changes the allocated
resources to provide expected QoS. The RTRM selects the
most appropriate Application Working Mode (AWM) based
on the current scenario, execution environment, state of the
application and required QoS and passes it to this method so
the application can reconfigure its parameters (e.g. number
of threads, application parameters, data structures, etc.) to
properly run on the allocated resources.
In our experimental system, the number of threads for
uncertainty computation along with the number of MonteCarlo samples and modelled parameters can change during
this method. This can effectively change the amount of computation needed as well as the expected precision level of the
results.
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This method is called when the RTRM assigns resources
to the application for the first time or changes the allocated
resources to provide expected QoS. The RTRM selects the
most appropriate Application Working Mode (AWM) based
on the current scenario, execution environment, state of the
application and required QoS and passes it to this method so
the application can reconfigure its parameters (e.g. number
of threads, application parameters, data structures, etc.) to
properly run on the allocated resources.
In our experimental system, the number of threads for
uncertainty computation along with the number of MonteCarlo samples and modelled parameters can change during
this method. This can effectively change the amount of computation needed as well as the expected precision level of the
results.

onRun method
This method runs the uncertainty model with the parameters set in the onSetup and onConfigure methods (for more
information about the experimental uncertainty model see
(Golasowski et al. 2015)). Aside from the standard uncertainty
percentiles computed by the model, the method also computes
the precision of the current execution and saves it for monitoring and control purposes in the onMonitor method.
onMonitor method

and resource utilization. The solution provided in this paper
helps to decrease the power consumption and the cost of
running the system with high availability. The use of extensive
resources with high energy cost is only authorized in emergency situations that are identified automatically in run-time
using pre-specified rules. The application therefore does not
have to be reconfigured manually and can quickly react to
changes in the environment.
RTRM DEPLOYMENT ON THE HPC SYSTEM

After each computational run, the application checks
whether the level of QoS is acceptable or not. This method is in
charge of monitoring the results received from the uncertainty
model. It decides if the AWM is enough to compute the next
uncertainty loop or if different AWM has to be selected to
adapt the system to the new situation during run-time.
onRelease method
This is a finalization method that is called when the whole
application ends and contains clean-up of the used resources
and data structures. The system eventually does not have to
arrive to this point, because it is expected to be running 24/7,
but it still has to be implemented for the case when the system
has to be shut down for maintenance or updates.
Application Working Modes (AWMs)
The application also has to specify a list of its AWMs and
it has to be provided by a file called recipe which is basically
an XML file with information about each possible optimal
point (i.e. amount of memory allocated for the application,
number of allocated x86-64 cores and cluster nodes, allocation
of accelerators, etc.).
An example of AWMs for RR uncertainty modelling on
one of our testing SMP machines with 42 cores could be:
•

AW M1 for Standard Operation - basic resources
needed for simulation execution in the allotted time
- 16 cores and 8 GB of RAM. No accelerators are
used. The number of M-C samples is 1000 to ensure
good enough precision of the results while maintaining
lower resource needs.

•

AW M2 for Emergency operation - allocated CPU
and memory quotas are higher, using all available
resources of the machine 42 cores and 220 GB RAM.
GPGPU accelerator can be used by the application to
further enhance vectorized operations. The number of
M-C samples is 20000 to increase the precision of the
results.

•

AW Mi>2 : A series of intermediate optimal points or
Pareto points are set for providing other possible QoS,
i.e. intermediate numbers of Monte Carlo iterations
and required resources.

Specific AWMs for the production platform will be based
on the experiments described in the following sections.
The novelty of the developed system lies in the utilization
of the RTRM in the HPC environment for systems that
consider a trade-off between quality of the result (precision)
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To validate the use of the proposed solution, we have deployed a hybrid OpenMP (Board 2013) and MPI (Forum 2012)
implementation of the uncertainty modelling (Golasowski
et al. 2015) to the Anselm supercomputer operated by
IT4Innovations Czech National Supercomputing Center (Sliva
& Stanek 2013). The cluster contains 209 nodes each with 2
Intel(R) Sandy Bridge E5-2665 @ 2.4GHz CPU sockets with
8 cores and 20480 KB L2 cache. These nodes are equipped
with 64GB RAM and are connected by high speed InfiniBand
(3600MB/s) in a fat tree organization network. All nodes share
a Lustre parallel file system with a throughput of 6 GB/s.
The flood monitoring and prediction application runs under
a GNU/Linux operating system with the RTRM support. The
tool manages the workload of the application and will also
help in the attenuation of hardware errors in the future.
The cluster is formed by two basic types of nodes. Nodes
of the first type are standard computation nodes where executions of applications are made through a scheduler. The
job allocation in the scheduler is realized via the PBS Pro
job workload manager software, which efficiently distributes
workload across all computation nodes of the supercomputer.
The second type of nodes are the management nodes that
are used to support and monitor the system. The RTRM
infrastructure is installed on two of these nodes and any of
these two nodes can execute and monitor the application. If
one node is down, the other can replace it. The RTRM monitors
the healthiness of its both nodes and uses one of the cores for
each socket for monitoring the system and the sensors of the
platform (i.e. power, temperature etc.). Therefore, there are
only 14 real cores left for executing managed applications. If
the resources available on one node are not enough to fulfil
the QoS requirements, then the execution can also run in the
second node. If the situation becomes critical, and the system
cannot meet the requested QoS, the RTRM asks for more
resources through a special AWM. This AWM contacts the
HPC scheduler and distributes the workload to the rest of the
HPC cluster with high priority.
EXPERIMENTS IN THE CLUSTER
We have performed resource allocation experiments with
the RTRM in a single node and in multiple nodes of the cluster.
Experiments presented in the following subsections show that
model executions with 103 to 104 samples can be fitted in one
node. But when a more accurate precision is needed and the
number of samplings has to be higher than 104 , more nodes
of the cluster have to be utilized to fulfil the constraint on the
execution time.
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M-C samples is 20000 to increase the precision of the
results.

•

AW Mi>2 : A series of intermediate optimal points or
Pareto points are set for providing other possible QoS,
i.e. intermediate numbers of Monte Carlo iterations
and required resources.

Specific AWMs for the production platform will be based
on the experiments described in the following sections.
The novelty of the developed system lies in the utilization
of the RTRM in the HPC environment for systems that
consider a trade-off between quality of the result (precision)
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To validate the use of the proposed solution, we have deployed a hybrid OpenMP (Board 2013) and MPI (Forum 2012)
implementation of the uncertainty modelling (Golasowski
et al. 2015) to the Anselm supercomputer operated by
IT4Innovations Czech National Supercomputing Center (Sliva
& Stanek 2013). The cluster contains 209 nodes each with 2
Intel(R) Sandy Bridge E5-2665 @ 2.4GHz CPU sockets with
8 cores and 20480 KB L2 cache. These nodes are equipped
with 64GB RAM and are connected by high speed InfiniBand
(3600MB/s) in a fat tree organization network. All nodes share
a Lustre parallel file system with a throughput of 6 GB/s.
The flood monitoring and prediction application runs under
a GNU/Linux operating system with the RTRM support. The
tool manages the workload of the application and will also
help in the attenuation of hardware errors in the future.
The cluster is formed by two basic types of nodes. Nodes
of the first type are standard computation nodes where executions of applications are made through a scheduler. The
job allocation in the scheduler is realized via the PBS Pro
job workload manager software, which efficiently distributes
workload across all computation nodes of the supercomputer.
The second type of nodes are the management nodes that
are used to support and monitor the system. The RTRM
infrastructure is installed on two of these nodes and any of
these two nodes can execute and monitor the application. If
one node is down, the other can replace it. The RTRM monitors
the healthiness of its both nodes and uses one of the cores for
each socket for monitoring the system and the sensors of the
platform (i.e. power, temperature etc.). Therefore, there are
only 14 real cores left for executing managed applications. If
the resources available on one node are not enough to fulfil
the QoS requirements, then the execution can also run in the
second node. If the situation becomes critical, and the system
cannot meet the requested QoS, the RTRM asks for more
resources through a special AWM. This AWM contacts the
HPC scheduler and distributes the workload to the rest of the
HPC cluster with high priority.
EXPERIMENTS IN THE CLUSTER
We have performed resource allocation experiments with
the RTRM in a single node and in multiple nodes of the cluster.
Experiments presented in the following subsections show that
model executions with 103 to 104 samples can be fitted in one
node. But when a more accurate precision is needed and the
number of samplings has to be higher than 104 , more nodes
of the cluster have to be utilized to fulfil the constraint on the
execution time.

Single node results

Single node results

Fig. 3 and Fig. 4 present estimated power consumption of
the uncertainty model for 103 and 104 samples respectively.
Different points represent simulations with different CPU frequencies and various numbers of cores, which result in different execution times and appropriately consumed energy. This
leads to trade-offs for running the system with various AWMs
that represent diverse resource utilization (cores, frequencies).
The optimal values are the ones that minimize the power and
execution time but still meet the time constraints. Fig. 3 shows
the results with lower precision levels that could be used in the
standard operation scenario and several possible optimal points
are highlighted as (1a) and (1b). As the execution time limit
in the standard operation is 3600 seconds, the optimal point
1a can be selected for its lower power consumption and still
fulfil the QoS specified by this scenario. We can then define
an AWM of one or two cores and the lower CPU frequency
(1.2Ghz) based on this optimal point and the RTRM will use
this AWM for the standard scenario in run-time.
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are highlighted as (1a) and (1b). As the execution time limit
in the standard operation is 3600 seconds, the optimal point
1a can be selected for its lower power consumption and still
fulfil the QoS specified by this scenario. We can then define
an AWM of one or two cores and the lower CPU frequency
(1.2Ghz) based on this optimal point and the RTRM will use
this AWM for the standard scenario in run-time.

Fig. 4 shows the results with higher precision for the
emergency operation scenario. As the execution time limit for
this scenario is only 10 minutes, the number of optimal points
is reduced to the set highlighted as (2). This defines the AWM
with 8 to 14 cores with the maximal CPU frequency (2.6GHz).
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high precision, e.g. 105 Monte-Carlo samples.
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The overhead time between the execution with and without
RTRM is less than 10% in average, which is shown in
Fig. 5. This overhead is produced in the onConfigure and
onMonitor methods. Currently, these two methods are not very
complex and the number of lines is relatively low, but when
more complex monitoring and reconfiguration requirements are
introduced, the overhead can increase significantly. Our further
development will focus on keeping the implementation of these
requirements lean and simple to retain low overhead.

Fig. 6 compares the execution time and power consumption
of the uncertainty model with 105 M-C samples running in
the Anselm cluster. We use the cluster in the case, when
the resources of one node do not satisfy the performance
requirements of the emergency scenario. The highlighted optimal points (3) show that using 8 to 32 nodes of 16 cores
at maximum frequency is the best compromise to fulfil the
required service level with an execution time lower than 10
minutes.
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Multi-node results
One important goal of our development is that the RTRM
has to be aware of the global architecture of the infrastructure
and be able to submit urgent jobs to the cluster. Hence, when
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These results show that we do not have to strictly abide by
the two simple application scenarios (standard and emergency
operation), but it is possible to refine them further. The
system could for example provide a low energy mode for low
precipitation intensities and standard river discharges (single-
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These results show that we do not have to strictly abide by
the two simple application scenarios (standard and emergency
operation), but it is possible to refine them further. The
system could for example provide a low energy mode for low
precipitation intensities and standard river discharges (single-

node optimal point 1a), awareness mode when the weather gets
worse (single-node optimal point 1b), warning mode when the
parameters are nearing emergency (single-node optimal point
2) and emergency mode (multi-node optimal point 3).

Fig. 6. Comparison of power consumption depending on the number of nodes
(16 cores@2.4GHz) and execution time of the uncertainty model with (105
Monte-Carlo samples).

CONCLUSIONS AND FUTURE WORK
This paper presented an environment that allows to effectively run a disaster management application with high availability while trading the accepted loss of precision for lower
energy consumption in the standard operation and increasing
the number of allocated resources to provide higher precision
levels and lower execution times for emergency operation.
The uncertainty modelling module of the disaster management
application was first executed in one node of the HPC cluster
and dependency of precision on the number of Monte-Carlo
samples was measured to provide exact information about
attainable precision levels. This precision is then taken into
account in deciding the Application Working Modes that
balance the trade-offs between precision, executed time and
consumed energy for different application scenarios. Finally,
the Run-Time Resource Manager is deployed on the HPC
cluster to monitor the current workload of the platform and
select the most appropriate working mode to reconfigure the
application in run-time. The proposed process can then be used
to prepare an operational environment with high availability
while saving energy at the cost of lower precisions during
non-critical situations.
Our future work will focus on extending the implementation of the application to support GPGPU and Xeon Phi
accelerators and to improve the support of multi-node communication and monitoring. This will enable the creation of additional working modes with accelerators for high performance
computations that will lead to even shorter execution times
with high precision levels. Comparing the power consumption
of these accelerator-enabled working modes with standard
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multi-node working modes will also be of interest to further
support the run-time decisions and reconfigurations.
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CONCLUSIONS AND FUTURE WORK
This paper presented an environment that allows to effectively run a disaster management application with high availability while trading the accepted loss of precision for lower
energy consumption in the standard operation and increasing
the number of allocated resources to provide higher precision
levels and lower execution times for emergency operation.
The uncertainty modelling module of the disaster management
application was first executed in one node of the HPC cluster
and dependency of precision on the number of Monte-Carlo
samples was measured to provide exact information about
attainable precision levels. This precision is then taken into
account in deciding the Application Working Modes that
balance the trade-offs between precision, executed time and
consumed energy for different application scenarios. Finally,
the Run-Time Resource Manager is deployed on the HPC
cluster to monitor the current workload of the platform and
select the most appropriate working mode to reconfigure the
application in run-time. The proposed process can then be used
to prepare an operational environment with high availability
while saving energy at the cost of lower precisions during
non-critical situations.
Our future work will focus on extending the implementation of the application to support GPGPU and Xeon Phi
accelerators and to improve the support of multi-node communication and monitoring. This will enable the creation of additional working modes with accelerators for high performance
computations that will lead to even shorter execution times
with high precision levels. Comparing the power consumption
of these accelerator-enabled working modes with standard
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ABSTRACT
An attempt is made to simulate the disclosure of underground soldiers in terms of theory of networks. The coupling
mechanism between the network nodes is the possibility that
a disclosed soldier is going to disclose also his acquaintances.
We calculate the fraction of disclosed soldiers as dependent
on the fraction of those who, once disclosed, reveal also
their colleagues. The simulation is immersed in the historical
context of the Polish Home Army under the communist rule
in 1946-49.
INTRODUCTION
In the long-lasting discussion about how predictions are or
may be possible in social sciences (Popper 1963, Moss &
Edmonds 2005, Silver 2012) scholars agree that the conditions
of a successful prediction are tough and rarely satisfied. In
(Popper 1966), the following warning has been formulated
by Karl Popper: ‘science can predict the future only if the
future is predetermined — if, as it were, the future is present
in the past, telescoped in it’. This means in particular, that the
system to be predicted should remain stationary and isolated
from external factors which could destroy the accuracy of the
intended prediction. As stated by Popper, these requirements
are not met by the modern society. In more recent writings
and presentations (Moss & Edmonds 2005, Edmonds 2014),
Bruce Edmonds indicates that predictive models of complex
(as social) systems are rare, and that models which only
pretend to be predictive can actually be dangerous in untrained
hands of stakeholders. In the conclusions of an influential
book on predictions (Silver 2012), Nate Silver writes: ‘There
is no reason to conclude that the affairs of men are becoming
more predictable. (...) The same sciences that uncover the
laws of nature are making the organization of society more
complex’. The power of the Silver’s method seems to be a
very careful data analysis for issues where a prediction is
possible, leaving other issues aside, and his mastery is to
distinguish these two kinds. Adherents of social simulations
often provide sets of rules, which have to be complied with
to get a credible outcome (Moss & Edmonds 2005, Helbing
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& Balietti 2011, Edmonds & Meyer 2013). When faced with
these warnings and caveats, it is tempting to expand the list
of examples, yet short, where a prediction is possible.
We are going to discuss a situation when the complexity
of decisions is limited by the pressure of an external power.
Once basic human needs are threated, one can expect that main
interest and activity will be directed to minimize the threat. In
particular, when an individual’s safety is at risk in conditions
of limited information, the strategy of minimizing the maximal
loss (minimax) is the most straightforward solution. In our
case, this strategy was equivalent to an active collaboration
with the regime. This is our main assumption here. On the
contrary to many social phenomena, here the context makes
the problem simpler.
We propose to consider a historical example: the social
network of soldiers of the Home Army (Armia Krajowa,
AK) in Poland, conscripted to regular army under Soviet
command in late 40’s. In this network, node X is connected
to node Y (a link from X to Y) if X knows the partisan
activity of Y. Accordingly, X can inform against Y to the
communist security service. The problem of the fraction of
soldiers who will be revealed is discussed here in the frames
of the percolation theory on networks (Stauffer & Aharony
1992, Newman 2002, Hamilton & Pryadko 2014). Although
these frames are clearly more wide, than the particular issue
taken from history of Poland, we concentrate on this example
to include the cognitive and social contexts (Edmonds 2012)
to the model. In our case, these are: the Stalinist reality
encoded in norms and expectations, and the relations of power.
Although the generality of the model approach is narrowed in
this way, these contexts allow to fix and justify the model
assumptions.
The aim of this work is an analysis of the time evolution of
the political attitudes of the soldiers, with particular attention
to the conformist behavior of some of them with respect to the
communist power. Although this problem is precisely located
in the past history, it is relevant for similar phenomena, both
those in more remote and those in more contemporary times.
In our case, we are going to trace the path from a partisan of
the Polish Underground State to an informer of the communist
secret police.
Our method includes a reconstruction of personal power
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networks (PPN) of the soldiers, based on writings of Polish
historians (Kersten 1991, Tkaczew 2007, Wieliczka-Szarkowa
2013). This step is motivated by the concept of figurations,
as introduced by Norbert Elias (Elias 1978). By a personal
power network of node X we mean a set of ties to X from
persons who have some kind of power over X. Links in these
networks mean the relations of power of different kinds, from
a threat of life to a referent power including, in a broader
sense, family ties. Subsequent decisions of the soldiers are
described in terms of the decision trees (Gladwin 1989), with
information — at their time — incomplete.
In the next two sections we make an attempt to highlight
the context. Further, we try to reconstruct the personal power
networks of a soldier, and we propose a scheme of questions
which should be posed to know if a respondent is going
to disclose himself as an ex-partisan, to join the communist
party and to inform about his colleagues. This scheme is
presented as a decision tree. We analyse briefly what could
be the answers, provided that the respondent tries to minimize
his maximal loss and that he tells true. The coupling of the
soldiers’ decisions makes a space for a simulation, performed
in terms of theory of networks. Final conclusions close the
text.
THE COGNITIVE CONTEXT: THE STALINIST
REALITY
In 1943, the underground AK in Poland had about 200
thousands of soldiers (Kersten 1991). Fighting against the
Germans, some AK groups happened to cooperate with the
Red Army; yet, as the front moved west, these groups were
disarmed by the People’s Commissariat for Internal Affairs
(NKVD). The AK privates have been directed to the Polish
military units (WP) fighting against the Germans under Soviet
command, the AK officers have been arrested. Military actions
of AK against the Red Army has been ruled out by the AK
headquarters. In May 1944, the Soviet authorities ordered a
general mobilization of all Polish men between 18 and 55
years old. In July 1944, Polish communist security forces of
about 20 thousands have been created by NKVD. Both these
bodies concentrated on chasing after AK soldiers; between
July and December 1944, about 30 thousands of them were
arrested. New penal code of WP allowed to try civilians in
political cases, with the death penalty for having a radio or
for not informing the communist authorities about what what
the latters considered as ‘criminal’ actions.
In July 1945, an amnesty was declared, which however did
not apply to commanders who did not disclosed themselves
and their subordinates. Some AK high-rank commanders accepted the amnesty conditions and asked others to disclose.
In June 1946, a referendum was carried out to prove national
support for the communists, and the results were falsified by
them. In January 1947, national elections have been organized,
with simultaneous terror, arrests and murders of political
opponents. One month later, the second amnesty released
about 25 thousands of prisoners sentenced for less than 5
years. Those who disclosed themselves were promised to set

free. In summer 1948, the disclosed soldiers have been arrested
again, many of them subjected to torture during investigations.
Parallel to these processes, the communist policy evolved
from the coalition of all ‘non-fascist’ parties in 1945, with AK
excluded as a fascist one, to a split and gradual elimination
of the agrarian Christian democrats (PSL) and the socialists
(PPS). Finally a split of the communist party itself (PPR)
appeared, and its moderate faction has been deprived of power
in 1948. The remains of PPS were absorbed by PPR in 1948.
THE SOCIAL CONTEXT: THE RELATIONS OF
POWER
In each army unit in Poland, the counter-intelligence objectives are performed mainly by the security officer, appointed to
protect the unit (obiektowy oficer informacji, OOI); this role
has not changed since 1945 (Tkaczew 2007). Everywhere in
the world, the task of counter-intelligence officers is to know
everything what could be important for the security of actions.
In WP in the 40’s, this role was understood as to eliminate ‘the
hostile element’. Between October 1944 and October 1946,
soldiers of AK were qualified to this category by definition;
the same practice was renewed after October 1947. Persons in
this category have been subjected to a continuous investigation,
their promotions have been blocked or delayed, and often they
were dismissed from the army.
OOI has been responsible for the control of political conduct
of all soldiers, except the unit commander. Yet, although OOI’s
have been obliged to inform the unit commander about his
results, the content of this information had to be arranged
within the political section, a kind of a state in a state. It
was the duty of OOI’s to collect a set of unofficial informers
(nieoficjalny współpracownik, NW). Basically, the network
of NW’s could not contain loops; NW’s did not know each
other, then nobody knew if his colleague or interlocutor was
going to denounce him to communist authorities. OOI’s have
been controlled precisely, and they had to carry out a detailed
documentation of all their actions. OOI’s have been assessed;
an inefficient officer could be dismissed or even sentenced to
imprisonment (Tkaczew 2007). Their work was also accounted
for by PPR; a refusal to join this party automatically qualified
an OOI as a hostile element. Therefore, the fraction of OOI’s
who were PPR members increased from 51 in December 1946
to 88 in December 1948. We note also that central command
of the information service has been controlled by the officers
of counter-intelligence agencies of the Red Army (SMERSH).
These facts indicate, that OOI’s have been played a main
role in the personal power networks of our set of AK soldiers
in WP. Their power — the ability to influence soldiers’ actions
— was greater than the power of the commanders, as the rules
of the latter were commonly known and limited by detailed
military regulations.
PERSONAL POWER NETWORKS
A PPN for a soldier of AK can be reconstructed only as
a standard one; we assume that the variations of PPN’s from
one soldier to another can be taken into account only in the
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statistical sense, as explained below. The list of ties in such
PPN of a soldier includes his direct commander and his OOI,
but also his subordinates, his family and — last but not least
— his acquaintances from AK. Although contacts with the
last group have been certainly less vivid, the awareness about
a possible threat of their disclosure was certainly unrelenting.
Actually, these latter ties are the only essential ones for the
dynamics of our system. The ties with the family can be
qualified as the referent power (Marshall 1998); they have
provided a motivation to live, to protect these nears and dears,
to plan the future, to make a career. On the other hand, the ties
with the commander and even more with OOI have ensured
that once a soldier broke the communist rule or would be
denounced, his career, his freedom and perhaps even his life
are finished. (Here there is no need to specify the details of
fates of those accused and condemned.) Both these kinds of
ties do not constitute independent variables, but rather they
should be treated as the context. The ties with the subordinates
in WP can be roughly qualified into the two above contextual
kinds. The actual evolution of the system takes place between
the soldier and his colleagues from AK; who is going to
disclose? whom he will denounce?
A sketch of the resulting PPN is shown in Fig. 1. The structure of the relevant links between the soldiers of AK remains
unknown. One could imagine that in 1943, this structure was
yet closer to a hierarchical one, as such was the organizational
structure of underground AK structure. However, between
1946 and 1950 many high-rank AK commanders have been
already disclosed. We believe that it is more appropriate to
assume that the network topology is close to an uncorrelated sparse random network, as the Erdős–Rényi network
(Hamilton & Pryadko 2014). The arguments are as follows:
i) in an underground army, soldiers have been hidden under
pseudonyms, what makes the network of eventual mutual
disclosures much more sparse and less clustered; ii) for the
sake of safety, in this network hubs did not appear; high-rank
officers known from their legal activities before WWII have
been quickly arrested or they managed to emigrate. Here we
add that in a more clustered network, the process of disclosure
is less likely to stop at the tree-like branch, where an agent
A may appear. Therefore, in a more clustered network the
process is even more abrupt. Yet to verify the hypothesis on
the network structure, an extensive analysis of tens thousands
of dossiers would be necessary, what remains out of the frames
of this paper.
THE DECISION TREE
The task of the construction of a decision tree includes the
formulation of the decision criteria: questions which should
be asked as to distinguish between those who are going
to make different decisions. Although the method is termed
‘qualitative’ in (Gladwin 1989), its accuracy can be evaluated
in numbers; this is the fraction of those respondents who
make the decision in agreement with what has been predicted
according to their answers for the questions.

family

OOI

soldier

soldier
OOI

OOI

family

soldier
family

family

soldier
OOI
Fig. 1. A personal power network (PPN) of a soldier. Directed links mark
the contextual influence of the soldier’s neighbors, family and communist
security services (OOI). The link from the subordinates is omitted for clarity
of the picture. The links from/to neighbor soldiers are left undirected, as their
bidirectional character is important here. They are of dynamic character in the
sense that we are interested in the soldier’s decisions and how the consequence
of these decisions spread along the network. On the contrary, the roles of the
family and of the OOI are fixed.

In our case, the standard method of an evaluation of these
questions (a check of the respondents’ decisions) is very
difficult because the lag of time — even if soldiers of AK are
still alive, both their answers and their memories have been
transformed by later events. Moreover, even if the research is
conducted in late 40’s, it would be likely that an untrustworthy
pollster would get a bullet through his head. Indeed, when a
truthful answer threatens the respondent’s life, it is hard to
imagine an objective research. Yet, the same concerns several
groups in the contemporary world; to allude to these groups
is our motivation here.
According to (Gladwin 1989), the groups to be inquired
as to form the proper questions should include persons who
answer and decide in different ways. Our method here is to
replace respondents by documents; then we use both letters
between AK authorities and communist officials (Dmowski
2012), written of necessity in an official language, and descriptions (Wieliczka-Szarkowa 2013) of actions of partisans
written without any censorship. Even a cursory reading reveals
a deep split between the ideas in writings and even the
languages of documents which represent the two rival political
orientations, and this split is perhaps the most important characteristics of Polish political life at that time (Kersten 1991).
Despite this, our questions should be formulated in a language
which could be accepted by a respondent who could give
virtually any answer. Yet, two points make our task feasible: i)
the logic structure of the decision tree is based on the answers
‘yes’ or ‘no’, ii) the answer ‘no’ at a given level excludes
the respondent from the further investigation. The proposed
decision tree are shown in Fig. 2.
The relations with colleagues from AK can serve to highlight the collective character of the process in the first two
levels of decisions: to disclose or not and to join the com-
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THE OUTCOMES OF DECISIONS

What conditions would be necessary
for you agree to disclose your activity in AK?
...
Are these conditions satisfied?
no
threat of life

yes
What about joining the party?

no
’hostile
element’

yes
Comrade X, will you work for us?
no
?

yes
safety?

Fig. 2. The decision tree of a soldier. Subsequent levels mark the sequence of
questions and roles. The first question is descriptive; the dotted box contains
the answer with the description of a personal context. Although the role of this
box is only intermediate in the soldier’s decisions, it is placed in the tree to
mark that the dialogue could not be limited to the question about disclosure.
The outcomes are marked as ellipses. ‘Hostile element’ means being qualified
as such. The outcomes could not be expressed as payoffs, because of the lack
of information.

munist party (PPR or its successor since December 1948, the
Polish United Workers’ Party) or not. This collective character
is related to the correlations between the fates of soldiers
who know each other; once X is investigated, it is likely that
he informs about his acquantances Y and Z, those in turn
inform about their neighbors etc. We should note that in the
documents signed by the AK authorities (Dmowski 2012), the
conditions of the amnesty of 1945 do not contain any demand
of revealing other persons. Despite that, the legal regulation
demanded that a soldier revealed all his subordinates (Journal
of Laws of the Republic of Poland, No. 18, It. 172 1945). Also,
during any trial the policy of the communist functionaries was
to reveal officers (Kersten 1991). As a consequence, many
disclosures snowballed. In principle, this kind of processes
can be described in terms of the percolation theory (Stauffer
& Aharony 1992). In a nutshell, consider the probability p that
one disclosed soldier informs about the other one. If p is larger
than some critical value pc , a large part of the network will
be disclosed. The actual value of pc depends on the network
topology; in uncorrelated networks, as is the Erdős–Rényi one,
pc = hki/(hk 2 i−hki), where hki (hk 2 i) is the mean (squared)
number of neighbors of a soldier in the network (Hamilton &
Pryadko 2014). The link to the percolation leads to the analogy
with modeling epidemics in networks (Kenah & Robins 2007).
Another link to simulations is the equivalence of our problem
to the N -person Prisoner’s Dilemma (Straffin 1993), which
has been investigated in various variants, e.g. (Kułakowski &
Gawroński 2009).

As an outcome of the particular decisions, the related
payoffs should be determined, and the decisions should be
evaluated by a comparison of the payoffs. However, in our case
this procedure cannot be applied for two reasons. First is that
the information of our model decision-maker is so limited that
even the probabilities of particular events cannot be evaluated
by himself. Hence, the same applies to his payoffs. Second is
that these decisions are made in the heavy condition of life
threat, and therefore the related emotions cannot be excluded.
It is likely that the strategy of a soldier is to minimize his
maximal loss (Straffin 1993).
To remain undisclosed was equivalent to suffer a continuous
fear that the partisan activity during the war would be revealed.
The risk was high: to be imprisoned, perhaps murdered, with
tough consequences also for the family. On the other hand,
those who disclosed themselves had to resist an ostracism of
those who did not (Dmowski 2012). Yet, the needs of respect
and belongingness are less fundamental than the need of safety
(Maslow 1943), and the former two are activated only if the
latter is satisfied.
Once a soldier was disclosed, his relations with his former
colleagues had been weakened, and gradually lose value. In his
plans for the future looking forward to WWIII, common at that
time in Poland (Paczkowski 2003), was replaced by a vision of
a coexistence with the communist power and institutions. Also,
in official media the gain control of PPR over PPS has been
presented as a fusion of two equivalent parties; we note that
PPS had been more socially accepted. Hence the membership
of both parties increased much at that time (in thousands:
in December 1944 PPR 34, PPS 5; in December 1947 PPR
820, PPS 713) (Kersten 1991). Those who remained non-party
could expect to be passed over in promotions, of delays in
being allotted a flat etc. When trying to remove their labels
as ‘a hostile element’, to join the ruling party seemed a most
straightforward way.
Finally, in the late 40’s there was no barriers for the activity
of OOI’s in WP (Sawicki 2008); it is only after the thaw
in 1956 that the drawing of party members into the role of
informers has been limited. Consider an ex-AK soldier, with
a dossier incriminated in eyes of the ruling power, now a
member of the communist party, untrustworthy both for his
colleagues in WP (as nobody was trustworthy there) and for
his former social environment. What are his cons and pros
if he is asked, more or less arbitrarily, by an OOI of his
unit, to contact from time to time? How could he evaluate the
risk of consequences when his answer is ‘no’? With ‘yes’, he
could count on at least neutrality of the apparently omnipotent
counter-intelligence services. On the other hand, he could hope
that his new role as NW would remain in secret. Many refused,
but not all of them. In December 1946, the proportion of NW’s
in the officer corps of WP was 1:12. In subsequent years, this
proportion has systematically increased till 1:5 in December
1949 (Tkaczew 2007). We have no data on the fraction of
the ‘hostile elements’ in this group. However, according to
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THE OUTCOMES OF DECISIONS
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his former social environment. What are his cons and pros
if he is asked, more or less arbitrarily, by an OOI of his
unit, to contact from time to time? How could he evaluate the
risk of consequences when his answer is ‘no’? With ‘yes’, he
could count on at least neutrality of the apparently omnipotent
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that his new role as NW would remain in secret. Many refused,
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in the officer corps of WP was 1:12. In subsequent years, this
proportion has systematically increased till 1:5 in December
1949 (Tkaczew 2007). We have no data on the fraction of
the ‘hostile elements’ in this group. However, according to
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the order from 9 December 1948, each NW qualified as a
hostile element had himself to be subject of an observation
(Tkaczew 2007). This indicates, that the number of those
people was at least noticeable.
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The interdependence of the probabilities of disclosing two
soldiers connected in the network makes place for an application of statistical mechanics and simulations. If the whole
effect can be reduced to a direct influence of one soldier to
another, then the fraction of the disclosed soldiers can be found
by a direct application of the percolation theory, as a size of the
largest connected cluster (Stauffer & Aharony 1992). However,
we have also another mechanism: a soldier could disclose
himself without any relations to his neighbour colleagues.
These people activate further avalanches of disclosing soldiers,
which spread along the network ties. The proportions of these
two mechanisms remains unknown. What we can demonstrate
is the joint consequence of both of them, with their efficiencies
as the parameters of the calculation, for the network topology
assumed to be of Erdős–Rényi type (Bollobás 2001). The
results are to be taken as an illustration of the discussed effects
rather than a quantitative evaluation. This kind of interpretation
remains in accordance with the famous statement of Richard
W. Hamming: ‘The purpose of computing is insight, not
numbers’ (Hamming 1973). We note on the margin that the
question most important for an individual soldier: ‘what is
the probability that I will be arrested’, has only recently been
recognized as a NP-hard problem (formulated in terms of
epidemics) (Shapiro & Delgado-Eckert 2012).
To be more specific, we assume that in our model network,
there are three kinds of soldiers. Soldiers of type A do not
disclose themselves; also, if they are disclosed, they do not
reveal what they know about their neighbours. Soldiers of
type B do not disclose themselves, but — once disclosed —
they inform about their neighbours. Soldiers of type C disclose
themselves and inform about their neighbors. These three types
are initially distributed randomly in the Erdős–Rényi network
of N nodes, with their numbers NA , NB and NC , and their
fractions nA ≡ NA /N , nB ≡ NB /N and nC ≡ NC /N ,
respectively. Given NC , we ask how many soldiers will be
disclosed?
The results are shown in Figs. 3-5. Fig. 3 provides the
overall data: the fraction nD ≡ ND /N of disclosed soldiers in
the whole population. In Fig. 4, we show the same proportion
ND /N as dependent on the ratio (NC + NB )/N , with an
assumption that NC is a small number; here we put NC = 3.
The results indicate, that if the attitude of type B is frequent,
a small number of ‘spontaneous disclosers’ leads to the
disclosure of the practically whole network. Note that the
results for larger networks are more representative, because the
statistics is better. As we see, once the percolation threshold
(equal to 0.2 for the mean degree hki = 5) is exceeded, the
results increase very quickly, before they stabilize for longer
times. In Fig. 5, we show three trial examples of the time
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Fig. 3. The fraction ND /N ≡ nD of the soldiers in the network who
are disclosed as dependent on the fraction y ≡ NC /(NC + NB ) of those
who disclose (themselves and their neighbours) spontaneously (NC ) in the
set of those (NB + NC ) who disclose themselves and their neighbors, both
spomtaneously and when disclosed. The curves are related to increasing NB
from bottom to top. The simulation is for N = 1000 nodes with mean degree
hki = 5, and the results are averaged over Nrun = 100 runs.

Fig. 4. The fraction of the soldiers in the network who are disclosed as
dependent on nB + nC = (NB + NC )/N , for given (and small) value of
NC = 3. As we see, for NB /N large enough, almost the whole network is
disclosed even for small values of NC . The transition becomes more sharp
for larger networks.

dependence of the number of soldiers revealed to communist
officials.
DISCUSSION
To summarize, we argued that a reasonable agent should i)
disclose himself, ii) join the communist party, iii) accept the
role of NW. We could add one point more: try to defect to
the West, but this option is not discussed here. The results
of our simulation indicate, that once these actions have been
made in social scale, only a small part of the network of the
soldiers could remain uncontrolled by the communist power.
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kill us. What we want is knowledge, how to improve our
unknown future. This task needs belief and hope; both of
minor intellectual reputation, but both necessary to survive
hard times. On the other hand, the reader can ask what is the
value of a prediction if we know that our soldiers just had
no another choice? Here our answer is that it is not good to
limit the research only to very difficult examples. According
to Karl Popper, ‘the main task of the theoretical social
sciences (...) is to trace the unintended social repercussions
of intentional human actions’ (Popper 1963). Then, some
repercussions should be intended; as such, they have to be
predictable by the wide audience.
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Fig. 5. Three exemplary curves of the time dependence of the fraction nD ≡
ND /N of the soldiers in the network who are disclosed for NC = 1, for
three values of (NB + NC )/N ≈ nB = 0.3, 0.5 and 0.7. The network size
is N = 1000.

Concluding, the historical process of gaining control by a
prevailing power over opposing groups of people is discussed
in terms of percolation theory. We have mentioned political
and psychological conditions and mechanisms which made the
process inevitable. In our opinion, in some countries similar
mechanisms are active also today.
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This is a consequence of the ‘small-world’ property of social
networks (Bollobás 2001). The processes described above have
been understandable and they should be taken into account,
when evaluating the dynamics of social choices in Poland
between 1945 and 1949. Moreover, an interplay of incomplete
information and of threats of basic human needs is a common
component of life in (too) many current societies. The strategy
of minimizing the maximal loss seems to provide a key to
understand decisions of their members.
Two more general afterthoughts related to predictions of
social phenomena seem to be appropriate here. First is that
to predict what people will do, it is highly recommended to
contact them and try to understand the way they think. This
is not a sufficient condition, but in some circumstances the
method can be efficient. As we already noted after Christina
H. Gladwin, the accuracy of prediction can be evaluated
quantitatively. It is somewhat strange that the method is termed
as qualitative by the author of (Gladwin 1989) herself. In
this work, we substitute the direct contact with the soldiers
by analysis of documents; the historical situation at the time
was so explicit that the obtained information is sufficient.
The second thought is that predictions of social phenomena
are idiographic. A mechanical coupling of causes and effects
which could be a base for a nomotetic regularities, even if it
happens to appear, is just not interesting for social scientists.
This statement is just another way of talking about the validity
of the context.
It seems justified to say that our example is overloaded
with the context. Yet, there are two paradoxical aspects here.
On one hand, basically all what we know today about the
Soviet policy in late 40’s was clear after the famous paper by
George F. Kennan, published in 1947 (Kennan 1947). How
so many brilliant minds in West and East, not only in Poland,
could trust Stalin even much later? The answer is bitter. What
we want is not a prediction; the truth about our future could
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Sawicki, W. (2008), Osobowe źródła informacji organów bezpieczeństwa
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immediacy. We will focus on resiliency in this paper,
and show how the order book recovers after limit
orders disappeared due to market transactions.
When a trader executes a market order, the
transactional price may divert from the best available
price (best bid price for a market sell order or the best
ask price for the market buy order) in the limit order
book. This can happen in the case, if the market order
is larger, than the amount of orders available on the
best limit price level in the book. In this case the
market order will be fulfilled on more than one price
levels. If a market is illiquid, it means that the number
of orders in the limit order book is low, so a large
market order will be fulfilled on several price levels in
the limit order book, which will cause the implicit cost
of trading to be high. Implicit cost of trading refers to
the margin between the immediately executed
transactional price and the mid price (the price halfway
between the best bid, and best ask price). We will focus
on how fast the implicit cost of trading reverts back to
the level describes the normal times after a shock on
the market. It is crucial for the market players to know
the duration of the correction and the possible long
term effects of this kind of shocks.
Our paper is built up as following: first, we introduce
the theoretical background of market resiliency,
secondly we show with a descriptive statistical analysis
the data we use in our estimation then we describe the
statistical method, the vector-autoregressive (VAR)
model we have used in the next chapter. The fourth
part will show our results. Finally, the last section
summaries our results and conclusions.

KEYWORDS
Resiliency, market liquidity, limit order book, vectorautoregressive model
ABSTRACT
Market liquidity has an important role in trading on
stock markets, since on illiquid markets the implicit
cost of trading can cause notable losses for the
investors. Therefore market participants should always
measure the liquidity of the markets, which they can
carry out in two ways, in a static and in a dynamic
form. The most commonly used liquidity measures –
bid-ask spread and the turnover – quantify liquidity
statically, and there are only a few ways to measure
liquidity dynamically. In this paper we will introduce a
method which enables the market participants to
analyse the liquidity of a market in a dynamic
framework. We will use a vector-autoregressive
estimation and simulation method to show how the
liquidity of the market recovers after a shock happens
on the market, namely we will measure the resiliency
of the market.
INTRODUCTION
In this paper we empirically investigate the resiliency
of the order-driven markets concentrating on the
structure of the limit order book. We define resiliency
as the feature of the market in which new orders flow
quickly to correct liquidity of the market after a shock.
In other words, the recovery process of the order book
in response to a temporary order imbalance. A
temporary order imbalance can be the result of an
aggressive market order or series of market orders
which are being fulfilled against large number of limit
orders in a very short period.
Market resiliency is known as one of the characters of
market liquidity. While numerous studies concern with
the static dimensions of liquidity namely tightness,
depth or breadth, (e.g. BIS (1999) or Sarr and Lybek
(2002)) relatively low numbers of papers discuss the
dynamic dimensions of liquidity, the resiliency and
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THEORETICAL BACKGROUND
We briefly review the most important theoretical
models related to market resiliency, focusing on the
different definitions researchers give for resiliency and
the main empirical contributions and findings
regarding resiliency, especially the VAR approach
used for studying resiliency and the shape of the limit
order book.
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Our paper is built up as following: first, we introduce
the theoretical background of market resiliency,
secondly we show with a descriptive statistical analysis
the data we use in our estimation then we describe the
statistical method, the vector-autoregressive (VAR)
model we have used in the next chapter. The fourth
part will show our results. Finally, the last section
summaries our results and conclusions.
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ABSTRACT
Market liquidity has an important role in trading on
stock markets, since on illiquid markets the implicit
cost of trading can cause notable losses for the
investors. Therefore market participants should always
measure the liquidity of the markets, which they can
carry out in two ways, in a static and in a dynamic
form. The most commonly used liquidity measures –
bid-ask spread and the turnover – quantify liquidity
statically, and there are only a few ways to measure
liquidity dynamically. In this paper we will introduce a
method which enables the market participants to
analyse the liquidity of a market in a dynamic
framework. We will use a vector-autoregressive
estimation and simulation method to show how the
liquidity of the market recovers after a shock happens
on the market, namely we will measure the resiliency
of the market.
INTRODUCTION
In this paper we empirically investigate the resiliency
of the order-driven markets concentrating on the
structure of the limit order book. We define resiliency
as the feature of the market in which new orders flow
quickly to correct liquidity of the market after a shock.
In other words, the recovery process of the order book
in response to a temporary order imbalance. A
temporary order imbalance can be the result of an
aggressive market order or series of market orders
which are being fulfilled against large number of limit
orders in a very short period.
Market resiliency is known as one of the characters of
market liquidity. While numerous studies concern with
the static dimensions of liquidity namely tightness,
depth or breadth, (e.g. BIS (1999) or Sarr and Lybek
(2002)) relatively low numbers of papers discuss the
dynamic dimensions of liquidity, the resiliency and
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THEORETICAL BACKGROUND
We briefly review the most important theoretical
models related to market resiliency, focusing on the
different definitions researchers give for resiliency and
the main empirical contributions and findings
regarding resiliency, especially the VAR approach
used for studying resiliency and the shape of the limit
order book.
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on bid and ask prices in the short run. Similarly,
Escribano and Pascual (2006) conclude that an
unexpected buy order has a bigger effect on average on
the ask quotes, than an unexpected sell trade on the bid
quote, since the buyer initiated trades are more
informative. They also emphasize that it is worth to
model the bid and ask prices together instead of
modeling only the mid-price, because it causes serious
loss of important information.
Coopejans et al. (2003) analyzes the stochastic
dynamics of liquidity and its relation to returns and
volatility in a VAR model. They find that the volume
and liquidity is concentrated in certain points in time,
so strategic order placement has a value, moreover they
have shown also, that liquidity is clustering, which
means that if liquidity increases on one side of the
book, it will increase on the other side as well. Another
interesting result was that they have pointed out, that
shocks in liquidity elapses quickly, so resiliency is high
during shocks, while the shock in volatility has a
contemporaneous and persistent effect on liquidity.
Hmaied et al. (2006) estimated also a VAR model to
analyze resiliency. By their results, there is a dynamic
relationship between spread, depth and volatility;
buyers are likely to be more information motivated
than sellers, and they behave differently; and finally,
the impulse response analysis shows that shocks are
absorbed more quickly for frequently traded stocks
than for infrequently traded ones.
Another notable research on the field of resiliency that
uses a VAR model is carried out by Wuyts (2011). In
his VAR model he incorporates different dimensions of
liquidity, by having various liquidity indicators in the
model. He proposes that in a market, where there isn’t
a market maker, who would ensure the proper liquidity
of the market, the market is resilient. He confirms this
statement by showing that each liquidity indicator he
analyzes (depth at the best prices, spread, order book
imbalances) reverts to a steady-state value within 15
orders after a shock. His other interesting result in
respect to our research is the effect of the shock on the
ask and the bid side of the order book is not the same.
He states that the effect of the shock on the ask side is
stronger.

Market resiliency definitions
The first researcher who was dealing with defining
resiliency was Garbade (1982). He defined a market
resilient, if new orders pour in promptly after a
temporary order imbalance. In contrast Kyle (1985)
and Harris (2003) emphasized analyzing the market
price instead of the order flow. Kyle (1985) stated that
the resiliency is the speed with which pricing errors
caused by uninformative order flow shocks are
corrected or neutralized in the market. While Harris
(2003) defined resiliency nearly the same way, since he
said that resiliency shows how quickly prices revert to
former levels after they change in response to large
order flow initiated by uninformed traders.
Finally, we highlight two more notable definitions,
which are quite different from the earlier. Foucault et
al. (2005) defined resiliency with a probability. They
stated that resiliency is the probability that after a
liquidity shock, the spread reverts to its former level
before the next transaction. While Dong et al. (2007)
have observed a mean-reversion parameter in the
stock's pricing-error process, and defined resiliency
with this parameter.
Based on the literature, we give a new definition on
resiliency, since in our research partly our goal was to
complete the notion of resiliency of the order driven
market. We defined resiliency as the recovery process
of the limit order book in response to temporary order
imbalance, by quantifying how fast the implicit cost of
trading reverts back to the level describes the normal
times.
Empirical findings
VAR models are often used in market microstructure
research to model resiliency. Among the pioneers,
Hasbrouck (1991) analyses the impact of large trades.
He founds that the impact arrives with a lag and it is
higher when the asset is not frequently traded, or if the
trade size is large, or the market spread is wide. Later,
Dufour and Engle (2000) extend the model of
Hasbrouck (1991), by incorporating the duration
between the consecutive trades to exploit information
for modelling the price and trade dynamics. Their
empirical model proposes that the market is more
active when increased ratio of informed traders present
in the market. When frequency of the transactions
increases the price impact of trades and the speed of
price adjustment to trade related information also
increase. Moreover, the speed-up positively affects the
positive autocorrelation of signed trades.
Engle and Patton (2004) take also on the approach of
Hasbrouck (1991) by modeling the dynamics of bid
and ask prices rather as a system than a single midquote variable. According to them, short duration and
medium volume trades have the largest impact on
quote prices, the spread is mean-reverting, and traders
have a greater impact on quotes in both the short and
long run for the infrequently traded stocks. They also
find evidence for a strong asymmetric impact of a trade

DATA
Our dataset is provided by the Budapest Stock
Exchange, and contains the intraday event-based – but
aggregated if more than one event has occurred within
one second – data of the most liquid Hungarian stock,
the OTP for 2013. OTP is from the banking sector with
a capitalization of 4.4 billion EUR. The average daily
traded volume for the OTP is 16.5 million EUR. The
dataset contains the Adverse Price Movement (more
details about the Adverse Price Movement: Gomber
and Schweikert, (2002)) data for the ask and bid sides
of the limit order book, for eleven different order sizes,
for those seconds of trading, when there was any kind
of change in the order book. It means that each row in
the dataset is reported, when there is a market buy/sell,
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limit bid/ask, or a cancellation on the ask/bid side of
the book. Therefore we are able to trace back from the
dataset what has happened on the market, since we
had turnover data, and we had information also about
the order book, namely that what is the total value of
order on the ask/bid side.
In Table 1 we show the daily number of orders in 2013
for the OTP. The mean and median daily number of
orders can be seen, also the standard deviation of the
orders, and those two data, that had the maximum and
minimum number of a certain order at one day.

Table 3 shows the average time elapses between two
same types of orders. It can be seen that in every 30
seconds there is at least one market buy and sell, one
limit bid and ask order and one cancellation on both
sides of the book. Based on the data of Table 3, the
average duration between two consecutive events is
around 2-3 seconds. This means that it is appropriate to
use our database for our analysis, since there are only a
few cases in our database when there was more than
one event within one second.
Table 3: Time elapsed between the same types of
orders

Table 1: Number of orders per day
OTP, 2013
mean

median

sd

min

max

Market
orders
Limit bid

1,233

1,077

694

324

6,608

1,289

1,155

610

393

4,939

Limit ask

1,177

1,114

436

306

3,098

Market
buy
Market sell

615

519

401

138

3,950

620

552

311

188

2,666

Cancel bid

542

501

240

173

1,692

Cancel ask

440

421

161

118

Market buy

46.6

15.0

Market sell

26.2

16.0

Limit bid

22.2

10.0

Limit ask

24.4

12.0

Cancel bid

53.0

23.0

Cancel ask

65.2

29.0

Table 4: Spreads and trading volume
OTP, 2013
mean
midprice (HUF)
bid-ask spread (bp)

Table 2: Value of orders per event

trading volume (THUF)

median

sd

4,581

4,564

265

9.6

8.4

6.6

3,831

1,446 10,900

Based on the literature we have also analyzed the
seasonal patterns of the different order types. In the
analysis we have considered the seasonality of the
number of orders instead of the total volume of the
orders, since in our analysis the dynamics of the
different order submissions, not the volume of the
trades is important. On Figure 1 we show the daily
patterns of the different orders.
In case of the market orders, the most intense order
submission can be seen in the last 1-2 hours of trading,
which can be the consequence that traders try to close
their positions, so they are getting more aggressive by

OTP, 2013 (Thousand HUF)
mean median
sd
min
max
3,044
1,344 6,362 0.06 510,786
3,125
1,392 7,129 0.20 696,150
4,170
1,390 21,897 0.10 1,689,201
4,557
1,437 30,201 0.75 1,694,071
3,922
1,490 11,268 4.00 1,187,500
3,767
1,405 10,582 4.00 898,900
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Table 3: Time elapsed between the same types of
orders

OTP, 2013

In Table 4 the two most commonly used liquidity
indicators can be seen and the mid price for the OTP in
2013. The bid-ask spread shows that what would be the
implicit cost of trading in case of buying and selling a
security at the same time, if a trader could fulfill a
market order on the best price levels. This means that
the lower the bid-ask spread the implicit cost would be
lower, so the market is more liquid. In case of the
trading volume, the higher value is, the market is
considered as more liquid.
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In Table 1 it can be seen, that the number of limit
orders has the highest number of orders compared to
the market orders, and cancellations. Another
interesting fact is presented in Table 1, namely that the
number of orders are higher on the bid side of the
book, than on the ask side in case of all the indicators,
and also the number of market sell orders (which are
fulfilled against the bid side of the book) are higher
than the buy market orders. Although the number of
orders are higher on the bid side of the limit order
book, and market sell order side, the value of the orders
shows the opposite relationship, which can be the
consequence of the fact, that the prices on the ask side
of the limit order book is higher. The value of orders is
shown in Table 2.
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private information of the traders, while -s are the
coefficients. This equation system can be extended
with more lagged periods. Hasbrouck (1991) used this
approach to show that middle-sized trades and trades,
when spread is high have more intense effects on the
future prices. Because the trading frequency may divert
in the different sessions of a day, the estimation above
can be enhanced by dealing with the arrival time of
order submissions. Dufour and Engle (2000) suggested
to extend both 2 coefficients with other variable
components according to Equation 3:

the end of the day. The same is true for the
cancellations as well, since those limit orders that were
not fulfilled during the trading day, the traders are
cancelling as we are closer to the end of the trade. The
variation is the highest in case of the limit orders. At
the beginning of the trading day, the submission of
limit orders is very high, because the traders are
building up the limit order book that time. The lowest
limit order submission can be seen in the middle of the
day, while at the end of the day the activity increases
again.

Figures 1: Seasonal patterns of the order-flow
Based on Figure 1, we will use in our VAR model
dummy variables for the time, to handle the problem
caused by the changing trading during the day.
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where D is a time dummy for a certain time period of a
day, T denotes the duration between market
transactions, and γ, δ and φ are model coefficients, z
signs other explanatory variables. The time dummies
exogenous, durations are endogeneous variables in the
VAR estimation.
This framework is able to do further explorations about
price impacts and detection of order book dynamics.
By our first target, we are interested in the limit order
submission responses on a market trade or a bunch of
consecutive trades. Hence, we extend the analysis with
order book variables that go after the market
transactions. We look for and explore what happens
after a market trade in the limit order book. Our
approach combines the models above and use
additional variables. The general equation of the
vector-autoregressive system can be formulated
according to Equation 4:
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where y vector collects all of the variables that
describes the main characters of the order book. This
variable may consist of the spread, the increments on
the numbers of bid (ask) orders, the increments on the
numbers of price levels (both sides, separately), bid
and ask depth and other structural characteristics.
In contrast to the conventional ’transaction time’
approach, we estimate these models in ’limit order
submission time’. That means we aggregate the
consecutive market trades and price variations. This
procedure helps us to handle rapid series of market
orders as a liquidity shock. Moreover, we look for the
direct limit order submission responses by events after
such liquidity shocks. However ’limit order time’
approach is not able to reveal appropriately the price
impacts of trades, but it captures the structural impacts
of liquidity runs.

For analyzing the order book dynamics we estimate a
vector-autoregressive system similar to Hasbrouck
(1991)’s logic. Hasbrouck built a basic model to
capture how the information reveals through market
transactions. According to this approach, market
returns are driven by the public information and market
trades are induced by the earlier returns and new price
information that traders may have. Considering only
one time period lag, the main equations are shown in
Equation 1 and Equation 2:

rt  11rt 1  12 xt01   t

(1)

xt0   21rt 1   22 xt01  t

(2)

where rt is the return, x0 is the sign of the trade, 
denotes the public information and  indicates the
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limit orders. Since spread can narrow, if patient traders
submit limit orders below the best ask or above the best
bid. This process shows some persistency in terms of
the consecutive limit orders that increase the number of
limit orders in the book. According to Figure 2, one
can see that after the market orders have arrived, the
traders didn’t stop giving limit orders. It can be seen on
the increasing number of bid and ask orders, and also
on the increasing number of bid and ask order levels in
the limit order book. Also the market depth reduces
because there are less limit order volume on the new
best quote. Later, the process reverts, and after 5-6
periods, the spread stops to decrease, and the number
of limit orders decline as well.
Figure 3 captures the case when a market buy order
arrives in an actively traded period. Activity is defined
by Rosu (2014) as the speed of market order
submission related to the limit order submission and
limit cancellations. In this period, a market buy shock
first bite the book and the number of ask orders get
lower. Later, ask orders are refilled by patient traders.
Similar, but less intense process can be documented on
the bid side. The market depth also increases because
spread widen as a result of high market intensity

VAR MODEL OF THE BOOK
Our research question is that how fast the liquidity –
described by the factors of the limit order book – of the
market recovers after a shock. We estimate the VAR
model for OTP in the period of 02.09.2013-30.10.2013.
For the simpler interpretation of our results, we only
plot our impulse-response function (IRF) simulations,
which show how the values of the different indicators
evolve after the shock. In Figure 2 and 3 the IRF can
be seen in case of some specified shocks.
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In Rosu (2009)’s market microstructure theory, limit
orders dominantly are submitted to with a better quote
than best ask or bid quotes. This narrows the spread.
Here we focus on how the limit orders arrive in this
period. Figure 2 depicts the dynamics of the order book
when spread is decreasing. In Figure 2 the variables are
the following:
- dlogmean: variation of the logarithmic mid-price
- x0: sign of a market transaction
- dlogspreadx: variation of the spread (times sign of
the trade)
- logdur.LOMOx: difference between limit and
market order durations (proxy of intensity)
- daskorders/dbidorders: change in the number of
ask/bid orders
- daskpricelevels/dbidpricelevels: variation of the
number of ask/bid price levels
- logdepth.ask/ logdepth.bid: logarithm of the depth
volume on the ask/bid side of the book
We introduced a variable dspread = - (spread_t –
spread_t-1) and shock the system with this to describe
what happens in narrowing. In this case the market
order or the series of market orders arrive, while the
spread was decreasing on the market due to several
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active market
In contrast, Figure 3 captures the case when a market
buy order arrives in an actively traded period, which
means that the number of limit order submission is not
as active, as it was in the previous case, but the
emphasis of trading is based on the market orders.
Activity is defined by Rosu (2014) as the speed of
market order submission related to the limit order
submission and limit cancellations. In this period, a
market buy shock first bite the limit order book, and
the number of ask orders get lower. Later, ask orders
are refilled by patient traders. Similar, but less intense
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process can be documented on the bid side. The market
depth also increases because spread widen as a result
of high market intensity.
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ABSTRACT
The evaluation of the opportunity of investments on complex production processes is a critical factor in order to enable
the balance of risks and potential benefits. There is no out-ofthe-box tool that can solve this problem: only the experience
of the responsible expert and his knowledgeability of the
process can help. Outcome Driven Innovation is an evaluation
technique that can support decisions, based on a structured
approach to process analysis and on the availability of domain
experts: anyway, the need for experts can make the evaluation
itself very expensive. In this paper a simulative approach is
used to provide an a priori characterization of the conditions
that can suggest the opportunity of adopting Outcome Driven
Innovation for a process.
I. INTRODUCTION
In 1980 business leaders began to recognize that being technology driven was just not good enough. Up until that point
it was common for companies to create a new technology and
then attempt to find a market in which the technology could
flourish. Traditional Research and Development laboratories
such as AT&T or Motorola R&D tried to build a mass market
business for products based on a new technology that appealed
only to a narrow market. With a failure rate approaching 90%,
R&D expenditures under scrutiny and lead-times for success
averaging nearly eight years in ICT industry USA, it was clear
that a new approach was needed [1]. Companies began to
adopt the ideas and principles associated with the customer
driven approach, i.e., first understand what the targeted customers’ need and want, and then invest in the creation of a
new product or service. Indeed, over the past two decades,
* Paola Pisano is the Head of ICxT, the interdipartimental center for
Innovation, IC and territory, Università di Torino
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the customer driven approach has become the mantra for all
organizations and for innovation in particular. But after twenty
years of customer driven thinking U.S. companies still find
that 50 to 90 percent of their product and service initiatives
are failures [1]. A big issue in the customer driven approach
regards the fact that customers express their requirements in
a language that is convenient for them, which often, however,
is inappropriate for creating innovation.
Creating innovation becomes an uncertain practice [2] surrounded by accidental events, intuition and experience of
individuals, heavy dose of serendipity and unconventional
practices, none of which is necessarily relevant. According
to the growing importance of innovation, the strategic role
of a methodology able to help entrepreneurs and innovators
to set up an innovative process was required: the outcome
methodology has been considered as alternative methodology
for fostering innovation [1].
Unfortunately, no out-of-the-box methodology can provide
the silver bullet to ensure success. Outcome Driven Innovation
(ODI) [3] is a valuable support for decisions, widely assessed
and adopted, but the need for experts and the need for a
non negligible time amount for the evaluation of the stages
of the process can make the evaluation itself very expensive.
Consequently, a set of thumb rules that can suggest a priori
what are the characteristics of a process that is more likely
to maximize the success chances in the application of the
methodology, which parameters are significant for success and
how they influence it would be a useful tool to increase control
on the risk.
In this paper a simulative approach is adopted to shape out
the type of processes and the characterization of the conditions
that can assist the decisions about the opportunity of adopting
Outcome Driven Innovation for a process.
The use of simulation is widely adopted in the field of
production and management (see e.g. [4]), but in this case
we simulate the behavior of the panel of experts that are in
charge of judging over the outcomes of the various phases
in which a process is organized, and the criteria according to
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which a decision maker that is applying ODI will operate.
In order to (partially) explore the set of the possible processes to which ODI could be applied, a probabilistic approach
has been chosen to generate the set by varying some of the
parameters of each phase of the process (see e.g. [5]). The
fixed structure of the process in the ODI view organizes it
into eight phases, each of which produces a variable number
of outcomes: in this approach, the average number of outcomes
per phase is considered as a free variable of the model, that
is set by the model user according to empirical considerations
over the domain of the process. The number of outcomes per
phase is defined as a stochastic variable, to simulate the actual
variability emerging in real processes phase by phase.
The evaluation of each outcome by a panel of experts is
simulated by two stochastic variables: the importance of the
outcome and the satisfaction about the outcome. For each of
the two variables, the variance is used as a simulation parameter, to understand how sensitive the overall ODI application is
with respect to the dispersion of importance and satisfaction on
the set of processes. Moreover, also the correlation between
importance and satisfaction is a simulation parameter, as in
real processes the two can be more or less interrelated, to evaluate the impact of its spread in the set of processes. Another
parameter is given by the innovation threshold, that is used
to decide whether, according to innovation and satisfaction,
an outcome is to be considered innovative, thus worth of
investments, or not.
The paper is organized as follows: in Section II a general
introduction to ODI is provided; in Section III the simulation
approach is presented; in Section IV a case study is proposed;
conclusions and future works follow.
II. OUTCOME DRIVEN INNOVATION
A way to predict more theoretically the value created has
been found redefining the market concept based on the job to
be done theory. The theory builds on two very simple concepts:
customers hire product and services to get a job (the job
is the stable unit of analysis [2] [1]), and the consequential
observation that customers will adopt products and services
that help them get the job done better [2] [1], and to get the
whole job done on a single platform [1].
To systematically uncover more innovation ideas Bettencourt and Ulwick [6] create job mapping: breaking down a job
that customers want done into discrete steps, then brainstorm
ways to make steps easier faster or unnecessary.
All the jobs have the same eight steps (see Fig. 1 from [3])
that are summarized as follow:
1) Define: determinate customers goals and plan resources;
2) Locate: gather items and information needed to do the
job;
3) Prepare: set up the environment to do the job;
4) Confirm: verify that customers are ready to perform the
job;
5) Execute: carry out the job;
6) Monitor: assess whether the job is being successfully
executed;

7) Modify: make alterations to improve execution;
8) Conclude: finish the job or prepare to repeat it.
To get to the next step, it has been postulated that customers
use well defined metrics to assess how good the job is done [1].
Consequently, an approach has been implemented to capture
such metrics and to measure them on a representative sample
of the market [1] obtaining an objective and quantitative
assessment of market opportunities, in terms of where value
can be created.
As each of the metrics addresses one individual element
of dissatisfaction, i.e. one aspect of the job execution that
customers are still struggling to achieve, they make possible
to objectively rate each solution by its ability to better satisfy
these aspects. That ability is now a measured element of value
creation.
The job to be done theory, extended with outcome methodology (the metrics the costumers use to evaluate the job
execution), provides tools to identify (all the) individual elements of dissatisfaction in the execution of a job, and so
to assess how a new solution (innovation) rates in term of
improving satisfaction with these elements. This is a value
creation assessment.
In the specific the outcome or metrics belong to 3 different
types:
• Speed metrics: getting the job done faster;
• Stability metrics: eliminating variability on the job;
• Output metric: improve the output of the job.
Outcome drive innovation framework is structured around
the link between opportunity for innovation and need not
well satisfied. Identifying an opportunity of undeserved needs
means find a specific job/activities a customers need to exploit.
Needs are strategically linked to customers activities (or job
to be done) and their importance and satisfactions. Best
Opportunity for innovation creation is when need is very
important for a customer and it is not satisfied by market
products or services.
Using this formula, the needs that are most important and
least satisfied receive the highest priority:
Opportunity = Importance+max(Importance−Satis f action, 0)
(1)
If this link exist is possible to develop an innovation with
a considerable value for the customer target and a potentially
market growth for the organisation.
III. SIMULATION APPROACH
This section provides the description of the simulator we
implemented to analyze the applicability of ODI over a set
of different possible scenarios. The proposed framework is
based on probabilistic approach in order to generate different
sets of parameters that define each phase of the process.
The entities that characterize the real model are described by
stochastic variables. To present our work we generate these
values by selecting a possible set of distributions, but it is
important to note that different choices can be performed in
order to exploit the simulator for describing different real
system configurations. We implemented it in GNU Octave [7].
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Fig. 1. The eight phases

A. The Outcomes
The number of outcomes for each phase of the process is a
stochastic number generated with a probability distribution. In
this case study, we set a Poisson distribution whose parameter
n (mean) is derived for each phase by a Zipf distribution. In
particular, the number is randomly generated with a parameter
that is function of the number of phase it belongs. In this
way, we assume that, according to the phase, the simulator
can produce a different number of outcomes, and the use of
a Zipf allows us to set the first phases with a potential higher
number of outcomes. The Zipf parameter is denoted with Θ.
Different policies can be modelled by other distributions or
functions.
Once the number of outcomes is generated for each phase,
the simulator can spread it with a given probability in three
different categories: speed, stability, and output. We set the
probability that the outcomes are assigned to a given category
as a Zipf Distribution with parameter Θ. In this case the choice
aims to account for a category ranking where we set the
speed as the most probable, the stability as the second, and
the output as last (details are reported in the next Section).
Other options can also be implemented by setting different
probability distributions.
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The evaluation of each outcome is simulated by two
stochastic variables: the importance of the outcome and the
satisfaction about the outcome. For each phase and for each
outcome category a different probability distribution is used
to define both importance and satisfaction parameters.
In this case study, the simulator generates the importance
and satisfaction elements for all the outcomes by a Truncate
Bivariate Normal distribution. The related parameters µ and
cv (mean and variance) are defined by Zipf distribution to
keep the following criteria: the outcomes of phases with higher
number of outcomes have higher satisfaction parameters,
whereas the outcome belonging to categories with lower probability to be assigned to have higher importance parameter.
The choice of a Bivariate Normal distribution allows also to
set the correlation parameter ρ to keep into account that in
real processes importance and satisfaction can be more or less
interrelated. We would remark again that the simulator can
generate the outcome importance and satisfaction parameters
with any other probability distribution for describing different
scenario and criteria.
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We start studying the distribution of the opportunity value
for different scenarios to characterize the effect of the variance
and of the correlation between the importance and the satisfaction levels of the outcomes. Figure 5 shows the results. Positive
correlation (Figure 5c) implies that the more an outcome
is important, the more it is also satisfied leading to a low
opportunity. This can be seen by the lighter tail that the
distribution has. It is instead interesting to note that when there
is a negative correlation (Figure 5b), indeed more important
outcomes are also characterized by a low satisfaction level as
seen in the right tail of the distribution. However, there is also
an increase in the probability of having very low opportunity
values as a consequence of the way in which the algorithm
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To show the effectiveness of the simulation, we proceed
to the generation of several sets of simulated traces for
processes with given sets of parameters and then we analyze
the characteristics of the various outcomes, to obtain a global
idea of their behavior. Figure 2a shows an example of a
trace produced during one simulation run. In particular, in
this case, the simulation has generated 124 outcomes of the
three different types in the eight phases. For each outcome the
importance and satisfaction values have been generated. Using
the provided threshold T = 15, 7 opportunities for innovation
have been selected and for each of them a success probability
has been assigned, as shown in Figure 2b. Different runs, with
different seeds, will produce different traces: Figure 2c shows
the number of outcomes generated in the eight phases for three
different runs.
Simulation requires the computation of confidence intervals.
In this work we focus on the evaluation of distributions, for
which the computation of confidence intervals is not a simple
issue and can be considered a research topic on its own. To
verify the accuracy of our results, we have divided the metrics
computed by the simulator into bins, and considered the probability of belonging to a bin as a Bernoulli trial. In particular
we have counted, out of N repetitions, the number of runs n
in which the value of the considered performance index was
contained in a given bin. We then applied the Wald interval
estimation [8] to compute the 95% confidence intervals of
the probability parameter p of a Bernoulli distribution with
N trials out of which n are successful. As an example, let
us focus on the distribution of the opportunity value: since
it is a numerical value in the range [0, 20], we have divided
the statistics into 100 bins of size 0.2 each and computed both
the cumulative distribution function (CDF) and the probability
distribution function (PDF). Figure 3 shows that for the CDF,
a small number of simulations is enough to produce smooth
results. When considering however the PDF, as in Figure 4,
a larger number of runs its required to obtain smooth results

The simulator first generates the number of outcomes for
each phase, then it assigns them to the categories, and finally it
produces the importance and satisfaction parameters for any of
them. After that, it computes the Opportunity Algorithm (see
Section II, equation 1) by using the previous results for all the
outcomes in order to evaluate their innovation level. To decide
whether, according to importance and satisfaction, an outcome
is to be considered innovative, thus worth of investments, or
not, a parameter called Innovation Threshold (denoted with
T ) is set. The simulator selects only the outcomes whose
innovation evaluation provided by that Opportunity Algorithm
is equal or higher than the threshold. Furthermore, another parameter called Innovation Probability Factor (denoted with p)
determines the probability that an outcome with a value equal
or higher to the Innovation Threshold has to be successful. The
simulator uses this parameter to provide the set of outcomes
that can produce innovation and that are also successful.

since the considered performance index belongs to a bin in a
smaller number of simulation. In our experiment we will fix
N = 10000 runs to consider a tradeoff between accuracy of
the results and simulation time. Experiments were run on a
standard laptop and required less than ten minutes each. To
simplify the presentation, only the center of the confidence
intervals will be shown in the following.
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each phase, then it assigns them to the categories, and finally it
produces the importance and satisfaction parameters for any of
them. After that, it computes the Opportunity Algorithm (see
Section II, equation 1) by using the previous results for all the
outcomes in order to evaluate their innovation level. To decide
whether, according to importance and satisfaction, an outcome
is to be considered innovative, thus worth of investments, or
not, a parameter called Innovation Threshold (denoted with
T ) is set. The simulator selects only the outcomes whose
innovation evaluation provided by that Opportunity Algorithm
is equal or higher than the threshold. Furthermore, another parameter called Innovation Probability Factor (denoted with p)
determines the probability that an outcome with a value equal
or higher to the Innovation Threshold has to be successful. The
simulator uses this parameter to provide the set of outcomes
that can produce innovation and that are also successful.
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We start studying the distribution of the opportunity value
for different scenarios to characterize the effect of the variance
and of the correlation between the importance and the satisfaction levels of the outcomes. Figure 5 shows the results. Positive
correlation (Figure 5c) implies that the more an outcome
is important, the more it is also satisfied leading to a low
opportunity. This can be seen by the lighter tail that the
distribution has. It is instead interesting to note that when there
is a negative correlation (Figure 5b), indeed more important
outcomes are also characterized by a low satisfaction level as
seen in the right tail of the distribution. However, there is also
an increase in the probability of having very low opportunity
values as a consequence of the way in which the algorithm

141

30

+*))
.*3.
)*,,

!
.
.
!
!

!/)
!/,

4 "#$%&'&#(
4 "0112

3*/7
.*.)

$
"
!
+
#
.
.

)*+(
%&'(&'
%&'(&'
0'12343'5
0'12343'5
%&'(&'
0(667
%&'(&'

,-+./0&12( 3&04'5&24.1 6++./07140* 3722(''
)*+,
-*,.
-"*!+
/*#-+
)*!#
-*+$
-"*-)
/*+),
)*!.
-*)"
-#*##
/*+$!
)*),
!*"/
-#*."
/*+/+
,*+)
-*/#
-#*-.
/*$).
)*-#
.*)!
-+*!,
/*$.)
)*!!
!*$$
-+*.!
/*$-"

.*.,
)*7!

!"#

20
15
10

!
/
)

$%&'(

)*+(
! "#$%&'&#(
! "0112
! "0112

,-+./0&12(
)*+,
)*3.
!*3)

3&04'5&24.1
-*.)
,*.3
/*,,

/.
/!
//

/ "#$%&'&#(
/ "0112
/ 56#06#

+*)3*+4
7*))

+*))
.*3.
)*,,

!"#
!
!
.
.
!
!

5

!/)
!/,

4 "#$%&'&#(
4 "0112

3*/7
.*.)

"#
--$"
)-/.
!!
..

$%&'(
$
"
!
+
#
.
.

)*+(
%&'(&'
%&'(&'
0'12343'5
0'12343'5
%&'(&'
0(667
%&'(&'

,-+./0&12( 3&04'5&24.1 6++./07140* 3722(''
)*+,
-*,.
-"*!+
/*#-+
)*!#
-*+$
-"*-)
/*+),
)*!.
-*)"
-#*##
/*+$!
)*),
!*"/
-#*."
/*+/+
,*+)
-*/#
-#*-.
/*$).
)*-#
.*)!
-+*!,
/*$.)
)*!!
!*$$
-+*.!
/*$-"

.*.,
)*7!

15
10
5

1

8

7

6

5

4

3

2

0
1

0

20

Phase

b)

Phase

c)

a)

Fig. 2. Simulation traces: a) outcomes , b) opportunities, c) number of opportunities per phase in three different traces.

β = ∑ ∑ psk [sλ − (k − s)µ]
k

s

where k is the sum over the outcomes, s the sum of the
successes, πsk the joint probability of having s success out
of k outcomes, λ is the benefit obtained from a successful
innovation, and µ is the cost incurred from an unsuccessful
opportunity. For example for a gain λ = 7Keuro and a penalty
of µ = 10Keuro, as in Figure 10, we can see that for risky
scenarios characterized by a small probability p of success at
the threshold, it is better to set a higher threshold to reduce
the loss.
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Fig. 9. Distributions of the number of successes for different thresholds and
probabilities of success for outcomes at the threshold.

Finally, Figure 11 shows the distribution of the percentage
of successes for the cases whose parameters are given in Table
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Fig. 2. Simulation traces: a) outcomes , b) opportunities, c) number of opportunities per phase in three different traces.

probable.
From the joint distributions, marginal values such as the
probability of successful outcomes can be computed, as shown
in Figure 9. From this we can see that by lowering the
threshold we can increase the number of successes for any
value of p. However, if we consider that innovations that
are not successful might incur in extra costs, situation might
be different, as shown in Figure 10. In particular we have
computed the average cost / benefit β of a scenario as:

Prob.

works. Variance does not play an important role for negative
correlations, but its effect is more visible when ρ = 0.8: in the
former case larger variances create more uniform distributions
for smaller opportunity levels.
The previous scenario leads also to a different distribution
in the number of opportunities that will be considered for
possible innovations. This is shown in Figure 6, where it is
clear that the center of the distribution moves toward higher
values as the correlation among the inputs turns from positive
to negative. It is interesting to note how, when the correlation
is negative, a higher variance produces worse results, while
when ρ > 0 a higher variance improves the situation.
The number of outcomes in the different phases and the
types of innovations proposed play a role in the distribution
of the opportunity value. In our model, we have determined
this parameters using two Zipf distributions. Figure 7a shows
how the number of outcome can be divided per phase under
three different parameterization (θ = 0.5, θ = 0.7 and θ = 1),
and Figure 7b focuses on how the outcome are categorized
according to the three different types. Then, Figure 7c shows
the effects of these distributions on the different shapes of the
opportunity value. As it can be seen, when a scenario has a
more uniform distribution of outcomes and outcome types, it
has a larger probability of having opportunity values above the
threshold.
One of the key features of the simulative approach is the
ability to study the considered scenarios in depth by allowing to capture complex performance measures. For example,
Figure 8 shows how different thresholds for the opportunity
level, and the probabilities of success for outcomes at the
threshold, affect the joint distributions of the number of
selected outcomes and number of successes. The more a plot
is centered across the 45◦ line, the more likely an innovation
is likely to be successful. The more a plot is shifted away
from the origin, the more the scenario will be able to produce
innovations. The more the plot is packed near a point, the
lower will be the uncertainty in the number and the success
of the considered innovations. For example, the scenario in
Figure 8a shows a large possibility of successful innovations,
but with a larger uncertainty, while Figure 8c describes a case
where less innovations are possible, but their success is more
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in Figure 9. From this we can see that by lowering the
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computed the average cost / benefit β of a scenario as:
β = ∑ ∑ psk [sλ − (k − s)µ]
k

s

where k is the sum over the outcomes, s the sum of the
successes, πsk the joint probability of having s success out
of k outcomes, λ is the benefit obtained from a successful
innovation, and µ is the cost incurred from an unsuccessful
opportunity. For example for a gain λ = 7Keuro and a penalty
of µ = 10Keuro, as in Figure 10, we can see that for risky
scenarios characterized by a small probability p of success at
the threshold, it is better to set a higher threshold to reduce
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probabilities of success for outcomes at the threshold.
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I. In scenarios with parameters like the one in B, there is a
high probability of having a 100% of successes among all the
innovations that have been considered: this is mainly due to
the fact that even innovations at the threshold have a very large
success probability. Case A is instead the worse, since it has
a much smaller success probability, even at a lower threshold.
When the scenario has a negative correlation (Case C), the
percentage of successes tends to be more packed around a
given value. Positive correlation (Case D) instead produces a
larger variance in the percentage of successes.
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TABLE I
PARAMETERS FOR THE CASES CONSIDERED IN F IGURE 11
Case
A
B
C
D

cv
1
1
2
0.5

ρ
0
0
−0.8
0.8

T
15
16
14
14

p
40%
60%
50%
50%

n
120
120
120
120

θ
0.7
0.7
0.7
0.7

V. CONCLUSIONS AND FUTURE WORKS
In this paper we explored a simulation approach for the
evaluation of the effectiveness of ODI in dependency of some
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characteristics of the processes to which resources are planned
to be invested. The simulated scenarios show some interesting
hint to support experts in the application of the technique to
real cases.
Future works include the definition of a dedicated modeling
language to describe ODI models in a multiformalism framework such as SIMTHESys [9] [10] or OsMoSys [11] [12] to
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KEYWORDS

The use of virtual prototypes and simulation techniques, for example in the shipbuilding (Kim et al., 2002)
and automotive (Wöhlke and Schiller, 2005) industries
has made a significant contribution to the process of
evaluating and improving product design and to the validation of product planning and manufacturing processes
(e.g., Mujber et al., 2004; De Sa and Zachmann, 1999;
Weyrich and Drews, 1999). However, whereas VP is perhaps mostly associated with the design and development
process of concrete commercial products, other uses exist,
for example with respect to planning processes in the
ship-building industry. As noted by Cha et al. (2010),
process planning may be set up based on past experience
but problems not expected in advance may, and will,
still occur during production, since all ships and offshore
structures to be constructed will differ in purpose, shape
and size. To cope with these challenges, Cha et al. proposes an integrated simulation framework for the process
planning of ships and offshore structures, separating a
simulation kernel, and a basic simulation component from
the application-specific simulation component.
For example, in the field of construction engineering,
construction VP (CVP) can be utilised to facilitate integrated planning and visualisation of large construction
projects, thereby assessing the executability of construction plans including site layout, temporary work design,
and resource planning (Huang et al., 2007). Since the turn
of the millennium, a number of CVP tools have been developed that allow construction teams to practice on major
construction processes and examine various execution
strategies in realistic virtual enviroments (VEs) before and
during the actual construction (Waly and Thabet, 2003),
thus enabling client briefing, simulation of properties such
as lighting, acoustics, and energy consumption, and 4D
(space and time) visualization of the building construction
sequence (Sarshar et al., 2004; Yerrapathruni, 2003).
Consequently, VP can cause flaws to be corrected early
in the design phase, or in some circumstances, prevent
flawed projects from even materialising.
Moreover, VP can be used as a tool for collaborative
product design, broadly classified into component design
and assembly design (Shyamsundar and Gadh, 2002).
Even in the early days of public Internet, researchers
described how to use the world wide web and VP for collaborative component design, where designers can view
and modify component geometry and exchange ideas

Computational Model; Simulator; Genetic Algorithm;
Optimisation; Artificial intelligence.
ABSTRACT
In close collaboration with the maritime industry, virtual prototyping with maritime application has been an
important research topic for Aalesund University College
for some years. In this paper, we describe the development
of a computer-automated design tool for intelligent virtual
prototyping of offshore cranes. Our work is part of
a research project funded by the Research Council of
Norway and takes place in close cooperation with two
partners from the maritime industry. A literature review
of virtual prototyping, computer-automated design, and
modelling and simulation of offshore cranes sets the stage
for the description of a design tool whose main components consist of a computational model, a simulator,
and a genetic algorithm. We show how domain-specific
constraints can be accounted for in conjunction with an
automated optimisation procedure of design parameters to
yield crane specifications that closely match the desired
design criteria. Limitations of slewing rings and hydraulic
cylinders are of particular importance in offshore crane
design and are used as an example of the multitude of
design calculations that form the computational model.
Being work in progress, we report on completed parts
and the work that remains.
INTRODUCTION
20 years ago, Pratt (1995) defined virtual prototyping
(VP) as the computer-aided construction of digital product
models (usually virtual prototypes or digital mockups)
and realistic graphical simulations for the purpose of
design and functionality analyses in the early stages of
the product development process. Later, in a review on
VP, Wang (2002) defined VP as the construction and
testing of virtual prototypes, where such prototypes are
computer simulations of physical products that can be
presented, analysed, and tested from concerned life-cycle
aspects such as design and engineering, manufacturing,
service and recycling as if on a real physical model.
* Equal first author contribution. Robin T. Bye is the corresponding
author.
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for the description of a design tool whose main components consist of a computational model, a simulator,
and a genetic algorithm. We show how domain-specific
constraints can be accounted for in conjunction with an
automated optimisation procedure of design parameters to
yield crane specifications that closely match the desired
design criteria. Limitations of slewing rings and hydraulic
cylinders are of particular importance in offshore crane
design and are used as an example of the multitude of
design calculations that form the computational model.
Being work in progress, we report on completed parts
and the work that remains.
INTRODUCTION
20 years ago, Pratt (1995) defined virtual prototyping
(VP) as the computer-aided construction of digital product
models (usually virtual prototypes or digital mockups)
and realistic graphical simulations for the purpose of
design and functionality analyses in the early stages of
the product development process. Later, in a review on
VP, Wang (2002) defined VP as the construction and
testing of virtual prototypes, where such prototypes are
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presented, analysed, and tested from concerned life-cycle
aspects such as design and engineering, manufacturing,
service and recycling as if on a real physical model.
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CautoD framework, in which intelligent bio-inspired optimisation algorithms can interrogate a simulator in search
of novel design solutions (Schöning, 2014). Access to
the full thesis is restricted by embargo and third-party
copyright until September 2017, which underlines the
potential financial impact of CautoD and VP in the
industry.

online and in real-time (Chang et al., 1999; Chan et al.,
1999). Likewise, for product assembly design, researchers
were early to discuss online VEs in which collaborative
assembly modeling can be performed using constraints
and 3D models marked up and exchanged (Maxfield
et al., 1995; Kuttner and Deitz, 1996). In multidisciplinary
product development such as mechatronic engineering,
cooperative VP is particulary useful, since inefficient
communication between the designers and engineers from
different domains can become a serious obstruction for
accelerating the design of mechatronic products (Shen
et al., 2005). Finally, Choi and Cheung (2008) note that
employing virtual reality (VR) as a collaborative VP tool
can greatly improve the product design, test and review
loop before committing to physical fabrication, especially
if fully-immersive VR systems such as a cave automatic
virtual environment (CAVE) is used.
It is clear that VP encompasses a number of aspects for
the design and development of virtual prototypes, including modelling, simulation, visualisation, analysis, testing, validation, optimisation, team cooperation, product
presentation, and so on. In this paper, we will focus on
computer-automated design (CautoD), combining artificial intelligence (AI) with VP in order to automate and
optimise the design phase of offshore cranes.

Modelling and Simulation of Offshore Cranes
VP is an active focus of research of the newly formed
Software and Intelligent Control Engineering (SoftICE)
Laboratory at Aalesund University College (AAUC) of
which both authors of this paper are members. Indeed,
the work we present in this paper is part of one of two
nationally funded research projects that the SoftICE lab
currently participates in. In addition, for the last few
years, our colleagues in the Mechatronics Laboratory at
AAUC have published several papers relating to modelling, simulation and visualisation of offshore cranes
and installations. (e.g., Sanfilippo, Hildre, Æsøy, Zhang
and Pedersen, 2013; Sanfilippo, Hatledal, Schaathun, Pettersen and Zhang, 2013; Sanfilippo et al., 2014; Chu,
Sanfilippo, Æsøy and Zhang, 2014; Chu, Æsøy, Zhang
and Bunes, 2014; Halse et al., 2014; Hatledal et al., 2015).
As noted by Halse et al. (2014), advanced marine
operations such as subsea installations consist of multiple subsystems that must be collectively controlled in
a precise manner and typically involves controlling a
crane and winch mounted on a vessel operating in a
dynamic, uncertain environment affected by wind, waves,
currents, shape and size of payload, and more. Modeling
and simulation of such interactive multibody systems is
a complex task that involves hydrodynamics, mechanics,
hydraulics, electronics, and control systems (Halse et al.,
2014).
Chu, Æsøy, Zhang and Bunes (2014) used the bond
graph method as their approach for modelling offshore
hydraulic cranes. This method is suitable for modelling
systems of systems, where modules may be removed
or added or connected to other systems, and thus the
method lends itself naturally to VP. Using the same bond
graph methodology, Sanfilippo, Hildre, Æsøy, Zhang and
Pedersen (2013) built a modular prototyping system architecture in which a number of different maritime cranes
or robotic arms with different kinematic structures and
degrees of freedom were modelled and simulated in a VE.
Focusing on the control of offshore cranes, Sanfilippo and
colleagues have developed control algorithms for effective
heave compensation and anti-sway control (Chu, Sanfilippo, Æsøy and Zhang, 2014), as well as using both GAs
(Sanfilippo, Hatledal, Schaathun, Pettersen and Zhang,
2013) and artificial neural networks (ANNs) (Sanfilippo
et al., 2014) for universal control of multiple cranes with
different properties by means of a single unique input
haptic device.
In a paper recently accepted for publication and to
be presented at the 34th International Conference on
Ocean, Offshore and Arctic Engineering in June this year,
Hatledal et al. (2015) presents a voxel-based numerical
method for computing and visualising the 3D workspace
of offshore cranes. Despite the importance of a crane’s
lifting capacity in different positions in the workspace
(often visualised as a 2D load chart), which depend on the

Computer-Automated Design
The first scientific report of computer-automated
product design is perhaps that of Kamentsky and Liu
(1963), who created a computer programme able to determine suitable logic circuits satisfying certain hardware
constraints while at the same time evaluating the ability
of the logics to perform character recognition. Since
then, many contributions of CautoD have been made,
particularly in the field of structural engineering (see Hare
et al., 2013, for a survey). The general paradigm appears
to be that of optimisation, where the design problem
is formulated as the minimisation of a cost function
or maximisation of a fitness function. AI lends itself
naturally to solving many complex optimisation problems,
in particular by the use of nature-inspired heuristic computational algorithms. For example, based on condensed
matter physics, the simulated annealing algorithm was
one of the first nature-inspired algorithms used for design
optimisation (Kirkpatrick, 1984; Černỳ, 1985) and is still
being used today for a variety of purposes, including
CautoD for tensegrity systems (e.g., Xu and Luo, 2010).
Goldberg (1983) used a genetic algorithm (GA) for the
design of computer-based control of gas pipeline systems,
whereas Rajeev and Krishnamoorthy (1992) used a simple
GA for optimizing structural systems, as did Pezeshk
et al. (2000) for the design of 2D, geometrical, nonlinear
steel-framed structures. More recently, Kaveh and Talatahari (2009) constructed a hybrid algorithm that employed
both particle swarm optimisation (PSO) and ant colony
optimization (ACO) to find an optimal design of different
types of truss structures and frame structures, while Peng
et al. (2010) used an adaptive GA for optimising the
piping design process of offshore drilling platforms.
Also worth mentioning is a very recent PhD thesis,
which analysed and investigated a homogeneous charge
microwave ignition system through a simulation-based
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properties of crane components such as cylinders, links,
sheaves, and joints, workspace and load chart calculations
are usually not taken into account in the design phase and
are merely realised as an indirect consequence of a priori
design choices (Hatledal et al., 2015). However, Hatledal
et al. note that employing their algorithm as a trial-anderror VP tool during the preliminary design phase, factors
such as the length of crane links and size of cylinders can
be designed to yield better workspace characteristics.
Finally, we would like to point to recent work by Bak
et al. (2011); Bak and Hansen (2013); Peng et al. (2010);
Pawlus et al. (2014), who present detailed analyses on
aspects of VP of offshore knuckleboom cranes and pipe
handling equipment, including techniques for modelling,
simulation, and parameter identification that can aid in
the VP process.

METHOD
An offshore crane such as the one in Figure 1 is a
complex machine. Often equipped with advanced control
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Motivation and Aim

Figure 1: The new boomerang-shaped crane of Seaonics
AS, which has its wire/rope routed directly from winch
to boom tip. This increases the work area compared to
standard knuckleboom cranes and reduces wear and tear
of the wire or rope. The crane is ideal for arctic operations
and fiber rope use. Image courtesy of Seaonics AS.
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The contributions presented above are valuable in the
pursuit of VP systems for offshore cranes but provide
little insight into how the various models, calculations,
simulations, and visualisations can be used for VP, and
in particular, CautoD. Hatledal et al. (2015) mentions
using trial-and-error to improve the design phase but although their method is a step forward from the traditional
experience-based rule-of-thumb approaches employing
pen-and-pencil or spreadsheet calculations commonly employed in the maritime industry, it is hardly satisfactory
given the large number of design parameters. In short,
the literature above provides various means to determine
crane properties and behaviour based on pre-determined
design parameters, somewhat analogous to calculating
the forward kinematics of a robotic arm or offshore
crane. However, the problem of determining the inverse
kinematics is generally much harder, and continuing the
analogy, we are thus faced with the following “inverse”
challenge, for which analytical solutions are infeasible:
How can we choose appropriate values for numerous,
possibly conflicting, offshore crane design parameters
such that the resulting cranes have the desired properties
and behaviour that we want?
The research we present in this paper tries to answer this question and is part of the project Artificial
Intelligence for Crane Design (Kunstig intelligens for
krandesign (KIK)) funded by the Research Council of
Norway. The project is a collaboration between the
SoftICE lab at AAUC and two industrial partners, ICD
Software AS and Seaonics AS. We report on the current
status of the project and the planned way forward. A goal
of the project is to build an offshore crane simulator
able to generate 2D-visualised crane load charts and
calculate a number of crane properties on-the-fly based on
a particular choice of design parameter values. Another
goal is to use a method well-known from AI, namely
a GA, to search through the vast number of design
choices and combinations until the desired design criteria
are satisfied. The aim of the project is to succeed in
reaching these goals and develop a working software
prototype of a simulator for intelligent CautoD and VP for
offshore cranes that can be tested and further developed
by offshore crane designers and manufacturers such as
our aforementioned partner Seaonics AS.

systems for heave compensation, boom tip positioning,
and anti-sway, it has many features in common with
articulated robots. Even simple versions of such offshore
cranes consist of a large number of components, such as
hooks, winches, slewing rings, cylinders, booms, hinges,
sheaves, and pedestals (see Figure 2). The placements,
types, capacities, materials, and abilities of these components all affect the overall properties of the crane. Various
parameters of interest can then be derived from the
physical properties of the crane components themselves
and their interrelationships.

Figure 2: Illustration of the main components of an
offshore knuckleboom crane and its 2D load chart. Image
courtesy ICD Software AS.
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Some of these derived parameters of the crane are of
greater interest than others and constitute the main design
parameters of the crane, for example key performance
indicators (KPIs) such as the desired workspace and the
working load limit (WLL) and safe working load (SWL)
within that workspace, total weight, control system characteristics, durability, installation and operating costs, and
safety concerns such as wind impact. Additionally, laws,
regulations, and the use of design codes such as the
standards provided by classification socities like DNVGL (formerly DNV), Lloyd’s Register Group Limited
(formerly Lloyd’s Bureau of Shipping), and the American
Bureau of Shipping (ABS) all put constraints on the
choice of design parameters.

Simplified, the form of deflection for the cylinder is
assumed to be:


π · x
2·π·x
y(x) = C1 · sin
+ C2 · sin
(2)
L
L
To find the acceptable load P , the following equations
are used (note that some variables such as f0 , AA, BB,
etc. are not given in the nomenclature as they are mainly
intermediate auxiliary calculations):
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Computational Model
When making a computational model (CM) of an
offshore crane, we have to choose which parameters that
need to be modelled since modelling everything is intractable. The CM we have developed has reduced the number
of parameters from potentially several thousands to about
120 parameters. It is these 120 parameters that must be
chosen by the designer to ensure that requirements by
laws, regulations and standards, various KPIs, and other
desired design criteria are met.
Example of Design Calculations
A complete overview of the myriad of various components, mathematical models, and design constraints
contained in our CM cannot be provided in this paper but
the interested reader may refer to aforementioned work
on VP and modelling of offshore knuckleboom cranes
(Bak et al., 2011; Bak and Hansen, 2013) or offshore
pipe handling machines (Pawlus et al., 2014). Instead, we
wish to illustrate the complexity of our CM by presenting
an example of the design calculations required for a
hydraulic cylinder as given by the DNV-GL’s “Rules for
Certification of Lifting Appliances” (Det Norske Veritas
(DNV), 1999). Figure 3 shows a hydraulic cylinder and its
key components with a nomenclature used for the design
calculations that follows.
Hydraulic cylinders are the key component that
provides “muscle power” to offshore cranes. To ensure
compliance with DNV-GL standards, the cylinders must
be designed to avoid buckling, a phenomenon of mathematical instability leading to failure mode, namely a sudden
sideways deformation. Specifically, the buckling load P
must be greater than the actual maximum cylinder force
F by a factor of at least 2.3 (see Eq. 17).
The buckling calculations assume that stresses in the
rod due to axial load, initial deflection, frictional moment
in the bearings, and weight of the cylinder do not exceed
the yield stress σy of the rod material (note that the weight
of the cylinder can normally be ignored in the buckling
calculations if intended for the design of an ordinary
crane):

P
P · f0
P ·µ·r
+
+
A
W
W

mCyl · g · L
PE
+
·
≤ σy (1)
W
PE − P

s
L1 · ∆
π 2 · E · I2
f0 =
·
L · L3 · 2
PE
d
FF =
· (µ · r + f0 )
2 · I2
mCyl · g · L · d
GG =
 16 · I2
2 · σy · A
HH = 1 + 2 · A · F F −
PE
2
2
·
A
·
F F · σy
+ A2 · F F 2 +
PE
#1

2
σy · A
4 · A · GG 2
+
+
PE
PE

(3)

To find the acceptable load P , the following equations
are used (note that some variables such as f0 , AA, BB,
etc. are not given in the nomenclature as they are mainly
intermediate auxiliary calculations):
π · L2
L
L1
L2
AA =
+
+
2 · I1  2 · I2 
L
1
1
·
· sin(2 · α)
−
4·π
I
I2
 1

4·L
1
1
BB =
·
−
· sin3 (α)
3·π
I2
I1
L1
L2
CC =
+
+
2 · I1  2 · I2 
L
1
1
·
−
· sin(4 · α)
8·π
I1
I2
π2 · E
DD =
2·L
a =4 · AA · CC − BB 2
b = − 4 · DD · (4 · AA + CC)
c =16 · DD2
√
−b − b2 − 4 · a · c
PE =
2·a
α=
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Simulator
The CM is parameterised and implemented in software
as a simulator. The simulator is then able to produce a
number of outputs dependent on the parameter values of
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Finally, the safety factor P/F against buckling must be
at least 2.3 as given by the following formula:
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Finally, the safety factor P/F against buckling must be
at least 2.3 as given by the following formula:
P
≥ 2.3
F

(17)

Simulator
The CM is parameterised and implemented in software
as a simulator. The simulator is then able to produce a
number of outputs dependent on the parameter values of
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Figure 3: Diagram of hydraulic cylinder (above) and nomenclature for design calculations in Eqs.1-17 (below).
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actual maximum cylinder force, N
moment of inertia of cylinder tube cross section, mm4
moment of inertia of piston rod cross section, mm4
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cylinder tube length from centre of end eye, mm
piston rod length from centre of end eye, mm
guiding length of piston in cylinder tube, mm
weight of the hydraulic cylinder, kg
buckling load, N
piston rod end eye bearing radii, mm
section modulus of the rod, mm3
clearance between piston guide and cylinder tube, mm
coefficient of friction for end eyes (default value of µ = 0.19)
yield strength of piston rod, N/mm2

Computational Model

FEM software usually does not model the components
though, as we do in our CM. We assume that structure
and strength data are available from FEM software and
focus on the constraints posed by the crane components,
in particular the hydraulic cylinders and the slewing ring,
for given crane configurations.
Choosing the Right Values
By adjusting the 120 parameters in the simulator, the
effect of the parameters on a number of KPIs and other
design criteria can be investigated. Of particular interest
is the load chart, which can be calculated within a few
seconds on an ordinary office computer, something that
could take days when designers did their calculations by
hand.
Since the formulas to calculate the KPIs are hard
to invert or derive, finding closed, analytical solutions
is generally not feasible. Consequently, a trial-and-error
approach is still required by the designer, as depicted in
Figure 5.

y

Figure 4: Offshore crane simulator. About 120 input
design parameters in the input vector x are passed to
a complex computational model, which in turn returns
a number of KPIs and other properties of the resulting
simulated crane in the vector y, e.g., load charts such as
that depicted in Figure 2.

Genetic Algorithms
The GA is a bio-inspired stochastic search heuristic for
solving search and optimisation problems. The algorithm
is inspired by natural evolution, with elements such as
inheritance, mutation, selection, and crossover. Most of
the literature attributes the GA to Holland (1975), with
subsequent popularisation by Goldberg (1989), and it is
currently a very popular optimisation tool across many

Note About Structure and Strength
Strength calculations and validation of the main structure is trivial and readily available from off-the-shelf
finite element modelling (FEM) software, therefore these
considerations have been excluded from the simulator.
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Description

the inputs and the CM. By comparing calculations made
by the simulator with those of the crane manufacturers’
own crane calculators we have been able to verify that
our CM is accurate. Unfortunately, sufficiently generalised, flexible and detailed modelling software or crane
calculators are not common. Moreover, because we want
a tool for optimising the design of cranes, we are not
able to utilize existing crane calculators ready-made for
existing crane models.
A block diagram depicting the functionality of the
simulator is shown in Figure 4.
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Description of a Basic GA
The basic steps that almost any GA consists of are
outlined in high-level pseudocode in Algorithm 1 below,
where we adopt a cost function as our objective function
(loosely adapted from Haupt and Haupt, 2004):

Human Designer

/* INITIALISATION
define encoding scheme for chromosomes c;
define cost function f (c);
set criteria for selection, crossover, mutation, elitism;
generate initial population of chromosomes;
sort population in increasing order of cost;
bestChrom ← population[0];
set minCost, maxIterations;
i ← 1;
/* LOOP
while i < maxIterations OR bestCost > minCost do
evaluate cost for each chromosome;
select chromosomes for mating;
perform mating, crossover, mutation, elitism;
update population;
sort population in increasing order of cost;
bestChrom ← population[0];
bestCost ← f (bestChrom);
i ← i + 1;
end
return i, bestChrom, bestCost;
decode bestChrom to original domain;

Figure 5: Human operator using a trial-and-error approach
with the simulator to tune the input design parameters x
until desired design criteria are met.

different disciplines (e.g., see Haupt and Haupt, 2004).
The authors and colleagues have used GAs for a number
of applications and projects, including dynamic resource
allocation with maritime application (DRAMA), in which
a fleet of tug vessels must be collectively positioned (Bye
et al., 2010; Bye, 2012; Bye and Schaathun, 2014, 2015);
adaptive locomotion of caterpillar-like robots (Li et al.,
2014); universal control architecture for maritime cranes
and robots (Sanfilippo, Hatledal, Schaathun, Pettersen and
Zhang, 2013); the Java Intelligent Optimisation (JIOP)
machine learning framework (Hatledal et al., 2014); and
optimisation of swarms of boids (Alaliyat et al., 2014).
Here, the intention is to use a GA in conjunction with our
offshore crane simulator as a VP tool for optimising the
design phase of offshore cranes. This requires selecting
a suitable objective function that must incorporate the
design criterions that we wish to optimise.

*/

*/

Algorithm 1: Basic GA.
A chromosome c is an encoded candidate solution to
the problem of optimising an objective function f (c).
The objective function quantifies the quality of candidate
solutions, that is, how well they fulfill the desired design
criteria. The design parameters that we want to optimise
must be translated (encoded) from their original domain to
a format suitable for the GA, usually arrays of bits or realvalued numbers, in the latter case, often normalised to
the interval [0, 1]. The bits or numbers are usually called
genes.
The selection criterion determines which chromosomes
in a population survives from one iteration to the next. For
examle, using the roulette wheel method, the cost (fitness)
associated with each chromosome is evaluated and the
chromosomes are given a weighted selection probability
according to their cost, where a smaller cost (greater
fitness) results in a greater probability.
A pre-determined fraction, of chromosomes (typically
half the population) is then randomly picked, with low
cost (high fitness) chromosomes having a greater chance
of being picked and kept for survival and reproduction.
For mating, several crossover methods exists, where
genes from two parent chromosomes are combined into
one or several offspring, which are then put back into the
population, replacing those chromosomes that were not
selected for mating.
After mating, a fraction of the chromosomes will have
one or several of their genes mutated. This means flipping
(inverting) bits for binary chromosomes, or changing the
values of these genes to random numbers within some
allowable range.
Next, each of the chromosomes in the updated population is evaluated by the objective function and the
population is sorted in descending order of performance
(ability to minimise cost or maximise fitness).

Objective Functions
Central to all GAs is the problem of determining values
for a number of input parameters x such that some
objective function f (x) is optimised. Note that in GA
terminology, the objective function is usually called a
cost function if it is minimised, or a fitness function if
it maximised. In this project, potential input parameters
consist of any of the numerous components needed for
building an offshore crane. The current version of our
simulator incorporates more than 120 parameters that
must be specified by the crane designer. Clearly, this large
number of parameters makes the search space (the space
of all possible combinations of parameter values) very
large and design approaches such a trial-and-error will
necessarily be both time-consuming and cost-inefficient
and lead to suboptimal designs.
Nevertheless, choosing an appropriate objective function is no easy task. In addition to adhering to laws,
regulations and standards, offshore cranes must be designed in accordance with the specific needs of the client.
Optimising such a set of potentially conflicting design
criteria (that is, there is a tradeoff between two or more
objectives) is called multiobjective optimisation (MOO).
Once an objective function, or in the case of MOO,
several objective functions, has been selected, the GA
can find an optimal solution by means of intelligently
probing the search space and evolving better solutions.
In the case of MOO, the GA will return a set of Pareto
optimal solutions, which means that none of the objective
functions can be improved without degrading others (e.g.,
see Haupt and Haupt, 2004; Arora, 2012, for details).
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The process repeats until the maximum number of
iterations has been reached, or the solution (the best chromosome) has reached a satisfactory performance. Then
the algorithm ends and returns the best chromosome,
which is decoded back to its original domain. In our
case, the decoded solution specifies the optimal values
for selected design parameters of an offshore crane.

parameters later when we have gathered more insight into
our automated VP process. The most important design
criteria include KPI factors such as lifting capacities at
different distances from the pedestal (derived from the
load chart), weight and cost. The selected KPIs form the
basis of the cost function of the GA and are weighted
according to the preferences of the client.
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Constraints
In terms of contraints of the crane design, the most
interesting components are the hydraulic cylinders and
the slewing ring. These components are commercially
available “off-the-shelf” with given dimensions and performance ratings. In the case of the slewing ring, the
maximum torque is of special interest, because it limits
both the lifting distance and weight of the payload. The
case of the cylinders are a bit more complex, however.
When analysing the forces acting on the cylinders, we
have to pay careful attention to the current angles of the
joints in addition to the payload. Dependent of the forces
acting on the cylinders it is possible to calculate two
important constraints that originate from the properties
of the cylinders: (i) maximum pressure; and (ii )buckling limit. Firstly, the cylinders will have a maximum
hydraulic rating, independent of the cylinder position.
This limit cannot be exceeded and constitues and important constraint on the properties of the crane. Secondly,
depending on cylinder position, there will be a certain
level of pressure where the cylinder will buckle (see
mathematics presented above). Obviously the cylinder can
handle higher pressure when close to the inner position
than when close to the outer position. Both of these
constraints can easily be incorporated by a GA when
searching for optimal designs.

RESULTS
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Computational Model and Simulator
Currently, the CM is tailored for offshore knuckleboom
cranes and has a very high level of detail. It incorporates mathematical models provided by our partner
Seaonics AS, a design and manufacturing company of
customised offshore lift and handling equipment as well
as relevant laws, regulations, standards and design codes.
Our simulator is a parameterised Java implementation
of the CM made by ICD Software AS, a software design
and development company of offshore industrial control
systems. In addition to an offline backend solution, two
online server versions of the simulator have been developed.1 One is a simple graphical interface for manually
entering input values to the simulator. The other is using
the WebSocket protocol, which is an advanced technology
for interactive communication between client applications
and a server. Using the WebSocket application program
interface (API) enables computer programs, or clients,
(instead of a human operator) to utilise the simulator and
automatically simulate cranes for chosen sets of design
parameters. Data is transferred by means of JavaScript
Object Notation (JSON), which is a lightweight humanreadable data-interchange format. The generation of a
single full set of crane data from a particular choice of
design parameters takes about 150–300 ms, whereas the
overhead in transferring data between the simulator server
and the client GA is in a similar range.

Automated Design Solution
With the framework we have presented above, we are
able to automate the design process by replacing the
human designer by a GA, as depicted in Figure 6. We
x

Computational Model

Graphical Web Interface
Figure 7 shows an example load chart generated by using the graphical web interface of the simulator. The load
chart is divided into zones showing the SWL for different
configurations of the crane and the chosen values of the
120 design parameters. The left column contains drawers
where these design parameters can be set, whereas the
right column shows some numerical results such as the
load vector (position and SWL), slewing ring torque,
boom angle, jib angle, and the main and jib cylinder
data (compression force, buckling force and SWL, and
pressure and its SWL).

y

GA
Figure 6: Automated design solution by means of a GA
that automatically tunes the input design parameters x
until desired design criteria are met.
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Genetic Algorithm
propose the following solution using genetic algorithms
(GA). A subset of the 120 design parameters are coded
as variables (genes) in the GA. As an initial approach, we
further simplify the problem by keeping a large number
of the 120 parameters constant and let the GA optimise
only those parameters that we consider most important
for affecting our design criteria. As what we present
here is work-in-progress, the point of this reduction in
parameters is to reduce computation time and get a “feel”
of our approach. We can easily extend the number of

Development of the genetic algorithm is still work-inprogress. We use the functional programming language
Haskell for our implementation of the GA, as well as for
the communication interface to the server version of the
simulator. We expect a working prototype of the GA to
be completed within the first half of 2015. Reasons for
the choice of programming language is discussed in the
next section.
1 Access
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only via agreement with ICD Software AS.
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Figure 7: Example load chart generated by simulator using the graphical web interface.

DISCUSSION
This paper has described a CautoD tool for intelligent
VP of offshore cranes. The three main parts of the tool
are (i) a CM; (ii) a simulator, and (iii) a GA. Being workin-progress, only (i) and (ii) have been completed at the
current stage, whereas development of (iii) during the first
half of 2015 is expected to lead to a working version of
the complete system some time after this.

“an embarrassingly parallel problem” because it involves
solving many similar, but independent tasks simultaneously in parallel, with little or no need for intertask
coordination and communication. Consequently, it is possible to speed up the GA by outsourcing cost function
calculations to local computer clusters or computing
clouds. An affordable and interesting option is to use
general purpose computing on graphical processing units
(GPGPUs), since GPUs in common modern desktop computer graphics cards are already optimized for parallelism.

Functional Implementation of Genetic Algorithm
Haskell is a purely-functional programming language,
which means that functions in Haskell are pure, there
is no global state, and no side effects. In addition, the
separation between pure and impure functionality makes
code easier to debug. Code written in Haskell is therefore
less error-prone and usually more concise, compact, and
readable than imperative programming languages like C
or Java.
Haskell is a good choice for parallel programming,
which we believe is likely to be needed as the complexity
of our simulator grows. Using pure parallelism guarantees deterministic processes and zero race conditions
or deadlocks, however, non-pure concurrency related to
pseudorandom number generators and other processes is
also required.
Using Haskell for implementation makes our simulator
very modular and extendable, something we believe is
necessary in order to expand the simulator and design
tool in the future.

Complexity and Sensitivity
We have not analysed algorithm complexity nor sensitivity with respect to the design parameters. A core of
N = 120 parameters is implemented in the computational
model but only n  N parameters will be optimised
by the GA for early phases of our work. When we
have a successful solution with n parameters, we will
begin to investigate both the effects of varying parameters (sensitivity) and expanding our solution and let the
number n grow (complexity). Again, parallel computing
may be needed in order to find optimal solutions within
reasonable time.
Graphical User Interface and Added Functionality
It is essential to make our VP tool available to domain
specialists without prior knowledge of AI or programming. Accordingly, we plan to develop a user interface
where the weights in the fitness function of the GA
are connected with sliders in the graphical user interface
(GUI) that relate to the domain specialists’ preferred KPIs
or design criteria. Typical KPIs that can be weighted will
include cost, lifting capacity, operating range and weight.
The user shall then be able to move the sliders (e.g., in

Parallel Computing
The most computationally expensive part of the GA
calculations is the evaluation of the cost function. Fortunately, calculating cost functions in a GA is known as
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Whilst our VP tool is currently not complete, we
are confident that the framework we describe here will
be of great value to crane designers, especially since
our simulator is already in the process of being tested
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forward to completing a working software of the tool as
well as expanding it in the directions described above.
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The VLE refers to a set of computer-based learning
tools that are designed to support and enhance the
teaching and learning experiences in educational settings
(d’Entremont, 2004). A VLE not only offers learners to
learn and absorb information through multimedia tools,
but also allows them to build interactions with the
virtual learning scenes by engaging multiple sensories
including visual, audio, and touch (Barajas and Owen,
2000). For instance, a head mounted display (HMD)
device projects digital images on the data glasses
attached to the device, bringing users immersive visual
experiences. A virtual training system, such as a virtual
operating room, allows the participant to hear the virtual
doctors’ instruction through an audio system and to
speak with virtual doctors using a microphone. Thus,
information can be received from the audio sensory.
Haptic devices, such as data gloves, allow participants
to interact with the virtual objects in the virtual world
with touch feedbacks. In addition to having multiple
sensory channels throughout the learning process, the
VLE also contributes to the following benefits (Hamada,
2008):
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ABSTRACT
In recent years, virtual environments have played a key
role in engineering education. The use of virtual
environments as learning tools continues to grow on
account of the capabilities of providing learners with
more interactive and immersive learning experiences
than most of the conventional learning methods. This
paper aims to introduce the related background and
recent research work on the topic of the collaborative
virtual environment (CVE) and then presents a solution
of implementing a web-based 3D virtual engineering
laboratory in a collaborative setting. This will allow
users to create their own avatars in the virtual world and
work collaboratively over the network. Such a method
may also be beneficial for distance learning.
INTRODUCTION

x

With the recent growth and maturation in computerbased technology, virtual learning environments (VLE)
have been widely used in educational settings over the
last decade (Baker and Gossman, 2013). Especially in
engineering education, such as engineering laboratory
experiments, VLE has become a popular learning tool
for engineering students because of its ability to support
active learning (Pislaru and Mishra, 2009). A VLE not
only improves the depth of learning, but also enhances
the entire learning experience by providing interactions
between students and the virtual environment (Effective
Use of VLEs, n.d.). When a VLE is able to support
activities with multiple participants, such environment
can be considered as a collaborative virtual environment
(CVE). CVE helps users work as a team either face to
face or online to achieve learning objectives in the same
virtual workspace. Essentially, this may permit users to
share their ideas and learn from each other. More
importantly, CVE increases the level of interactions
among the participants themselves, which in essence
may lead to better productivity during the collaboration
(Schmeil et al. 2007).
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A typical CVE is a virtual space that allows multiple
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A VLE provides students with more
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which students can communicate and share
learning experiences with each other
A VLE offers more controls and manipulation
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A VLE allows teachers to act as facilitators
instead of knowledge transmitters, which
means, knowledge is actively constructed and
absorbed by students instead of passively
transmitted to them
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The Jet Force on Vanes Experiment

Making virtual experiences available for
learning difficult concepts
Incorporating aspects of direct learning into
indirect learning and the other way around

The Jet Force on Vanes experiment, from a junior level
lab course ME 305 Thermal-fluids Laboratory at Old
Dominion University, demonstrates the reactions of the
jet impact force from a water jet hitting on various
shapes of target vanes. The relationship is described as
the equation “F = Cmn, where the letter “F” represents
the impact force, “m” represents the mass flow rate and
“C” represents the type of vane (Chaturvedi et al. 2012).
Initially, a type of vane, which includes a flat shaped
vane, a funnel-like shaped vane with narrow mouth and
a funnel shaped vane with a relatively wider mouth (all
vanes have narrow stems), is attached to a jockey sliding
weight beam mounted on top of the cylindrical lid.
Water is discharged through a nozzle inside the
transparent cylindrical storage tank to form a jet, which
has impacts on the vane. The flow rate of the water can
be adjusted through a valve in a low, medium or high
mode. As the flow rate changes, the force deflects the
beam from the horizontal position. Thus, the jockey
weight can be slid along the beam to bring it back to the
horizontal position, which is indicated by a blue tally
mark. As water keeps impacting the vane, water falls to
the bottom tank for re-circulation. Mass flow rate then
can be measured through a stopwatch by collecting a
given amount of mass over time. The experiment can be
repeated with other shapes of vanes for several mass
flow rates.

Other than the online CVE, an example of large scale
immersive CVE would be the Computer Automated
Virtual Environment (CAVE), which is a room-sized
cube composed of three or four projection walls. The
main hardware components of a CAVE typically consist
of a displaying system, an audio system and a tracking
system. The CAVE provides users with great amount of
immersion and interaction, which essentially increase
the realism of the virtual scene. With this virtual
environment, users are able to work collaboratively by
cooperating with each other on the spot and interacting
the virtual objects in the virtual scene. Although using
the CAVE as a CVE provides users with high level of
immersion and interaction, accessibility becomes
problematic since users have to physically meet in the
same CAVE facility in order to collaborate. On the other
hand, an online CVE allows users to collaborate in a
same virtual space over a network without being
physically presented. Thus, online CVE offers a remote
access compared to the large scale immersive CVE.
We have previously built a web browser-based 3D
virtual engineering laboratory that is fully interactive,
but limited to only one student performing an
experiment at a time (Chaturvedi et al., 2012). The
objective of the paper is to extend this work and
illustrate a method of implementing a single user 3D
virtual engineering lab in a more collaborative setting
that supports multi-user capability. The remainder of the
paper is divided into four sections. The Background
section covers a brief background of 3D CVE platform
that will be used in this project, as well as a brief
introduction of the existing 3D virtual engineering
laboratory from our previous work. The Related
Research section describes recent publications and
articles that discuss applications of CVE especially in
the field of engineering education. The Implementation
section discusses the workflow of transforming the
single user 3D virtual laboratory to a collaborative
environment. Lastly, the Conclusion and Future Work
section summarizes our development, states the
limitation of our work and describes the potential
solutions for extending our study.

Figure 1. Physical Set-up of the Jet Force on Vanes
Experiment
Web browser-based 3D Virtual Engineering
Laboratory

BACKGROUND
This section presents a brief background introduction of
the physical lab experiment, the 3D virtual laboratory
based on the physical set-up, and lastly the platform that
will be used to implement the existing web browserbased 3D virtual laboratory in an online collaborative
setting.

A web browser-based 3D virtual laboratory is developed
using the 3D modeling software AutoCAD Maya and a
gaming engine 3DVIA Virtools from our previous work
(Chaturvedi et al., 2012). Maya provides the modeling
and texturing features, which are two important steps in
creating the 3D virtual model of the laboratory
equipment. Virtools offers developers the ability to
assign different behaviors to the 3D objects and models
they import, thereby making the 3D objects interactive
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Open Wonderland is based on the game server Project
Darkstar, which contains two main components, namely,
the transaction model and the network protocol (Blair,
2011). The transaction model is in control of managing
any access that goes through the Darkstar server while
the network protocol assures messages can communicate
between the server and the client. Developers are also
able to manage the server contents such as client
settings, server modules, apps, and users through the
Server Admin Console, which is a web-based
administration tool that configures various aspect of
Open Wonderland including the start and stop of the
Wonderland server components as well as monitoring of
the server performance.

according to the given behaviors. Thus, users can
interact with the virtual model through a specific input
device such as a mouse or a keyboard. The finished 3D
virtual model can be exported to a web browser format,
allowing the user to run the virtual application through a
web browser on a computer. The 3D virtual laboratory
is specifically designed for the undergraduate
mechanical engineering students as a pre-lab practice
session so that students can practice the entire lab
experiment procedure in a virtual setting prior to the
physical experiment. This allows students to gain more
hands-on experiences, familiarize with the experiment
concepts and procedures, and learn from mistakes
without worrying about damaging the equipment. Figure
2 shows the screenshot of the 3D Jet Force on Vanes
virtual lab in a Google Chrome web browser.

RELATED RESEARCH

Figure 2. Virtual Set-up of the of the Jet Force on Vanes
Experiment in a Web Browser
Open Wonderland – Open Source CVE Platform
The CVE platform that is used to support the online
collaboration ability on the existing web browser-based
3D virtual engineering laboratory is called the Open
Wonderland. Originally named the Project Wonderland
by Sun Microsystems, Open Wonderland now is an
independent community-supported 100% Java open
source toolkit for developing collaborative 3D virtual
worlds. Those virtual worlds offer communications
through voice, text and video chat as well as sharing
desktop applications and documents. On top of that,
Open Wonderland is fully extensible. Developers are
able to extend more functionalities such as adding new
features, assigning behaviors to the avatars, and adding
new plugins in the virtual world. Additionally, Open
Wonderland supports the feature of importing 3D arts or
models from 3D modeling and animation tools such as
Google SketchUp and Blender. Such feature makes the
virtual world completely customizable. Developers can
import their own 3D models and build their virtual
world the way they desire.
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Collaboration Tools

Comparison of 3D CVEs and Text Chats as
Collaboration Tools

Schmeil et al. conducted a research study on the
comparison of 3D CVEs and simple text chats as
collaboration tools (Schmeil et al. 2007). The objective
of this study is to investigate whether the high level
immersive and interactive 3D CVE as a collaboration
tool is more effective than the low level interactive text
chat tool.

Schmeil et al. conducted a research study on the
comparison of 3D CVEs and simple text chats as
collaboration tools (Schmeil et al. 2007). The objective
of this study is to investigate whether the high level
immersive and interactive 3D CVE as a collaboration
tool is more effective than the low level interactive text
chat tool.

The experiment was designed to have participants
accomplishing three tasks: (1) information sharing, (2)
grounding and team discussion, and (3) decision making
and subgroup building by using two different
collaboration tools. There were 50 participants, who
were divided into 10 equal-sized small groups,
participated in this experiment. Five experimental
groups were assigned in the 3D CVE while other five
control groups were assigned to use the simple text chat
as the collaboration tool to perform the regarding tasks.
The 3D CVE was implemented in the OpenSim
environment, which is an open source toolkit for
designing 3D collaboration environment. Participants
were able to perform all three tasks by using various
communication/collaboration tools that were provided in
the CVE. On the other hand, control groups were only
allowed to use Skype text chat as the collaboration tool.
The measurements of participants’ performances were
based on the post-task questionnaire in terms of
subjective and objective measures including satisfaction,
productivity, and retention. Satisfaction and productivity
were categorized as subjective measures while retention
was categorized as an objective measure. Questionnaires
that are related to subjective measures use the scale from
-3 (strongly disagree) to +3 (strongly agree). In contrast,
objective measures such as retention, represents the
quantity of recalled items of teammates’ profile and of
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team decisions made in the collaboration process, has a
scale from 0 to number of recalled items.

Wonderland’s 3D components are also both Java3D–
based, such fact made it possible to integrate the two
technologies with a few changes to the TEALsim
architecture. This made the 3D simulation of the
magnetic lines on the dipole easily implementable. The
labVIEW parameter controller interface can be
integrated in a Virtual Network Computer (VNC)
viewer, which is a plugin in Project Wonderland that can
connect to a VNC server on the same or another
computer. This capability essentially provides a remote
control access. In other words, multiple clients are able
to connect to the VNC server and interact with the
labVIEW parameter controller interface through the
VNC viewer window. Thus, users can work together on
this experiment collaboratively through multi-media
communications that are provided in the Project
Wonderland.

The results demonstrated that participants in the CVE
had a difficult experience with media and technology.
However, they outperformed the control groups on other
aspects such as common understanding of the task and
easy communications and collaborations between
teammates. Comparison between the CVE and text chat
participants on recalling of teammates’ profiles and final
role assignment showed that the CVE outperformed all
the control groups.
This study provides a good overview on comparing the
effectiveness of two collaboration tools: the 3D CVE
and the text chat. Results show that despite some
technical difficulties that participants experienced in the
3D CVE, as a high interaction level collaboration tool, it
is overall more effective in terms of teamwork and
collaboration than the text chat tool.

This project offers an effective tool to enhance the
learning and understanding of abstract physics concepts
using active 3D visualizations. Although there was no
research study conducted to validate whether the 3D
CVE module can significantly improve students’
learning, the paper provides helpful techniques in design
and implementation phases in which they will be
beneficial to the design process in the 3D CVE module
for the Jet Force on Vanes Experiment.

3D CVE for Physics Experiment
Scheucher et al. (2009) integrated a 3D CVE for physics
experiment using the Project Wonderland. The goal of
this application was to provide an immersive 3D CVE
for physics education in which students are able to work
together in the same virtual space (Scheucher et al.
2009).

IMPLEMENTATION

The set-up of the experiment “Force on a Dipole”
consists of a small suspended magnet by a spring located
in the center of two coils that are mounted horizontally.
An electrical current can go through both of the coils.
This experiment demonstrates the changes in the
magnetic field when the current amplitude and
frequency vary. A 3D simulation of this experiment is
created by using the TEALsim Toolkit while the
parameter controller is developed via the software
LabVIEW. The LabVIEW interface enables remote
access to manipulate the experiment while the TEALsim
software generates a synchronized 3D simulation of the
magnetic field lines. Thus, when students change the
parameters such as the current amplitude or the
frequency on the LabVIEW controller panel, students
will be able to observe the changes in magnetic field
lines in the 3D simulation in real time.

The previous works from the Related Research section
have provided us with helpful insights for our current
work. Based on Schmeil et al. (2007)’s study results, we
believe that a 3D interactive CVE would be more
effective as a collaboration tool comparing to a simple
text chat platform. Thus, our implementation tends to
incorporate more interactive features into the CVE.
Scheucher et al. (2009)’s work offers helpful
information from the technical aspects (especially the
design and implementation phases). We adopted
Scheucher et al. (2009)’s method to develop the 3D
virtual lab CVE by using the suggested platform Open
Wonderland,
which
currently
supports
more
collaborative features such as multi-media integration
and avatar configuration than other similar platforms.

To extend the collaborative capability of the 3D
simulation, Scheucher et al. (2009) took a further step
and implemented the 3D virtual experiment in a CVE
setting. The first step was to create a virtual space for
the experiment in Project Wonderland. This was done
by using the existing modules in the Project
Wonderland. As mentioned in the previous section,
Project Wonderland has the capability of allowing
different users to log into the virtual world using their
own avatars. Users can interact with the virtual objects
and collaborate with other users through build-in voice
chat, text chat or drawing panels in Project Wonderland.
The most important step is to figure out a way to import
the existing 3D simulation into the Project Wonderland
and enable it multiple-user interactive. Since the
TEALsim rendering engine and the Project

This section introduces the approach of designing and
implementing the existing web browser-based 3D virtual
laboratory in the open source CVE platform Open
Wonderland.
Starting up the Open Wonderland Server
To create a Wonderland server, it is required to first
download and configure the “Wonderland.jar” binary
file from the Open Wonderland site. This can be done
by entering the command line
“\Program Files\Java\jdk(version no.)\bin\java
–jar Wonderland.jar“
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in the CMD on Windows systems. When the server is
successfully loaded, developers will have a full access to
web server component and several default Wonderland
worlds. A link to a web page which has a button to
launch a Wonderland client will also be given to the
user.
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worlds. A link to a web page which has a button to
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user.

Importing and Editing 3D Models and Artwork

Importing and Editing 3D Models and Artwork

The art path for Open Wonderland is fully opened for
developers. This feature gives developers and graphic
artists the ability of creating their own artwork and 3D
models using third-party modeling software such as
Google SketchUp, Maya or Blender, and importing
them to the virtual world.
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In this project, the authors initially had the plan to model
the real laboratory environment as the virtual world and
import it to the Open Wonderland. However, due to time
constraints, authors downloaded a classroom model as
the laboratory environment from the Google SketchUp
3D Warehouse as an alternative. The 3D Warehouse is a
website where graphic artists can upload their artwork
and 3D models for other users to download and use. The
3D models on the site mostly have the file extension of
.skp and .kmz. Open Wonderland allows developers to
import artwork by dragging and dropping the .kmz file
directly to the virtual world. Developers can also change
the coordinates (X, Y, and Z position), adjust the size
(scaling) and duplicate the 3D artwork/models that they
imported in the Open Wonderland. Besides importing
and editing 3D models, users are also able to customize
their avatars by changing their appearances such as
clothes, hairstyle and facial features. Thus, each user can
create his/her own unique avatar that can be
distinguished from the look of other avatars.

In this project, the authors initially had the plan to model
the real laboratory environment as the virtual world and
import it to the Open Wonderland. However, due to time
constraints, authors downloaded a classroom model as
the laboratory environment from the Google SketchUp
3D Warehouse as an alternative. The 3D Warehouse is a
website where graphic artists can upload their artwork
and 3D models for other users to download and use. The
3D models on the site mostly have the file extension of
.skp and .kmz. Open Wonderland allows developers to
import artwork by dragging and dropping the .kmz file
directly to the virtual world. Developers can also change
the coordinates (X, Y, and Z position), adjust the size
(scaling) and duplicate the 3D artwork/models that they
imported in the Open Wonderland. Besides importing
and editing 3D models, users are also able to customize
their avatars by changing their appearances such as
clothes, hairstyle and facial features. Thus, each user can
create his/her own unique avatar that can be
distinguished from the look of other avatars.

Figure 4. The build-in VNC Viewer Plugin in Open
Wonderland
In addition, Open Wonderland has other build-in plugins
such as PDF Viewer, Audio Player, and Video Player.
PDF Viewer is added to the scene for displaying the 3D
virtual lab manual in .PDF format so that users can
reference to it while perform the task on the virtual lab.
Figure 5 illustrates the PDF Viewer plugin in Open
Wonderland.
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Once all the necessary 3D models are imported to the
Open Wonderland, adding functionalities to the virtual
world follows the next step. The method of loading the
exsisting 3D web browser-based Jet Force on Vanes
Experiment to the virtual world involves using the buildin VNC Viewer plugin in the Open Wonderland. The
VNC Viewer permits developers to add a remote
desktop screen and display in the virtual world and
interact with it. In order to connect a remote desktop
computer, it is necessary for that computer to be
installed the TightVNC Server with administrative
password set up so that only authorized users can
connect. With the help of the VNC Viewer plugin, users
in Open Wonderland can take control of the VNC
Viewer screen and interact with the 3D web browserbased virtual laboratory that is loaded on the remote
desktop computer. This essentially permits collaboration
among multiple users working on the same task. Figure
4 illustrates the VNC Viewer Plugin loaded in Open
Wonderland.
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Testing the CVE
The network structure of the 3D CVE consists of a PC
with the 3D virtual lab loaded that provided a remote
access to users, a second PC for developers to manage
the server and virtual world through web-based admin
console, the Open Wonderland server, and lastly the
users/clients that will connect to the server. Figure 6
illustrates the 3D CVE network diagram.

161

Figure 4. The build-in VNC Viewer Plugin in Open
Wonderland
In addition, Open Wonderland has other build-in plugins
such as PDF Viewer, Audio Player, and Video Player.
PDF Viewer is added to the scene for displaying the 3D
virtual lab manual in .PDF format so that users can
reference to it while perform the task on the virtual lab.
Figure 5 illustrates the PDF Viewer plugin in Open
Wonderland.

Figure 5. The build-in PDF Viewer Plugin in Open
Wonderland
Testing the CVE
The network structure of the 3D CVE consists of a PC
with the 3D virtual lab loaded that provided a remote
access to users, a second PC for developers to manage
the server and virtual world through web-based admin
console, the Open Wonderland server, and lastly the
users/clients that will connect to the server. Figure 6
illustrates the 3D CVE network diagram.

161

Figure 6. Network Diagram of the 3D CVE on Open
Wonderland Server

Figure 8. Multiple Users Working on the 3D Virtual
Laboratory Collaboratively

Once all the components are ready, developer/server
admin can provide the web link to users/clients.
Through this link, users/clients will be able to log in the
server, start customizing the avatar, and eventually
explore the virtual world. Figure 7 shows a multiple
users scene in the Open Wonderland.

CONCLUSION AND FUTURE WORK
This work is primarily to experiment whether the Javabased Open Wonderland is a suitable platform for
building a 3D CVE interactive virtual laboratory.
Through the development stage and careful
observations, we have concluded that the collaboration
features such as text and voice communication worked
well in Open Wonderland. However, in terms of the
interactive and visualization aspects, Open Wonderland
might not be an ideal tool for advance interactions and
animations, as the platform does not support other input
devices (e.g. Wii remote, data gloves) and physics
effects such as particle animation in the environment.
Performing the web-based virtual experiment that is
displayed on the VNC Viewer window sometimes
results in slow responses and lags. We also noticed that
those problems became slightly worse as more users
started to use the experiment displayed on the VNC
Viewer simultaneously. The blur on the PDF Viewer
Plugin when zooming in caused another concern in the
visualization aspect, as we found difficulties to view the
texts and images on the .PDF clearly. Thus, relying on
displaying the web-based virtual lab on the VNC Viewer
is not an optimal solution in the long run. Ideally,
importing the actual 3D model of the lab equipment
directly to the Wonderland environment and making the
model interactive would potentially solve the delay
caused by the VNC Viewer and increase the realism of
the virtual lab equipment. Unfortunately, Open
Wonderland only allows importing of the 3D model,
however, adding physics effects such as particle
animation and spring effects to the imported 3D models
are not supported. Yet, those features are very important
to meet the interactive and collaborative requirements
for our virtual lab.

Figure 7. Multiple Users in the Open Wonderland
Classroom Scene
Figure 8 illustrates multiple users in the classroom scene
working on the 3D virtual laboratory together in the
VNC Viewer and communicating with the build-in
collaboration tools such as text chat. Users are able to
take control of the remote desktop and perform the
entire laboratory experiment with ease. Besides the text
chat tool, voice chat as the collaboration tool were also
tested and worked well in the CVE.
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references on the limitations of Open Wonderland in
terms of interaction and animation features for those
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and Text Chat as Collaboration Tools”. Electronic Journal
of Knowledge Management, 7(5), 637-646.

researchers who are interested in developing any
advanced interactive collaborative virtual laboratories in
the future.
The future work of this study includes (1) finding a new
platform or gaming engine such as Unity 3D or Unreal
Engine that can support physics effects and animations
so that the actual 3D model of the lab equipment can be
imported directly in to the virtual scene for students to
interact with instead of displaying a browser-based
virtual lab in Open Wonderland by using the VNC
Viewer through a remote desktop computer, and (2)
conducting a research study to compare the difference of
student performance under two virtual environments: a
3D virtual lab in a CVE and a 3D virtual lab without the
collaborative aspects.
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Agent-Based Modelling and Simulation
In general, an agent-based simulation process is based
on the emergence principle where the lower (micro) level
of systems determines a higher (macro) level of behaviour
(e.g., Bonabeau, 2002). Thus, simple behavioural rules
generate complex behaviour. Typically, agents are characterised as rational; i.e., they are expected to be acting
according to what they perceive as their own interests,
such as reproduction, suitable environment, or economic
benefit, using heuristics or simple decision-making rules
(Bonabeau, 2002).
When designing an ABM, we need to consider the
following:
• granularity of the agents: how many agents are
needed to get a realistic behaviour.
• scalability: how well do the number of agents
and the resolutions of time and space scale when
compared with reality.
• decision-making rules and heuristics: what an agent
does next based on a set of parameters given by the
environment and the agent’s interests.
• behaviour over time: do the agents learn or are they
adaptive.
• topology: how the agents are related to each other
and how they interact with each other.
• the environment: how the environment affects the
agents’ behaviour.
While ABMs perhaps are mostly associated with computer science, they are also used to model other domains
such as biology, ecology and social science (Niazi and
Hussain, 2011). Although ABM has good potential, it
requires domain-experts to have know-how about the
computational overheads involved with agents in terms of
time and space and their distribution in networks or grids.
Adding to the complexity is the fact that the location
of the agents in the environment and their responsive
behaviour are encoded in algorithmic form in computer
programs.

Scalability; Parallel and GPU-programming; Agentbased modelling and simulation; Virtual Prototyping;
Model-driven software development; Domain-specific
languages.
ABSTRACT
Simulation is an important technique for integrating
interacting models for predicting results of hypothetical
scenarios. A typical application area for simulators is
virtual prototyping (VP). In VP, simulators replace the
real-world prototype. Hence, the quality of the virtual
prototype depends on the quality of its simulations, which
in turn are highly dependent on the quality of the models
and the computational power, especially if visualization
and/or real-time constraints are required. Unfortunately
defining models is an error-prone activity which requires
domain-experts to have knowledge about the implementation details and/or IT-technical concerns. In addition,
the bigger the dataset, the more computational power is
needed, which affects the cost, and in turn, the usability
of today’s simulators. To address both of these aspects,
we propose a user-friendly, adaptive and scalable agentbased modelling and simulation framework with a hybrid
CPU/GPU/FPGA high performance computing platform.
The solution we describe provides domain-experts with a
a scalable, adaptive, and efficient simulator and enables
domain-experts to define high quality models without indepth IT-knowledge. We use a running example from the
particle transmission domain to illustrate our approach.
INTRODUCTION
In this paper we propose a user-friendly, adaptive and
scalable agent-based modelling and simulation (ABMS)
framework on a hybrid CPU/GPU/FPGA high performance computing (HPC) platform. An agent-based model
(ABM) is a class of computational models in which
multiple autonomous agents act and interact, typically
guided by some set of simple rules, such that some
collective behaviour emerges. Using this paradigm for
simulation, it is possible to recreate and predict a number
of complex phenomena observed in nature, e.g., a flock
of birds, a herd of land animals, or a school of fish
(Reynolds, 1987).

Virtual Prototyping and Simulation
Virtual prototyping (VP) is defined as the computeraided construction of digital product models and realistic graphical simulations for the purpose of design and
functionality analyses in the early stages of a product’s
development process (Pratt, 1995). These prototypes are
usually computer simulations of physical products that
can be presented, analysed, and tested in various aspects
like design and engineering, manufacturing, service and
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recycling, as if the prototypes were real physical models
(Wang, 2002). One of the major aspects of VP consists
of the representation (i.e., modelling) of various parts
of the prototype. Using VP, one can easily construct
(or manufacture) a set of prototypes with different configurations, behaviour and parameters. Another aspect
is the simulation of these prototypes for analysis and
experimentation purposes. VP engineers are experts in
their domains, however, good abstraction of software
technicalities, good modelling principles, and efficient
simulation configurations are also necessary in order to
make real advances in VP.

stochastic elements, and generally allow modelling of all
the required complexities and dynamics of real world
applications without resolving to undue simplifying assumptions. Obviously, however, a large amount of data
and calculations will require a lot of processing power,
which can be a challenge and may require optimisation
at various levels.
In this paper, methods and approaches of simulation
and of the solution of optimisation problems shall be
linked to solve optimisation problems faster or make the
obtained solutions more usable (under realistic conditions). Moreover, in most cases one wants to get feedback
on changing different parameters almost in real-time. Our
aim for addressing these challenges is based on using
a hybrid CPU/GPU/FPGA HPC platform to design and
develop a scalable simulator engine.
In the following, we outline our descriptions of a
DSML with a running example and discuss aspects of
user-friendly scenario definition; then we present our
approach to a scalable simulator using a hybrid HPC
platform, before we refer to some related work. Finally,
we draw some conclusions and point to future work.

Domain-Specific Modelling Languages
A domain-specific modelling language (DSML) is a
high-level computer language specialised to the application domain of modelling (e.g., see Fowler, 2010), with
a focus on describing the what, not the how. We have
designed a DSML which enables domain-experts to define
models of agents without knowledge of technical details
of the computations. Consequently, the domain-experts
can focus on the description of the problem which they
want to simulate. We use model-driven software engineering (MDSE) (Brambilla et al., 2012), in particular a
metamodelling approach, for the definition of the DSML.
Please note that the description of the DSML and the
running example in this paper should be seen as a recipe
for how to create a modelling language which is simple
enough for domain-experts to deal with, and in addition
formal enough for simulator engines to simulate models
defined in these languages. That is, we outline here a
conceptual framework for creating user-friendly DSMLs
rather than presenting a full-scale modelling language.

DOMAIN-SPECIFIC MODELLING
LANGUAGE
First we introduce a running example, then we explain
the modelling language which is used by the domainexperts to define their models and simulation scenarios.
We adopt a MDSE methodology to develop a userfriendly DSML that enables domain-experts to define
their models and simulation scenarios. MDSE is a branch
of software engineering in which models are the firstclass entities of all the phases of the development process.
In MDSE one can define a modelling language as a
metamodel and automatically generate support tools for
the language, such as an editor and a syntax checker,
using various language workbenches and frameworks
(e.g., Epsilon (Kolovos et al., 2005), Eclipse Modeling
Framework (EMF) (Steinberg et al., 2008), MetaEdit
(MetaCase, 2007), or Diagram Predicate Framework
(Rutle, 2010)). A metamodel is a model which defines the
types and relationships between types used in a modelling
language. We say that a model which is defined by the
modelling language conforms to this metamodel.

Motivation and Aim
It is generally costly to develop ad-hoc simulators
tailored for separate test cases, and current simulators
are often too specific to be adaptable if we want to
investigate different what-if scenarios. This is one of the
reasons why simulation is not seeing a more widespread
use in research projects although most researchers know
the benefits and the insights one can get from simulation.
Another reason is that deploying or even using simulators often require too much technical overhead which
makes their usage less viable for the domain-experts.
Our approach for tackling this problem is based on the
development of a generic simulator able to abstracting the
details away from the users. Among other features, the
simulator should provide a user-friendly interface which
enables domain-experts to define simulation scenarios
without knowledge of the implementation details.
Another challenge is that of scalability. It is wellknown that the result of a simulation is highly related to
the granularity of the agents, the size/complexity of the
existing data/environment, and generally the resolutions
of the simulated time and space representations. If we
have enough data about the environment, one can simulate
the system in a near-realistic way. Employing analytical
models is impractical because changes in settings have
limitations in modelling important details and features of
real world complex systems. Simulation models, however, provide the flexibility to accommodate arbitrary

Running example of Borgundfjorden Simulator
In the running example we consider the local fjord
Borgundfjorden as a case-study. A big amount of data and
a number of models already exist in different formats at
different institutions in the geographical area surrounding
the fjord. For example, the municipality of Aalesund
has sewage data; a company called PatoGen has data
about different kinds of viruses and micro organisms and
their concentrations in the fjord; Havforskningsinstituttet
has data on waves, temperatures and currents; and the
Virtuelle Møre of Aalesund University College (AAUC)
has data on oceanographic maps. Integrating all these
models and creating a realistic model of the fjord is one
of the important goals for many researchers and domainexperts in research areas such as biology, fish farms,
particle transmissions, and urban management. We use
a simulator for integration of these data, mainly because
most of these data need to be put in context in order to
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get an overall picture of what is going on in the fjord.
In addition, using a simulator can help us in finding
answers to interesting research questions and hypotheses,
and could be used to find patterns and relationships which
we have not thought of yet.
The presented example, the methodology and the data
integration could easily be generalised for usage in other
fjords, or even other environments. For example, we could
build on our previous work (Alaliyat et al., 2013; Bye,
Rutle, Stene and Yndestad, 2015), where we among other
things used an agent-based model to simulate pathogen
transmission between aquaculture sites in the Romsdalsfjord (see Figure 1). As noted in our literature review of

Figure 3: A metamodel of the sample modelling language
used for modelling particles.

Figure 1: Aqua farms in Romsdalsfjorden. Courtesy of
Alaliyat et al. (2013).

VP in (Bye, Osen and Pedersen, 2015), VP can also be
used to facilitate integrated planning and visualisation of
large construction projects. Using our integrated simulator
as a VP tool for the planning of new fish farms, public
management and/or private companies could take into
account factors such as pathogen transmission between
fish farms related to ocean currents such as those in
Figure 2 and be able to optimally position the new fish
farms to reduce the risk of fish disease and provide
optimal living conditions for the fish by simulating a large
number of what-if scenarios involving pathogen particles,
vessel traffic related to spreading of pathogen, more fish
farms in the future, urban and industrial sewage, and so
on (Bye, Rutle, Stene and Yndestad, 2015).

Metamodel

As a simulation case, a marine biologist may want
to see the impact of a particular particle type or micro
organism transmission through Borgundfjorden at a given
time of the year. With the DSML and simulator we
describe here, the domain-experts would only need to
describe the particles of interest and their properties,
for example their weight, their start position, and other
properties like which particles/surfaces they are likely to
adhere to or repulse, and then run the simulation for a
given time into the future, or in the past. Designing the
metamodel of the DSML is an activity which is usually
delegated to the language designers or specialised ITpersonnels who tightly cooperate with the domain experts.
A simplified metamodel for the simulation case is shown
in Figure 3. From this metamodel, we can generate a
language editor so that domain-experts can define models
representing simulation cases.

As a simulation case, a marine biologist may want
to see the impact of a particular particle type or micro
organism transmission through Borgundfjorden at a given
time of the year. With the DSML and simulator we
describe here, the domain-experts would only need to
describe the particles of interest and their properties,
for example their weight, their start position, and other
properties like which particles/surfaces they are likely to
adhere to or repulse, and then run the simulation for a
given time into the future, or in the past. Designing the
metamodel of the DSML is an activity which is usually
delegated to the language designers or specialised ITpersonnels who tightly cooperate with the domain experts.
A simplified metamodel for the simulation case is shown
in Figure 3. From this metamodel, we can generate a
language editor so that domain-experts can define models
representing simulation cases.

As a sample model, consider a set of particles A,
B, C, D, and E, where A could adhere to B and E,
while it is repulsed by C and D. In addition, B could
adheres to D and C adhere to E. This information is
then captured as instances of the metamodel shown in
Figure 3. A sample language editor generated based on
the metamodel in Figure 3 is shown in Figure 4. The
figure shows a simplified view of the model and the
language. The palette area shows the types which were
defined in the metamodel, and the drawing canvas shows
the particles and their relationships. Furthermore, using
the language enables the domain-experts to see and define
other interesting relationships in the model, for instance,
how the relations between the particles A and B as well
as B and C affect the relation between A and C.
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Figure 3: A metamodel of the sample modelling language
used for modelling particles.
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Figure 2: Snapshot of ocean currents in Romsdalsfjorden.
Courtesy of Alaliyat et al. (2013).
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number of what-if scenarios involving pathogen particles,
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farms in the future, urban and industrial sewage, and so
on (Bye, Rutle, Stene and Yndestad, 2015).

Language Editor
As a sample model, consider a set of particles A,
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while it is repulsed by C and D. In addition, B could
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then captured as instances of the metamodel shown in
Figure 3. A sample language editor generated based on
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figure shows a simplified view of the model and the
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other interesting relationships in the model, for instance,
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Focusing on What Rather than How

Focusing on What Rather than How

Using this language, even the fact that the simulation
is agent-based is hidden from the domain-experts. The
focus of the experts is on the description of the domain,
not how things are represented. Internally, these models
are translated to agents which run in the simulator and
predict the behaviour of the system. This translation
to implementation is described in more details in later
sections.

Using this language, even the fact that the simulation
is agent-based is hidden from the domain-experts. The
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Next for the domain-expert is to choose which algorithms
to be used for the calculation of the next positions for each
particle, and how detailed and accurate the simulation
must be run. Again, defaults should be proposed by
the simulator. There are other applications of simulation
which makes the design of a user-friendly interface for the
simulator necessary. For instance, making observations on
whether the simulation results match the real results from
past real world experiments and data would strengthen
to what extent one can trust the simulation results. This
could be put in a machine learning context to train the
simulator in order to come up with more precise results.
Finally, we note that domain-experts generally can not
be expected to be programmers; they are cyberneticians,
mechanical engineers, electrical engineers, zoologists,
microbiologists, meteorologists, etc. They know their
own domain, and in most cases work together in order
to define simulation scenarios. We do not expect the
domain-experts to use command-line, or to be familiar
with artificial intelligence, machine learning or other
algorithms. On the other hand, we do expect that domainexperts have a reasonable minimum knowledge on what
simulation is, how it works, what could be expected
from simulation, what is needed as input, and in which
cases one can choose provided defaults, and so on. Thus,
user-friendliness requires that the concepts and constructs
in the modelling language are those which are used
by the domain-experts. Usually, graphical languages are
easier to understand by domain-experts, however, any
language which has concepts that come directly from the
domain may be considered user-friendly. In cases where
a graphical syntax may add complexity, one may choose
to add a textual syntax for the language. As additional
features, domain-experts (or simulation-experts) could use
meta-tools to reason about the results of their simulations,
for instance, how accurate or realistic the simulations are,
whether the results can be trusted, and whether the results
be compared to/aligned with actual observations.

Figure 4: The language editor corresponding to the
metamodel in Figure 3 and a sample particle model
defined by the modelling language.

Figure 5: A general architecture for model integration and
simulation.

USER-FRIENDLY SCENARIO DEFINITION
The responsibility and usage of the DSML is limited
to the definition of the models. The simulator should
also have an interface which enables domain-experts to
integrate data and stage their scenarios. For instance,
the simulator could have a module for choosing and
uploading a weather model (forecast or historical data)
for a given position in a given time period, a module for
choosing wave and current models for that same time
period and position, and one for choosing the oceanographic maps. In addition to these (relatively) static
data, the domain-expert should also be able to upload
the particle model (see Figure 4) as well as a model
describing different kinds of fishes and their eating habits,
and use the simulator interface to define a start position
for the particles (perhaps with different positions for
different particle types), a rate of proliferation (how many
particles are put into the simulator per time unit, for how
long, and when), and which start direction and speed the
particles have. Figure 5 depicts a general architecture of
the framework in which various models can be integrated
and configured for simulation. The simulator should be
able to generate all this information using high-quality
pseudo-random number generators (PRNGs), as well as
reproduce simulations by fixing the seed of a PRNG.

LARGE SCALE AGENT-BASED SIMULATIONS
WITH HPC PLATFORM
In this section we outline our approach to the development of a scalable, generic simulator which is able to do
high quality simulations efficiently. The approach is based
on a fair and efficient scheduling algorithm to schedule
computational resources in distributed simulator engines.
In order for ABMS to be (near-) realistic, the simulation needs to deal with large amount of agents, which
incurs heavy computational workload. As we have observed in the HPC community, super computers have
already been built with a hybrid CPU and GPU architecture to make use of the large pool of processing units
in GPUs, e.g., Titan, a super computer built in Oak
Ridge with a combination of GPUs and traditional CPUs,
was ranked No. 1 in the Top500.org November 2012
list (TOP500.org, 2012). In addition, we have seen in
recent years fast development of FPGAs, the performance
of which starts matching that of GPUs with much less
power consumptions (Kestur et al., 2010). For this reason,
FPGAs are being adopted in new HPC architectures. More
importantly, the new OpenCL 2.0 standard makes it much
easier to program across different CPU, GPU, and FPGA
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RELATED WORK
Modelling and simulation is gaining an increasing
interest due to the access to powerful, cheap computers.
The literature on modelling and simulation research could
be divided into two subgroups: Those that focus on the
software tools and APIs dedicated for running simulations, and those that focus on representation of data and
modelling techniques. We will discuss some tools and
frameworks related to these two groups below.

architectures (Abdelfattah et al., 2014; Chen and Singh,
2012; Segal et al., 2014). We aim to experiment with
different configurations considering the advantages and
disadvantages of CPU, GPU, and FPGA.
Implementing an agent-based simulator runtime with
disparate data sets requires complex scheduling decisions.
CPU and communication resources needs to be measured,
and the computation of agents moved to the appropriate
cluster node.
The simulator engine must adapt dynamically to the
hardware available, scaling the simulation according to
current work load and real-time needs. By abstracting
away much of the concurrency and communication complexities, the simulator can facilitate time and cost effective development of new simulators. These new simulators
can run in parallel, separate or together, shining new light
on complex problems.
Large scale simulations require massive amount of
computing power. If the dataset grows in length (with
time), the CPU requirement typically increases linearly,
whereas adding more parameters, objects, agents, and so
on, likely yield an exponential increase in the required
computing power. In order to get sufficient resolution in
its simulation results, the model must be able to incorporate more than 100 million concurrent agents. Scheduling
algorithms can be utilized to ensure that the computation
of an agent is localized to the cluster node most capable
to its needs. Agents in need of high memory bandwidth
and/or floating point calculations are automatically run on
GPU powered nodes. The complexity of the distributed
nature of the simulator core is abstracted away from
the researcher, leaving them free to concentrate on the
research problems.

The Agent Modeling Platform
The Agent Modeling Platform (AMP) (Agent Modeling Platform, n.d.) is an Eclipse Project which focuses
primarily on providing tools for ABM. In AMP, extensible frameworks and exemplary tools are provided
for representing, editing, generating, executing and visualising ABMs and any other domain requiring spatial,
behavioural and functional features. The two main AMP
components are Agent Modeling Framework (AMF) used
for modeling of agent systems; and (AXF, AGF and
Escape) used for execution and exploration of those
agent systems. AMP may generate code (from models)
for target platforms like Repast Symphony, Escape and
Ascape (Macal and North, 2009; North and Macal, 2007;
Inchiosa and Parker, 2002) , and other platforms could
be supported with minor efforts. However, AMP does
not follow any of the FIPA (Poslad, 2007) guidelines and
standards.
The Java Agent Development Environment
Java Agent Development Environment (JADE) (Bellifemine et al., 2007) is a completely distributed middleware system with a flexible and extensible infrastructure. The framework provides a run-time environment
for agent-based applications that implements the lifecycle support features required by agents, the core logic of agents themselves, and a rich suite of graphical
tools. Since JADE is written in Java, it benefits from
Java language features and third-party libraries, and thus
offers a rich set of programming abstractions allowing
developers to construct JADE multi-agent systems with
relatively minimal expertise in agent theory. However,
while JADE is only a middleware system facilitating
implementation of agents, it does not provide a simulation infrastructure/engine for running the simulations.
Furthermore, JADE is designed to be used by (Java)
programmers, meaning that other scientific staff must rely
on programmers and agent engineers to develop and run
simulations.

Features of the simulator engine
Among the most important features of the simulator
engine we can mention:
• Storage and management system for research data:
Support storage of large datasets from various research groups. There will be a pluggable architecture to translate and import the various datasets
into the simulator core. We design and develop a
website and database system which can be used for
upload, download, export and import of data.
• Simulator core: The simulator core will dynamically scale its performance according to the number
and type of hardware nodes available. A particular simulation run on the simulator engine core
is broken down into modules called agents. The
communication and scheduling module will do realtime measurements of the current running simulation and dynamically redistribute the agents according to their calculation and communication needs.
• Support time-efficient implementations of new simulators: Concentrating on ease of use, the simulator
toolkit will make simulations a viable research tool
for a larger group of researches.
• Visualization tool: the simulation engine will utilize
existing commercial and open 3D engines to support visualizations of the simulations. We will investigate various 3D engines in our new 3D visualization laboratory in Aalesund University Collage.

Modelica
Modelica is an object-oriented equation-based modelling language suited for modelling complex physical
systems containing, e.g., mechanical, electrical, electronic, hydraulic, control, etc., subcomponents (Fritzson,
2015). Modelica comes with a large set of reusable
models and functions from various domains. In addition,
models defined using the Modelica language can be
simulated with a large number of both commercial and
free simulation environments. Furthermore, simulation
of complex environments containing a large number of
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on, likely yield an exponential increase in the required
computing power. In order to get sufficient resolution in
its simulation results, the model must be able to incorporate more than 100 million concurrent agents. Scheduling
algorithms can be utilized to ensure that the computation
of an agent is localized to the cluster node most capable
to its needs. Agents in need of high memory bandwidth
and/or floating point calculations are automatically run on
GPU powered nodes. The complexity of the distributed
nature of the simulator core is abstracted away from
the researcher, leaving them free to concentrate on the
research problems.

The Agent Modeling Platform
The Agent Modeling Platform (AMP) (Agent Modeling Platform, n.d.) is an Eclipse Project which focuses
primarily on providing tools for ABM. In AMP, extensible frameworks and exemplary tools are provided
for representing, editing, generating, executing and visualising ABMs and any other domain requiring spatial,
behavioural and functional features. The two main AMP
components are Agent Modeling Framework (AMF) used
for modeling of agent systems; and (AXF, AGF and
Escape) used for execution and exploration of those
agent systems. AMP may generate code (from models)
for target platforms like Repast Symphony, Escape and
Ascape (Macal and North, 2009; North and Macal, 2007;
Inchiosa and Parker, 2002) , and other platforms could
be supported with minor efforts. However, AMP does
not follow any of the FIPA (Poslad, 2007) guidelines and
standards.
The Java Agent Development Environment
Java Agent Development Environment (JADE) (Bellifemine et al., 2007) is a completely distributed middleware system with a flexible and extensible infrastructure. The framework provides a run-time environment
for agent-based applications that implements the lifecycle support features required by agents, the core logic of agents themselves, and a rich suite of graphical
tools. Since JADE is written in Java, it benefits from
Java language features and third-party libraries, and thus
offers a rich set of programming abstractions allowing
developers to construct JADE multi-agent systems with
relatively minimal expertise in agent theory. However,
while JADE is only a middleware system facilitating
implementation of agents, it does not provide a simulation infrastructure/engine for running the simulations.
Furthermore, JADE is designed to be used by (Java)
programmers, meaning that other scientific staff must rely
on programmers and agent engineers to develop and run
simulations.

Features of the simulator engine
Among the most important features of the simulator
engine we can mention:
• Storage and management system for research data:
Support storage of large datasets from various research groups. There will be a pluggable architecture to translate and import the various datasets
into the simulator core. We design and develop a
website and database system which can be used for
upload, download, export and import of data.
• Simulator core: The simulator core will dynamically scale its performance according to the number
and type of hardware nodes available. A particular simulation run on the simulator engine core
is broken down into modules called agents. The
communication and scheduling module will do realtime measurements of the current running simulation and dynamically redistribute the agents according to their calculation and communication needs.
• Support time-efficient implementations of new simulators: Concentrating on ease of use, the simulator
toolkit will make simulations a viable research tool
for a larger group of researches.
• Visualization tool: the simulation engine will utilize
existing commercial and open 3D engines to support visualizations of the simulations. We will investigate various 3D engines in our new 3D visualization laboratory in Aalesund University Collage.

Modelica
Modelica is an object-oriented equation-based modelling language suited for modelling complex physical
systems containing, e.g., mechanical, electrical, electronic, hydraulic, control, etc., subcomponents (Fritzson,
2015). Modelica comes with a large set of reusable
models and functions from various domains. In addition,
models defined using the Modelica language can be
simulated with a large number of both commercial and
free simulation environments. Furthermore, simulation
of complex environments containing a large number of
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different events. We would like to address this idea in
future work.
Data and models from different domains inevitably will
come in a variety of formats and level of details. Integration of these models into a common simulation scenario
represents a challenge. We consider two options for transforming the knowledge described in these models; either
(i) a single simulation system with distributed agents
in a grid, or (ii) several simulation systems with distributed agents which communicate using co-simulation
techniques. Techniques involving a functional mockup
interface (FMI) and function mockup units (FMUs) may
prove useful or even necessary and will be investigated
in future work.

agents (especially when the agents are supposed to be
simulated using different simulation tools) is identified as
a challenge which modelling and simulation environments
like GridLAB-D try to solve using Functional Mockup
Units (FMU) (Elsheikh et al., 2013).
Our Approach
In our approach, we abstract away from programming
details, FIPA standards and simulation infrastructure by
proposing DSMLs suitable for the domain-experts. Then,
we use model transformation techniques, based on our
knowledge on MAS and HPC simulations, to generate
agent code which will be following FIPA standards and
well-proved simulation guidelines. Some of the relevant
work that we can build upon for our approach is listed
below.
Hybinette et al. (2006) developed a middleware paired
with a standard parallel discrete event simulation kernel
so as to realize distributed and parallel ABMS. Parker
(2007) created a distributed Java-based ABM for disease
transmission and managed to simulate 300 millions agents
with 38 GB memory in about 2 hours. Mengistu and Troger (2008) analysed large scale ABMS in grid execution
infrastructures.
Recently, GPU and FPGA are attracting attention in the
simulation community. Oak Ridge National Lab advocates the use of GPU and realized ABMS using a cluster
of GPUs using a combination of MPI and CUDA (Perumalla, 2009; Aaby et al., 2010), they obtained 30x speedups compared to a CPU-based implementation. Cui et al.
(2011) used FPGA and achieved a speedup of 290x with
2 millions agents, compared to the C implementation.
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ABSTRACT

Our assumption is that the conceptual phase will generate
this data in a virtual environment, where the physical
shape is considered in its virtual form (e.g. 3D objects).
The virtual prototyping (VP) aspect is then understood
under Zorriassatine et al. (2003) definition, for which VP
methods can be classified as:
 visualization,
 fit and interference of mechanical assemblies,
 testing and verification of functions and
performance,
 evaluation of manufacturing and assembly
operation,
 human factor analysis.

ABSTRACT

Our assumption is that the conceptual phase will generate
this data in a virtual environment, where the physical
shape is considered in its virtual form (e.g. 3D objects).
The virtual prototyping (VP) aspect is then understood
under Zorriassatine et al. (2003) definition, for which VP
methods can be classified as:
 visualization,
 fit and interference of mechanical assemblies,
 testing and verification of functions and
performance,
 evaluation of manufacturing and assembly
operation,
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The ship design activity often requires handling and
storage of large amounts of data related to different
systems inside the vessel, demanding for a structured
way to organize it. This article suggests an objectoriented approach to handle virtual prototyping data
during conceptual ship design. We start presenting some
of the basic concepts related to objects, such as name,
property and value. A proposal based on the entity, state
and process models is addressed for the virtual
prototyping, related to the object-oriented approach.
Later, we use the SFI group system as hierarchy structure
to represent the ship as an entity and state model. We
finish by presenting some simple examples of the
proposed approach with a modular ship models and
introducing one suggestion of a virtual prototyping
model using the concepts presented thorough the paper.

At this stage, we should attain to only some of those
applications, such as visualization and performance
testing/verification, in order to study or illustrate the
potentials of our approach. Still, we may also give
insights about how that approach could be useful for
different applications.

INTRODUCTION
The conceptual ship design phase consists on the
generation, analysis and evaluation of diverse layouts,
with a usual output of the main ship parameters (form)
and its key performance indicators (KPIs and function).
It appears in the literature under many titles –
preliminary, feasibility, pre-contract – and even the term
concept can have different meanings (Sen and
Birmingham 1997). But during the early stages, the
designer has a larger flexibility to search and select
through the design space, with the intention to
accumulate knowledge and improve the ship
performance (Gaspar and Balland 2010).

Object-oriented capabilities may give a good support to
virtual-prototyping
applications:
besides
the
aforementioned data and relation handling, the
instantiation of objects allow the creation of several
virtual prototype models with considerable less effort
than the necessary to create them individually without
that tool.
We also suggest the usage of a well defined structured
hierarchy, such as the SFI group system, to represent the
ship model digitally according to a function-based
division.

In this context, we will discuss an object-oriented
approach that should be able to represent the ship and its
main systems, satisficing the conceptual phase detailing
level, while giving a structured way to organize the
design information and providing support to further
detailing in the next stages of the lifecycle.

OBJECT ORIENTED SHIP DESIGN RESOURCE
Ship designers often struggle with the large amount and
variety of information during conceptual phase. The
design resources are considerably complex, since they
should handle drawings, analysis and calculations for a
wide variety of aspects including stability, hydrodynamic
behavior, structural design, machineries and cargo
systems, to name only a few. This complexity spans
during the entire lifecycle, from conceptual design to the
actual
performance
in
operation
and
later

The arguments connected to this approach include basic
object-oriented features, such as properties, attributes,
values, instantiation, prototypes and encapsulation. We
attempt to use those features in a way to support efficient
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decommissioning (Gaspar et al. 2012). Therefore, the
design elements and their interactions can easily become
cumbersome, requiring efficient ways to organize and
structure them.
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cumbersome, requiring efficient ways to organize and
structure them.

For those reasons, and given the collaborative nature of
the design activity, it is expected that a resource aimed at
ship design must offer efficient tools for storage, usage,
search and version management, as a way to provide the
main organization structure required to handle
conceptual design information.
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Figure 1 Graphical Representation of a Simple Ship
Object

We propose a design resource supported by objects
containing essential data about the ship, as well as basic
performance information and links to all relevant design
documentation. Although we present this approach to
conceptual ship design, it may also be used during
consequent phases as a tool to integrate and maintain the
resources through the lifecycle, including virtual
prototyping processes.

Here, the objects should represent the ship conceptual
design, while the properties are usually their
characteristics, specifications and documentation files.
However, our ship object is not necessarily composed
simply of properties with numerical or string values. It
may also contain other objects, receiving their properties
and values. See the example in Figure 2, where the
Bridge is a object, part of a hierarchic superior object
(Superstructure), and composed by hierarchic inferior
objects (components). For each of these hierarchic levels
we are able to define name, properties and values.

The object concept is rather simple; objects contain
properties and values (Coyne et al. 1989). A property is
an attribute assigned to an object in order to characterize
it, and, in a coding language, it can assume values from a
diversity of variable types, from numbers and strings to
functions and even other objects. The functions are useful
when establishing relations between the object’s
elements, since they can access other properties in order
to manipulate data, perform calculations and obtain
results. The possibility of inserting objects inside each
other is useful to build hierarchical structures between
them. Figure 1 presents a graphical representation of the
Object/Property/Value relation.

Figure 2 Ship Bridge Object Represented as a Frame
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Beyond the physical model, a conceptual phase considers
diverse analyses, as well as the performance of the
system under many different scenarios. This virtual
prototyping environment can be decomposed into three
different models, interacting with each other in order to
provide the virtual prototype scene (He et al. 2014).
According to Figure 3:
i. Ship (Entity model - EM): the product model. Includes
all components, 2D and 3D drawings or diagrams,
mechanical, electrical models and everything that defines
the product itself. It is the basis of the virtual prototyping,
since the subsequent models are carried upon them.
ii. Analysis (State model - SM): the entity imposed to a
certain set of conditions. Exemplarily, we can have
analysis for hydrodynamic resistance of different speeds
or loading conditions.
iii. Scenario/Mission (Process model - PM): the
accumulation of analysis, ranging from the initial to the
final state during the process. For our case, this could
mean an operation, composed by a succession of
seakeeping conditions for two entities (ship and
platform).

detail or system size. The Main Groups consist in onedigit numeric codes ranging from 0 to 9, where only Main
Groups 1-8 come pre-defined. Main Groups 0 and 9 are
open to include the user’s own classification of systems
not covered by the other main groups. Each main group
includes up to 10 groups, described by two-digit
numerical codes. The groups are further divided into
subgroups (3 digit numbers) and detail or material codes
(6 digit numbers), where these last describes one
component/material of the vessel.
SFI adopts a function-oriented approach: systems and
components are arranged in groups according to their
functional purposes. Since the SFI group system was
designed to conform to a ship’s specifications, it
performs well when using information related to one ship
to estimate costs and other characteristics for similar
designs.
A database version of the SFI group system is common
available at ship design and shipyards, usually based on
a long spreadsheet-like list containing the codes and
KPI/cost properties. Those specifications can be related
to different levels of the SFI coding structure: outline to
Main Group level, functional requirements to Group
level, functional solutions to Sub-Group level and
component selection/As Built specifications to Detail
Code. Drawings can be handled with an additional
consecutive number, e.g.: 179-731-001, where the
structure is: Ship no. – SFI Sub-Group no. – Consecutive
no. Other applications of the SFI Group System are
purchasing, maintenance and repair, filing, operation
budget and quality assurance.

These three models are related according to Figure 3,
which also contains examples of what each model could
be in a ship application. The Ship is the base of the whole
model. The Mission can be understood either as an
accumulation of Analysis or as the Ship subjected to
dynamic constraints, ranging from the first to the last
static constraint.
The object-oriented approach should be able to compile
and structure those three models into a cohesive, unified
resource.

OBJECT-ORIENTED VIRTUAL PROTOTYPING
APPLIED TO SHIP DESIGN

SFI AS A SUPPORT TO THE SHIP MODEL
Hierarchization is a key action to handle structural
complexity of any complex system (Simon 1996). There
are several tag systems available today able to represent
a ship’s systems, usually proprietary to a design/shipyard
company. To document the ship design in a digital
environment, with applications to our virtual prototyping
model, we choose to use the SFI group system, which is
particularly popular in Norwegian shipyards and design
companies (Machinu and McConnell 1977).

With an object-oriented approach, different ships, states
and missions may be represented as instantiations of a
same prototype class (Figure 4). This allows the designer
to reproduce the same pattern based on a general
description.
Virtual Prototyping

Entity Model
2D/3D Models

The SFI group system is a coding and classification
system for ship and oil rig components, which allows its
users to handle extensive information by dividing the
elements inside a vessel hierarchically, a structural
breakdown of the ship. That information could include
costs, working-hours, purchasing, maintenance or
technical records, for example. It can be used for a wide
range of purposes inside the industry, such as
shipping/costs control and shipbuilding operations
(Xantic 2001).

Gen. Arrangement

Ship 1

...

State Model
Structural Analysis
Stability Analysis
Ship 2
...
Process Model
Operability Model
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2D/3D models would be CAD and CAE models,
drawings, arrangements and alike. Structural analysis
may be composed of analytical and FEM simulations.
The operability model listed as a process model could be
an operability evaluation procedure defined by the
designers according to their operational requirements.
These are only some examples of data that can be
relevant in a virtual prototyping context, and this
structure can be expanded according to the designer’s
needs.

S1 = new Stern(20, 1000000, "Shaft", "Rudder needed");
S2 = new Stern(20, 1500000, "Azipod", "Better
maneuverability");
Ship.ste = S1; //or S2
We can access these objects again by adding to the code
a line that logs Ship.ste into the console, as well as access
a given property inside the Stern object such as
Ship.ste.type.
This ship model may also calculate some basic
information based on the modules defined by the user.
We implemented some simple arithmetic operations with
the cost of the vessel for the sake of exemplification.
Below is the code for the cost, where the total cost of the
ship is the sum of the costs of each module.

In order to illustrate some features of the object-oriented
approach, we can present an example with a simplified
object that stores some basic information about a ship.
For that purpose, we split the ship in some modules with
corresponding
key
characteristics,
namely:
Superstructure, Bow, Cargo Hold, Crane, Winch and
Stern (Figure 5).

variable Ship={
cost: function() {
variable totalCost = Ship.bow.cost +
Ship.sup.cost + Ship.car.cost + Ship.ste.cost +
Ship.cra.cost;
return totalCost;
}
};

Ship

Accomodation

Module Accomodation
Property Value
Type
Length
number
No. of decks
number
Cost
number
SFI
253
number
Comments ""
string
Stern

Module Stern
Property Value
Type
Length
number
Cost
number
Type
""
string
SFI
210
number
Comments ""
string
Crane

Module Crane
Property Value
Type
Capacity
number
Cost
number
SFI
331
number
Comments ""
string

Property
Length
Beam
Draft
Depth
Cost

Ship Model
Value
Type
--function
--function
--function
--function
--function

Now let us suppose that one would like to expand this
model to a greater level of detailing. As we detail the ship
further and further during conceptual design and
consequent stages, the amount of information would start
to become overwhelming. We suggest the use of the SFI
group system to address that issue. For example, an
object mirroring the SFI different groups through the
hierarchical structure, where the object representing
Group 63 is a property of the object representing Main
Group 6.

Bow

Module Bow
Property Value
Type
Length
number
Bulb
y/n
boolean
Cost
number
SFI
240
number
Comments ""
string
Cargo hold
Module Cargo Hold
Property Value
Type
Length
number
Beam
number
Draft
number
Depth
number
Cost
number
SFI
230
number
Comments ""
string

Still using the stern as an example, let us suppose now
that we intend to decompose that part of the ship to a
lower level of detail, and the propeller should now be
described by an individual object inside the model. We
can observe that structure in Figure 6.

2D/3D models would be CAD and CAE models,
drawings, arrangements and alike. Structural analysis
may be composed of analytical and FEM simulations.
The operability model listed as a process model could be
an operability evaluation procedure defined by the
designers according to their operational requirements.
These are only some examples of data that can be
relevant in a virtual prototyping context, and this
structure can be expanded according to the designer’s
needs.

Accomodation

Module Accomodation
Property Value
Type
Length
number
No. of decks
number
Cost
number
SFI
253
number
Comments ""
string
Stern

Module Stern
Property Value
Type
Length
number
Cost
number
Type
""
string
SFI
210
number
Comments ""
string
Crane

Module Crane
Property Value
Type
Capacity
number
Cost
number
SFI
331
number
Comments ""
string

Property
Length
Beam
Draft
Depth
Cost

Now let us suppose that one would like to expand this
model to a greater level of detailing. As we detail the ship
further and further during conceptual design and
consequent stages, the amount of information would start
to become overwhelming. We suggest the use of the SFI
group system to address that issue. For example, an
object mirroring the SFI different groups through the
hierarchical structure, where the object representing
Group 63 is a property of the object representing Main
Group 6.

Bow

Module Bow
Property Value
Type
Length
number
Bulb
y/n
boolean
Cost
number
SFI
240
number
Comments ""
string
Cargo hold
Module Cargo Hold
Property Value
Type
Length
number
Beam
number
Draft
number
Depth
number
Cost
number
SFI
230
number
Comments ""
string

Now let us exemplify how the objects can be derived
from those classes and have values assigned to their
attributes with instantiation using a constructor pattern in
pseudocode. Take the stern module, for instance:
function Stern(length, cost, type, comment) {
Stern.length=length;
Stern.cost=cost;
Stern.type=type;
Stern.comment=comment;
};
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variable Ship={
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These group levels allow the designer to describe the ship
in different levels of detailing, depending on their needs.
If there are common properties among the ship’s objects,
say, many of the objects will have links to files with
technical drawings, then it is also possible to use
instantiation patterns to create those objects with the
similar properties. For instance, Ship.ste.documents
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Figure 6 Mirroring SFI with an Object-Oriented
Data Structure (Xantic 2001)
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returns a list with all documentation from the Stern and
its subgroups. Ship.ste.documents.DWG would filter
down this list to only .DWG files while
Ship.ste.documents.STL would return the 3D .STL files.

The interface can be expanded to include a brief
description of the model according to the options chosen
by the user, for example, a cost functions similar to the
one presented on the previous section.

returns a list with all documentation from the Stern and
its subgroups. Ship.ste.documents.DWG would filter
down this list to only .DWG files while
Ship.ste.documents.STL would return the 3D .STL files.

To expand the virtual prototype model into a
collaborative design resource management, it is
necessary to include functionalities such as version
management, security and different levels of
management authority. We do not focus on those
functions at this stage of the work, but there are already
several out of the box commercially available solutions
to address those needs, such as Dropbox, Alfresco and
Microsoft SharePoint.

To expand the virtual prototype model into a
collaborative design resource management, it is
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management, security and different levels of
management authority. We do not focus on those
functions at this stage of the work, but there are already
several out of the box commercially available solutions
to address those needs, such as Dropbox, Alfresco and
Microsoft SharePoint.

We are also attempting to ally this approach to other ship
design tools, which will let us feed the models with
technical analysis. Currently for instance, Siemens NX is
used for preliminary CAD tool and finite element
analysis.
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used for preliminary CAD tool and finite element
analysis.

Figure 7 Prototype Configurator - STL Visualization
(3D Models)

JavaScript language was chosen at this level of project,
given the academic benefits that such language may
offer. Current developments at the Ship Design Lab are
strongly focused on online, open source and collaborative
research. Practical development of such object in a
proprietary language (such as C#) or server based (such
as Python) would hide the advantage of any person in the
word being able to run the virtual prototype in her
machine/resources, with access to the source code in
order to understand, change and improve it.

The next steps would be then to integrate the Entity
Model with the other sub models. The interaction
happens on two levels: first, the design resource works as
a hub linking analysis files originating from third party
software solutions (FEM, hydrodynamic resistance,
stability and sea-keeping reports); second, it builds upon
the ship, analysis and mission modules in order to offer
the designer additional features. While we have found
(and used) literature covering the first aspect, the second
is still incipient from an object-oriented point of view,
although opening many possibilities for application.

Although JavaScript may present performance
limitations in the future, we are more concerned about
accessibility and open collaboration than optimizing
local performance and building a close software solution.
Moreover, we can ally JavaScript to public visualization
libraries (such as D3 – Bostock et al., 2011), STL models,
graphic user interfaces (GUI) using WebGL and to other
features that come in hand with virtual prototyping
applications, such as our own online prototypes (Chaves
et al. 2015; Andrade et al. 2015).

Besides the Entity, the other sub models inside the virtual
prototyping are the State Model and Process Model. The
first represents the analysis of the ship under a given
state, while the later stands for a sequence of analysis
corresponding to different states of the simulated
operation. As previously explained, those models rely on
the Entity Model, which collects all the files that define
the ship (drawings, models, arrangements). The State
Model accounts for the analysis, which includes, for
example, finite-element analysis from third-party
software, stability calculations, hydrodynamic responses
and alike. The Process Model relates sum of the dynamic
behaviors and simulations (from software such as NX,
ADAMS) for a specific case/mission.

MODEL INTERACTIONS
Let us formulate how the different models interact among
themselves to produce a virtual prototype model. For the
Ship or Entity Model, besides the characteristics
mentioned in the previous section (physical dimensions,
SFI tags), we would have 2D/3D models and
arrangements, with prototype visualizations.

Those three sub models interact with each other to build
the virtual prototyping. In a practical application, this
means that the user defines those three aspects to obtain
one Virtual Prototype model (Figure 8).

To exemplify the prototype visualization features, we
provide the example in Figure 7, where the user
assembles the modules presented in the previous section
with a simple GUI, which loads a STL file of the final
model. The STL loading function may be added into the
object so that the object itself loads the prototype
visualization.
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The interface can be expanded to include a brief
description of the model according to the options chosen
by the user, for example, a cost functions similar to the
one presented on the previous section.

Figure 7 Prototype Configurator - STL Visualization
(3D Models)
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In a utopic world, efficient computing would be able to
calculate the whole virtual prototype tradespace, that is,
analyze every state (e.g. FEM, CFD) for every design
(entity) for every mission (process). Clearly the
complexity of such approach grows increasingly as new
elements are added, leading quickly to the unfeasibility
of the VP. A set of rules/constraints is then necessary,
preferentially applied during the construction of the
object. If a process requires the CFD or FEM of a design,
this value must be previously calculated and stored in the
VP object. Quick parametric approaches may be useful
(Parsons 1998; Gaspar et al. 2014; Ebrahimi et al. 2015)
once that JavaScript allows similar benefits of other
script languages to perform a quick function evaluation.

The Process Model should be a succession of State
Models, strongly connected to the economical evaluation
of the vessel operation. Modern value-robustness
techniques, such as Epoch-Era Analysis (Ross and
Rhodes 2008; Gaspar et al. 2015) can be used to check if
the simulated vessel is the right vessel for the right
mission, based on the return on investment of the design.
In this case, it is a lifecycle cost model for a given design,
which adds the different costs estimated on the State
Model. The cost of the simulated lifecycle is thus the cost
of the physical object (entity) plus the required analysis
for analyzing and evaluating that object (state), plus the
return on investment of the design for a given period or
era (process).

Other constraints will be imposed by the own nature of
the virtual environment. A numerical offshore model
basin focused on seakeeping of a new design will require
a very precise state calculation, for instance seakeeping
for every entity with a 0.01 second time step for a 2 hours
analyses, while the 3D models may loose in detail for the
sake of performance (Nishimoto et al. 2003; Gaspar et al.
2009). On the other hand, a VP aimed to convince
customers that a design is innovative may focus on the
details of the entity, while state and process are
simplified. VP for training may require a trade-off among
the three, with models realistic enough to emulate reality
for the ship operator, while the ship response in real-time
for a mission involving multiple operations, such as
supply and anchor-handling (OSC 2015).

It is possible as well to extend the model to take into
account discount factors to calculate the net present value
of the design proposal. This could be accomplished by
breaking the costs into several parcels with different
discount coefficients applied to them. With the results
provided by this model, the designer is able to evaluate
the proposals from a long-term financial point of view.
A configurator similar to Figure 8 is then created as GUI
to handle our object. A list of the available designs is
presented, either by the modular approach (Chaves et al.
2015), or by pre-defined designs. The object is able to
link the necessary states when the design is evaluated in
a process, evaluating then the lifecycle cost for many
scenarios, such as construction in China and operation in
Brazil; or construction in Norway and operation in Africa
(Figure 9).

LIFECYCLE COST APPLICATION
The initial test for the object-oriented is a simple sum,
based on the necessity of designers and shipyards to
acquire real-time costs for their multiple designs during
the conceptual phase, requiring a holistic control for costs
thorough the simulated vessel value chain (Figure 9). In
this context, a simple lifecycle management scenario is
presented. Such sum is nowadays done with the aid of
diverse spreadsheet-like database, and such object could
be fed by these databases, to be used in a VP
environment.

In a utopic world, efficient computing would be able to
calculate the whole virtual prototype tradespace, that is,
analyze every state (e.g. FEM, CFD) for every design
(entity) for every mission (process). Clearly the
complexity of such approach grows increasingly as new
elements are added, leading quickly to the unfeasibility
of the VP. A set of rules/constraints is then necessary,
preferentially applied during the construction of the
object. If a process requires the CFD or FEM of a design,
this value must be previously calculated and stored in the
VP object. Quick parametric approaches may be useful
(Parsons 1998; Gaspar et al. 2014; Ebrahimi et al. 2015)
once that JavaScript allows similar benefits of other
script languages to perform a quick function evaluation.

The State Model would encompass individual cost
analysis for different engineering evaluation during
lifecycle stages, for instance hours/cost for preparing
each of the FEM and CFD analysis required during
conceptual phase, as well as hours to prepare
documentation to the yard during the basic phase. A
single ship (entity) can have multiple states, if such ship
is simulated to be constructed in Norway or in China,
given the different engineering work required by each of
the yards.
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documentation to the yard during the basic phase. A
single ship (entity) can have multiple states, if such ship
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The next steps of this project, which should span during
the next two and a half years, is to research on how to
build virtual models that can handle the ship design
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account discount factors to calculate the net present value
of the design proposal. This could be accomplished by
breaking the costs into several parcels with different
discount coefficients applied to them. With the results
provided by this model, the designer is able to evaluate
the proposals from a long-term financial point of view.
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The entity model representing the ship provides the
necessary information to calculate and infer the costs for
acquaintance and construction of every structural
element of the ship, from the main groups (SFI 0-9), to
an specific component (e.g. SFI XXX.1234 oil pump).
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The Process Model should be a succession of State
Models, strongly connected to the economical evaluation
of the vessel operation. Modern value-robustness
techniques, such as Epoch-Era Analysis (Ross and
Rhodes 2008; Gaspar et al. 2015) can be used to check if
the simulated vessel is the right vessel for the right
mission, based on the return on investment of the design.
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DISCUSSION AND NEXT STEPS
The next steps of this project, which should span during
the next two and a half years, is to research on how to
build virtual models that can handle the ship design
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complexity using the principles here presented. The
interactions between the models may indeed prove to be
a challenging part of this task, since they tend to increase
in complexity as we look for improved ways to represent
the designs.
An online virtual prototype environment is expected to
be created, incorporating the main models presented in
this article. A 3D library of ship designs will be
connected to the entities. Parametric and pre-calculated
analyses will be stored in states. Pre-defined missions
will be part of the processes models.
As we develop this project and identify the functionalities
required from the design resource by the designer, as well
as the ways the virtual prototyping models interact with
each other, we expect to develop elements of reusable
object-oriented software (creational patterns) into the
code.
Summing up, this article introduced the main features of
an object-oriented approach applied to virtual
prototyping, laying down some of its fundaments to
further development in ship design. In our perception,
those capabilities make this approach a potentially
powerful tool to assist virtual prototyping during
conceptual ship design stage. We would be glad if more
researchers also felt enthusiastic about this idea and
shared our interest in further developing the standards
and models here discussed.
REFERENCES
Andrade, L. S.; T. G. Monteiro and H. M. Gaspar. 2015.
"Product Life-Cycle Management in Ship Design: from
Concept to Decommission in a Virtual Environment". In
Proceedings 29th ECMS. Varna.
Bostock, M.; V. Ogievetsky; J. Heer. 2011. “D3: Data-Driven
Documents”, IEEE Trans. Visualization and Computer
Graphics.
Chaves, O.; M. Nickelsen, and H. M. Gaspar. 2015. "Enhancing
Virtual Prototype in Ship Design Using Modular
Techniques". In Proceedings 29th ECMS. Varna.
Coyne, R.D.; M.A. Rosenman; A.D. Radford; M. Balachandran
and J.S. Gero. 1989. “Chapter 3”. In Knowledge-Based
Design Systems, 87-151.
Ebrahimi, A.; P. O. Brett; J. J. Garcia; H. M. Gaspar and Ø.
Kamsvåg. 2015. “Better decision making to improve
robustness of OCV designs”. In Proceedings 12th IMDC
(2015). Tokyo.
Gaspar, H. M.; C. Fucatu and K. Nishimoto. 2009. “Design of
Conceptual Offshore Systems based on Numerical ModelBasin Simulations”. In Proceedings 10th IMDC (2009).
Trondheim.
Gaspar, H. M.; D. H. Rhodes; A. M. Ross and S. O. Erikstad.
2012. "Handling Complexity Aspects in Conceptual Ship
Design: A Systems Engineering Approach". Journal of
Ship Production and Design, November, Volume 28, pp.
145-159.
Gaspar, H. M. and O. Balland. 2010. “Approaching
environmental performance in conceptual ship design.” In
Proceedings 11th PRADS. Rio de Janeiro.
Gaspar, H. M.; P. O. Brett; A. Ebrahim and A. Keane. 2014.
“Data-Driven Documents (D3) Applied to Conceptual Ship

Design Knowledge”. In Proceedings COMPIT 2014.
Redworth.
Gaspar, H. M.; P. O. Brett; S. O. Erikstad and A. M. Ross. 2015.
“Quantifying value robustness of OSV designs taking into
consideration medium to long term stakeholders’
expectations”. In Proceedings 12th IMDC (2015). Tokyo.
He, B.; Y. Wang; W. Song and W. Tang. 2014. “Design
resource management for virtual prototyping in product
collaborative design.” Proc. IMechE, Part B: Journal of
Engineering Manufacture, 1-17.
Manchinu, A. and F. McConnell. 1977. “The SFI Coding and
Classification System for Ship Information”. Proceedings
of the REAPS Technical Symposium Paper No. 19.
Nishimoto, K.; M. Donato; I. Q. Maseti; B. P. Jacob; M.
Martins; I. Menezes and K. Hirata. 2003. “Development of
Numerical Offshore Tank for ultra deep water oil
production systems”. In Proceedings 22nd OMAE. Cancun.
OSC, 2015. Training [Online].
Available at: http://www.offsim.no/Training
Parsons, M. G. 1998. “Parametric Design”. In Ship Design and
Construction vol. 1. SNAME.
Ross, A. M. and D. H. Rhodes. 2008. “Architecting systems for
value robustness: Research motivations and progress”. In
SysCon 2008 - IEEE International Systems Conference.
Sen, P. and R. Birmingham. 1997. “State of Art Reports”. In
Proceedings 6th IMDC (1997). Newcastle upon Tyne.
Simon, H. 1996. The sciences of the artificial. MIT Press.
Xantic. 2001. SFI Group System – A system for classification of
technical and economic ship information. Product
Description.
Zorriassatine, F.; C. Wykes; R. Parkin and N. Gindy. 2003. “A
survey of virtual prototyping techniques for mechanical
product development.” Proc. IMechE, Vol. 217 Part B:
Journal of Engineering Manufacture, 513-530.

complexity using the principles here presented. The
interactions between the models may indeed prove to be
a challenging part of this task, since they tend to increase
in complexity as we look for improved ways to represent
the designs.

ACKNOWLEDGEMENTS

REFERENCES

ACKNOWLEDGEMENTS

This research is connected to the Ship Design and
Operations Lab at HIALS, which is partly supported by
the EMIS Project, in cooperation with Ulstein
International AS (Norway) and the Research Council of
Norway. Ícaro A. Fonseca is an exchange student from
Federal University of Pernambuco (UFPE), and he is
partially supported by the Science without Borders
CAPES scholarship, proc. no. 88888. 055633/2013-00.

Andrade, L. S.; T. G. Monteiro and H. M. Gaspar. 2015.
"Product Life-Cycle Management in Ship Design: from
Concept to Decommission in a Virtual Environment". In
Proceedings 29th ECMS. Varna.
Bostock, M.; V. Ogievetsky; J. Heer. 2011. “D3: Data-Driven
Documents”, IEEE Trans. Visualization and Computer
Graphics.
Chaves, O.; M. Nickelsen, and H. M. Gaspar. 2015. "Enhancing
Virtual Prototype in Ship Design Using Modular
Techniques". In Proceedings 29th ECMS. Varna.
Coyne, R.D.; M.A. Rosenman; A.D. Radford; M. Balachandran
and J.S. Gero. 1989. “Chapter 3”. In Knowledge-Based
Design Systems, 87-151.
Ebrahimi, A.; P. O. Brett; J. J. Garcia; H. M. Gaspar and Ø.
Kamsvåg. 2015. “Better decision making to improve
robustness of OCV designs”. In Proceedings 12th IMDC
(2015). Tokyo.
Gaspar, H. M.; C. Fucatu and K. Nishimoto. 2009. “Design of
Conceptual Offshore Systems based on Numerical ModelBasin Simulations”. In Proceedings 10th IMDC (2009).
Trondheim.
Gaspar, H. M.; D. H. Rhodes; A. M. Ross and S. O. Erikstad.
2012. "Handling Complexity Aspects in Conceptual Ship
Design: A Systems Engineering Approach". Journal of
Ship Production and Design, November, Volume 28, pp.
145-159.
Gaspar, H. M. and O. Balland. 2010. “Approaching
environmental performance in conceptual ship design.” In
Proceedings 11th PRADS. Rio de Janeiro.
Gaspar, H. M.; P. O. Brett; A. Ebrahim and A. Keane. 2014.
“Data-Driven Documents (D3) Applied to Conceptual Ship

This research is connected to the Ship Design and
Operations Lab at HIALS, which is partly supported by
the EMIS Project, in cooperation with Ulstein
International AS (Norway) and the Research Council of
Norway. Ícaro A. Fonseca is an exchange student from
Federal University of Pernambuco (UFPE), and he is
partially supported by the Science without Borders
CAPES scholarship, proc. no. 88888. 055633/2013-00.

AUTHOR BIOGRAPHIES
ÍCARO A. FONSECA is an undergraduate student in
Marine Engineering at Federal University of
Pernambuco. Currently he is attending to a one-year
exchange program in Ship Design at Aalesund University
College. He looks forward to receiving opinions about
this paper at his email icaro.fonseca@ufpe.br.
HENRIQUE M. GASPAR Associate Professor at the
Aalesund University College. PhD degree in Marine
Engineering at the Norwegian University of Science and
Technology, Marine Systems group. Part of the PhD
developed at the Systems Engineering Advancement
Research Initiative (SEAri) at MIT, with complex system
engineering methods applied to the maritime case.
Previous experience as Senior Consultant at Det Norske
Veritas (Norway) and in Oil & Gas in Brazil.
http://www.shiplab.hials.org/.

177

Design Knowledge”. In Proceedings COMPIT 2014.
Redworth.
Gaspar, H. M.; P. O. Brett; S. O. Erikstad and A. M. Ross. 2015.
“Quantifying value robustness of OSV designs taking into
consideration medium to long term stakeholders’
expectations”. In Proceedings 12th IMDC (2015). Tokyo.
He, B.; Y. Wang; W. Song and W. Tang. 2014. “Design
resource management for virtual prototyping in product
collaborative design.” Proc. IMechE, Part B: Journal of
Engineering Manufacture, 1-17.
Manchinu, A. and F. McConnell. 1977. “The SFI Coding and
Classification System for Ship Information”. Proceedings
of the REAPS Technical Symposium Paper No. 19.
Nishimoto, K.; M. Donato; I. Q. Maseti; B. P. Jacob; M.
Martins; I. Menezes and K. Hirata. 2003. “Development of
Numerical Offshore Tank for ultra deep water oil
production systems”. In Proceedings 22nd OMAE. Cancun.
OSC, 2015. Training [Online].
Available at: http://www.offsim.no/Training
Parsons, M. G. 1998. “Parametric Design”. In Ship Design and
Construction vol. 1. SNAME.
Ross, A. M. and D. H. Rhodes. 2008. “Architecting systems for
value robustness: Research motivations and progress”. In
SysCon 2008 - IEEE International Systems Conference.
Sen, P. and R. Birmingham. 1997. “State of Art Reports”. In
Proceedings 6th IMDC (1997). Newcastle upon Tyne.
Simon, H. 1996. The sciences of the artificial. MIT Press.
Xantic. 2001. SFI Group System – A system for classification of
technical and economic ship information. Product
Description.
Zorriassatine, F.; C. Wykes; R. Parkin and N. Gindy. 2003. “A
survey of virtual prototyping techniques for mechanical
product development.” Proc. IMechE, Vol. 217 Part B:
Journal of Engineering Manufacture, 513-530.

An online virtual prototype environment is expected to
be created, incorporating the main models presented in
this article. A 3D library of ship designs will be
connected to the entities. Parametric and pre-calculated
analyses will be stored in states. Pre-defined missions
will be part of the processes models.
As we develop this project and identify the functionalities
required from the design resource by the designer, as well
as the ways the virtual prototyping models interact with
each other, we expect to develop elements of reusable
object-oriented software (creational patterns) into the
code.
Summing up, this article introduced the main features of
an object-oriented approach applied to virtual
prototyping, laying down some of its fundaments to
further development in ship design. In our perception,
those capabilities make this approach a potentially
powerful tool to assist virtual prototyping during
conceptual ship design stage. We would be glad if more
researchers also felt enthusiastic about this idea and
shared our interest in further developing the standards
and models here discussed.

AUTHOR BIOGRAPHIES
ÍCARO A. FONSECA is an undergraduate student in
Marine Engineering at Federal University of
Pernambuco. Currently he is attending to a one-year
exchange program in Ship Design at Aalesund University
College. He looks forward to receiving opinions about
this paper at his email icaro.fonseca@ufpe.br.
HENRIQUE M. GASPAR Associate Professor at the
Aalesund University College. PhD degree in Marine
Engineering at the Norwegian University of Science and
Technology, Marine Systems group. Part of the PhD
developed at the Systems Engineering Advancement
Research Initiative (SEAri) at MIT, with complex system
engineering methods applied to the maritime case.
Previous experience as Senior Consultant at Det Norske
Veritas (Norway) and in Oil & Gas in Brazil.
http://www.shiplab.hials.org/.

177

PRODUCT LIFE-CYCLE MANAGEMENT IN SHIP DESIGN: FROM
CONCEPT TO DECOMMISSION IN A VIRTUAL ENVIRONMENT

PRODUCT LIFE-CYCLE MANAGEMENT IN SHIP DESIGN: FROM
CONCEPT TO DECOMMISSION IN A VIRTUAL ENVIRONMENT

Sthéfano L. Andrade; Thiago G. Monteiro; Henrique M. Gaspar
Faculty of Maritime Technology and Operations
Aalesund University College
Postbox 1517 N-6025 – Aalesund – Norway
sthefano.lande@gmail.com; thiagogabrielm@gmail.com; hega@hials.no

Sthéfano L. Andrade; Thiago G. Monteiro; Henrique M. Gaspar
Faculty of Maritime Technology and Operations
Aalesund University College
Postbox 1517 N-6025 – Aalesund – Norway
sthefano.lande@gmail.com; thiagogabrielm@gmail.com; hega@hials.no

project. The number of variables involved makes the
data handling and sharing between departments, phases
and players challenging tasks.
Being able to deal with these tasks in an efficient way is
essential to ensure the most rentable product. In other
words, the right vessel for the right mission (Gaspar et
al., 2015).
Nowadays it is usual to have each process of the whole
project treated independently by different groups, in a
way that the information generated in each process is
not efficiently related to others. This can increase the
project total hours (and consequentially cost), as well as
leaving room for communication issues.
PLM methods provide a way of dealing with huge
amount of data in complex products life-cycle. This can
be achieved through many techniques, such as efficient
information indexing, database management, product
decomposition and analysis and project management.
Many decisions during the ship design phases are based
on key performance indicators (KPIs) tradeoffs, such as
structural strength vs building cost vs cargo capacity,
vessel speed vs fuel consumption, seakeeping vs
seafaring. The cost and complexity of these decision
making processes make virtual prototyping (VP) a very
handy tool to simulate designs during several phases of
the VC, identifying improvements quickly and in a
controlled environment. VP techniques can also be used
to construction planning, staff training and human
factors analysis (Zorriassatine, et al., 2003).
In the following sections basic concepts involving PLM
methodology and VP techniques will be discussed and
applied into a simplified ship VC, in order to exemplify
a possible way to deal with such complex systems in a
time and cost efficient way.

KEYWORDS
Ship Design Value Chain, Product Life-cycle
Management, Virtual Prototyping.
ABSTRACT
This paper discusses how Product Life-cycle
Management (PLM) tools can benefit the ship design
process. Primarily, the concept of PLM applied to ship
design will be decomposed in six key elements:
database, modeling and simulation tools, value chain
processes, product hierarchy management, product
management and project management. Some of these
elements rely heavily on the use Virtual Prototyping to
be achieved. The next step applies these concepts to the
ship value chain. This will be done through the
development of a simplified scenario, where it is
discussed how a vessel can be conceived and designed
using an integrated design platform, applying PLM
methods. Most of the information previous to product
finalization is obtained through simulation of virtual
models, using virtual prototype concepts. Our
assumption is that combining PLM techniques with
virtual prototype concepts enables a good control over
the ship design project as a whole, through means of
efficient modelling and simulation management. That
way, the time and cost necessary for the product
development can be reduced.
INTRODUCTION
Among the several perspectives that a ship can be
observed it is, essentially, a very complex and specific
product, with an equally complex value chain (VC)
(Gaspar, et al., 2012). The particularity of such product
can be summarized in 7 characteristics (Erikstad, 1996):
a ship is a self-contained structure operating in the
boundary between two fluids; it consists of a multidimensional, partially non-monetary performance
evaluation; high-cost of error if inefficient design;
shallow knowledge structure between form and
function; very traditional industry with preconceived
standards; strict time and resource constraints;
predominantly one of a kind and engineered to order
solutions.
The amount of data involved in designing and
constructing such complex product is huge. So it is the
amount of working hours through different phases of the
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Product Life-cycle Management and the Ship Design
Domain
PLM is the activity of managing a company product all
the way across their life-cycles in the most effective
way (Stark, 2006), and it is one of the best known
methods to maintain a good organization of the product
different parts, services, costs and suppliers through all
the cycles involving a product life, from conception to
scrapping. The PLM umbrella embraces many other
concepts, such as modularization tools, product and
systems
architecture,
libraries,
product
data
management (PDM) and enterprise content management
(ECM), as illustrated in Figure 1.
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ABSTRACT
This paper discusses how Product Life-cycle
Management (PLM) tools can benefit the ship design
process. Primarily, the concept of PLM applied to ship
design will be decomposed in six key elements:
database, modeling and simulation tools, value chain
processes, product hierarchy management, product
management and project management. Some of these
elements rely heavily on the use Virtual Prototyping to
be achieved. The next step applies these concepts to the
ship value chain. This will be done through the
development of a simplified scenario, where it is
discussed how a vessel can be conceived and designed
using an integrated design platform, applying PLM
methods. Most of the information previous to product
finalization is obtained through simulation of virtual
models, using virtual prototype concepts. Our
assumption is that combining PLM techniques with
virtual prototype concepts enables a good control over
the ship design project as a whole, through means of
efficient modelling and simulation management. That
way, the time and cost necessary for the product
development can be reduced.
INTRODUCTION
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evaluation; high-cost of error if inefficient design;
shallow knowledge structure between form and
function; very traditional industry with preconceived
standards; strict time and resource constraints;
predominantly one of a kind and engineered to order
solutions.
The amount of data involved in designing and
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Product Life-cycle Management and the Ship Design
Domain
PLM is the activity of managing a company product all
the way across their life-cycles in the most effective
way (Stark, 2006), and it is one of the best known
methods to maintain a good organization of the product
different parts, services, costs and suppliers through all
the cycles involving a product life, from conception to
scrapping. The PLM umbrella embraces many other
concepts, such as modularization tools, product and
systems
architecture,
libraries,
product
data
management (PDM) and enterprise content management
(ECM), as illustrated in Figure 1.
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risk of the system. This example illustrates the
importance and effectiveness of PLM as method of
control over the product. The final result is increased
competiveness and lower costs.
PLM can be divided into 6 elements, illustrated in
Figure 2 (CIMdata Inc., 2011). In short, Database is
related to indexation tools and document management,
Modelling and Simulation tools is composed by all the
software used to design the vessel and virtual
prototyping, Value Chain Processes are related to the
management of the processes within the Ships VC,
Product Hierarchy management is establishing the
classification of all the ship systems and components,
Product Management administrates all the information
related to every component and Project Management
connects every process to the entire vessel life-cycle.

Figure 1 – PLM Umbrella
PLM involves not only control over the production, but
also over all steps of the VC. One example is the
scheduled maintenance of operational vessels, where the
hull is cleaned and components repaired. If the charterer
manages this process properly, it can reduce the time
spent on non-profitable activities, while reducing failure

Figure 2: Product Life-cycle Management Elements
functions and performance, evaluation of manufacturing
and assembly operation and human factor analysis
(Zorriassatine, et al., 2003).
Visualization can be used, for example, in conceptual
design phases to have a first glance about what the
conceptual ship design is going to be during sales
argumentation, while during the detail design phase it
can be used as an accurate visualization of the final
vessel. Fit and interference of mechanical assemblies
relates to the outfitting verification, as well as
components interfaces, for example, in the vessel
engines, rudders and thrusters are also focus of the VP.
Testing and verification of functions and performance
are commonly used for crew training and analysis of the
vessel behavior in duty. Such analyses are done using
computer aided engineering (CAE) tools, as
Computational Fluid Dynamics (CFD) software, for
hydrodynamic analyses and finite element method
(FEM) software, for structural analyses. This can also
be used to test new equipment on board. Evaluation of
manufacturing and assembly operation is useful in order

Ship Design and Virtual Prototyping
Nowadays the use of VP technics has become viable
and even indispensable during the ship design task,
mostly due to the increase of the computing power.
VP is, basically, a design tool, used during a product
development phase. It consists of using virtual models
instead of real prototypes to generate, analyze and
verify the product feasibility according to different
requirements and standards. With this approach, faults
in the modeling and design process can be detected,
before great investments are made. It reduces the need
of physical modules in an early design phase and also
reduces the costs involving redesign, since the
prototypes are only made virtually. (Choi & Chan,
2004). Training is also a great advantage of the
technique (OSC, 2015), merging diverse stakeholders in
the same mission/scenario, each observing its own
perspective (e.g. operational, technical, economical).
The VP methods can be divided, according to the
modelling purpose: visualization, fit and interference of
mechanical assemblies, testing and verification of
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to determine the ship construction and assemble phase.
It is possible to simulate ship blocks construction and
the blocks assembly operation to ensure that all
processes are well defined and no problem will occur in
the shipyard, as well as simulate shipyards with
different block size constraints.
Human factor analysis can be used to evaluate the effect
that the human interaction has with the vessel systems.
It is possible, for example, to simulate the ship bridge or
an engine room in order to measure crew performance,
risk or operational training. Figure 3 presents the VP
concept with a virtual continental shelf (Hildre, 2010)

Figure 3: Virtual Continental Shelf (Hildre, 2010)
PLM and Virtual Prototyping at the Ship Value
Chain
A VC is a concept which aims to describe how a
product life-cycle is constructed, from raw materials to
the final product and then scrapping, through a series of
processes which add value to the product with each
activity. The VC objective is to help products
development to be focused in the value-creation
activity, creating the most possible value for the least
possible cost. The value chain may be assumed thus the
product life-cycle.
In order to apply the PLM concepts to a vessel, we are
going to assume a simplified ship VC, which includes
the most essential phases present during a vessel lifecycle. This VC can be observed on Figure 4, and each
item will be discussed as follows.

Figure 4: Simplified Ship Value Chain
A - Conceptual Ship Design: It is during the conceptual
design phase that main dimensions and most of the ship
life-cycle cost is defined (Brinati, et al., 2007) and a set
of technical documents is prepared which will be the
basis to define the shipbuilding contract. At the
conceptual design phase, the VP can be used in order to
provide a preliminary analysis (such as resistance,
seakeeping, structural resistance) together with vessel
pre-visualization. This provides a good picture about
what the vessel is going to be and it can be done using
Computer Aided Design (CAD) software as Modelling
Tools. On this case, the VP method used is, mainly, the
visualization one. Similar vessels and previous projects
documentation compose the Database on this phase. The
main Processes are brief estimation and calculation in
order to define vessel price and main dimensions. The
Product Hierarchy is based on the vessel groups and
main
component
requirements.
The
Product
Management is based on an initial system breakdown.
The Project Management is usually based on previous
knowledge, from previous projects.

detailing can occur in parallel with the construction, as
some outfitting elements are assembled at a late stage of
the construction or after it. At this phase the use of
Modelling Tools is more extensive. It is very common
to use VP in order to refine the hull and structures
modelling using CAD tools, perform analyses about the
vessel behavior using CAE tools (such CFD and FEM),
CAD for planning electric system, hydraulic
arrangement and human factor analysis applied to
systems design. On this case, the VP methods used are,
mainly visualization, testing and verification of
functions and performance and human factor analysis.
The Database on this phase is composed by 2D and 3D
Models, vessel equipment drawings, simulations, tank
test results, analysis, specifications, rules and etc. The
main Processes applied on this phase are detailed
calculations and drawing, evaluation of the project by a
classification society and project detailing. The Product
Hierarchy will be a more complex and well defined one,
with all systems and subsystems ready, usually SFI
based (Fonseca & Gaspar, 2015). The Product
Management is constructed over a complete system
breakdown, based on the final design to the shipyard.
The Project Management follows multiple-department
and outsourced outfitting offices.

B - Basic and Detailed Ship Design: The Basic Design
phase is the process of refining all the characteristics of
the vessel such as, minimum plate thickness, engine
power and other numerical analysis. Extensive work is
done in documentation, both for approval of the
classification society and for shipyard, preparing the
technical specifications for the construction phase. The

C - Construction and Assembly: In order to ensure a
good usage of the shipyard time and avoid errors, VP is
used to verify the fit and interference of mechanical
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parts and fixed outfitting, plan the construction steps
and assemble order. On this case, the VP methods used
are, mainly, visualization, fit and interference of
mechanical assemblies and evaluation of manufacturing
and assembly operation. The Database on this phase is
composed by all the related components needed for the
construction, constructions tools, technical designs,
documentation from the detailed design and drawings,
as well as a bill of information with the cost/hours of
every part/task. The main Processes applied on this
phase are blocks planning, construction, final assembly
and outfitting. The Product Hierarchy includes the final
product breakdown, with all components acquired and
included. The Product Management adds the
construction components to the ship system breakdown.
The Project Management follows strict shipyard routine,
with designer, owner and classification societies acting
usually as external agents.

and operation tools, spreadsheets software (stability,
logistics) and so on. The Database on this phase is
composed of vessel log, changed and to be changed
components list, spare parts database and ship operation
information. The main Processes applied on this phase
are all the tasks executed by the vessel, as well as
periodic local and dry dock maintenance, crew
inspection and operation schedule. The Product
Management includes components information, to be
used for maintenance purpose. The Project Management
is based on maintenance and operation schedules.
Retrofit actions can also be simulated, with new
equipment onboard or improvement of current
capabilities.
F – Decommissioning: Once the vessel reaches its
service time (usually, between 15 to 25 years) the ship
can be refit and re-commissioned, sold or scrapped. This
phase is a responsibility of the ship owner, who should
guarantee that the process is in accordance to the actual
regulation. The VP can be used as a tool to plan the
scrapping process, in order to make the operation as
safer and inexpensive as possible. On this case, the VP
methods used are, mainly, visualization, evaluation of
manufacturing and assembly operation and human
factor analysis. The Database on this phase can be
composed by structural plans, components and materials
lists acquired during the other phases. The main
Processes applied on this phase are decommissioning
plan, components breakdown, recycling, scrap sale and
etc. The Product Hierarchy includes all the vessel
components which need to be decommissioned, and
should include information about toxic and dangerous
substances. The Product Management includes the
detailed ship documentation. The Project Management
is based on the decommissioning schedule.

D - Commissioning and Testing: the objective of this
phase is to verify if the vessel is able to perform as
designed. This is done by a series of testing procedures
to verify all project components, such as instruments
and equipment, construction specifications and quality,
modules, and vessel systems. Some critical performance
factors, as vibration, comfort and general behavior are
also supervised by classification societies. During the
commissioning and testing the VP can be used in order
to visualize the vessel model and evaluate the already
done performance analyses or even performer new ones.
There aren’t mandatory Modeling Tools usually applied
to this phase, but their real values should be measured
and compared with the expected ones. On this case, the
VP methods used are visualization, testing and
verification of functions and performance. The Database
on this phase is composed by sea trials values, scantling
values and detailed ship manual. The main Processes
applied on this phase are composed by all the needed
testing procedures. The Product Hierarchy is the same
as the last phase, namely, the final product breakdown,
including all components. The Product Management
includes a final description of the vessel ready to
delivery and all subsystems and parts, with their actual
data ready to delivery. The Project Management
converges the end of the construction phase and
delivery, with the product starting its operational phase
at the end.

INTEGRATED SHIP DESIGN PLATFORM
We propose an integrated design platform merging
PLM and VP concepts in order to facilitate the ship
design process. This platform benefits from the
organizational concepts from PLM methodology, as
well as VP techniques used to simulate main VC phases,
from design visualization to construction. Having a
well-defined and implemented integrated design
platform can really help the designers to get the most
from the product VC, such as modularization approach.

E – Operation: The operation is the longest phase of the
life-cycle, where the vessel will perform its mission.
Much of the VP during other phases will attempt to gain
value on what is really performed here. Maintenance
schedule plays also an important role, in order to ensure
that the vessel will perform well during all its lifespan.
One important VP process on this stage is Hardware in
the Loop (HIL) testing, which consists in using real
input values, obtained from a vessel to feed a control
system and evaluate if it is generating the desired
response, calibrating it if necessary. Other Modeling
Tools usually applied to this phase are cargo planning

Existing PLM in Ship Design
Every design company has already some sort of PLM,
even if not integrated. Ships are designed and analyzed;
Yards receive all the drawings and owners and users are
able to operate and schedule maintenance of the real
product. What differentiates the current system from
what we are proposing is strongly connected to the
integration.
Let us take for instance the VC phase between the sales,
design and the construction. The final products of the
sale is a concept able to convince the owner that she
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should invest in that ship; the design products are the
thousands of drawings required by the yard, while the
final product of the yard is the ship itself. Current
practice is that a department works on the concept, on
an exclusive 3D model, while designers in other
departments recreate the same model in several other
models with much re-work until the final basic
documentation. It is not rare for the shipyard to re-do
many of the drawings to adjust the outfitting.
In the following section we suggest some ways to
implement this integrated PLM/VP platform in ship
design.

common database allows interaction and feeding one
model based on the other, as well as re-use of the 3D
model, decreasing the risk of miscommunication and
rework. Modern PLM tools allow multi-user/department
access with security levels, versioning and share. The
project database is updated at each new process done
during the project development, with more information
being added to the objects, which fill the database.
During design, data is usually connected to a physical
part of the ship, and a well-established Product
Hierarchy may add the data search process, focusing on
a visual language instead of just words. An example is
shown in Figure 5, where it is possible to see a
representation of the discretization of the propulsion
system and its relation to the products; full lines mean
direct relation and dashed lines indicate constraints.

Project Template and Conceptual Design
For the sake of exemplification, we assume that an
owner desires a platform supply vessel (PSV). A
template containing performance indicators can be used
to help the client understand his real needs and what can
be offered to him as starting point in terms of past
design (standard solutions) or new design (custom
solutions). Common PSV performance indicators at this
stage are: Deck Area, Cargo Volume, Deck Equipment,
Service Speed, Fuel Consumption, Station Keeping,
Low Speed Maneuverability and Operability.
For a project developed inside a virtual environment it
is possible to obtain an economic analysis when the
inputs and external projections for the market are
accurate and there is data about similar vessels, with
similar operational profiles and financing options. This
kind of approach is advantageous to the client and the
designer, since it helps one to narrow the projects main
characteristics in an early stage, saving time, and allows
the other to have clear expectations of the offered
product price and characteristics in a multi-perspective.
Ulstein group, for instance, considers in this phase two
main perspectives (Ebrahimi, et al., 2015), focusing on
technical, operational and commercial aspects
(perspective A) and smart, safer and greener aspects
(perspective B).
At the end of this process, data about the new project is
generated and needs to be properly stored for reference
in the next cycles of the value chain. Having this kind of
information at this time of the design development is
only possible through the use of an efficient Database,
which is at the disposal of the designer.

Figure 5: A Product Hierarchy for PSV
Each block includes all the data (drawings, receipts,
manuals, analyses) from that group. Modern
modularization techniques allow the inheritance of
parent information, facilitating the re-use of current
information (Hildre, et al., 2010) (Chaves, et al., 2015).
Project Management
The project workflow is, basically, an organizational
method (e.g. Gantt chart), where all the project phases
are laid down in a timeline, being possible to see when
each process is supposed to begin, end and when some
processes overlap with each other. This is essential to
visualize the project processes order and schedule and
correct possible delays. A proper PLM software must
connect these processes with the deliveries (documents,
parts, construction), in a same database previously
discussed. Figure 6 presents a simplified Gantt chart of
how the Project Management can be conducted for a
PSV design process, integrating its whole life-cycle.

Project Database
The project database is an essential part of the PLM
methodology. It aims to be a unified database for all the
design phases, where all the information about the
project is stored. The data relates to many different
information sources, such as owner specification,
analyses, 2D drawings and 3D models. This approach
allows for an improved integration between offices
responsible for different tasks in the designing process,
which can be located around the globe and allows a
good control over distinct stages of the same project, but
that are intertwined, as for example, when one office in
Norway is working with general arrangement and
another in Brazil is working with structural analysis. A
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part of the ship, and a well-established Product
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a visual language instead of just words. An example is
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Project Template and Conceptual Design
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Figure 5: A Product Hierarchy for PSV
Each block includes all the data (drawings, receipts,
manuals, analyses) from that group. Modern
modularization techniques allow the inheritance of
parent information, facilitating the re-use of current
information (Hildre, et al., 2010) (Chaves, et al., 2015).
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The project workflow is, basically, an organizational
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connect these processes with the deliveries (documents,
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discussed. Figure 6 presents a simplified Gantt chart of
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Project Database
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which can be located around the globe and allows a
good control over distinct stages of the same project, but
that are intertwined, as for example, when one office in
Norway is working with general arrangement and
another in Brazil is working with structural analysis. A
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increased precision of the virtual prototypes. The main
information obtained in this stage comes usually from
vibration, at least some sea keeping characteristics,
maneuvering and station keeping.
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Operation
The Operation phase is also a piece of modern PLM
systems. It could be connected to real operational log,
for instance the rate at which the equipment is
deteriorating and the vessel as whole requires
maintenance. Again, the information gathered here
should not be dismissed, since it can feed future
conceptual designs, creating a better solution, optimized
to the environment and with lesser limitations,
decreased repair time and maintenance.
This phase is also crucial for training simulators and
controller calibration. The characteristics of the vessel
in a real operational environment should be used to
feed, test and calibrate VP tools and systems; the
response generated is compared to the required in the
real life.
An ideal PLM system would be able to connect to
onboard information, such as ship’s response to
different sea states, operational profile and cargo, while
measuring fuel consumption and capacity to perform the
offloading procedure at the platform.

Basic Design
On the basic design phase, several analyses are deeply
performed in order to well define the vessel
characteristics and behaviors, as well as the detailing of
all systems and subsystems of the vessel. The final
product of this phase is a large amount of drawings
delivered to the yard, and it can benefit tremendously
from a PLM and VP integrated tool.
During the basic design phase, the use of VP tools is
very extensive. The use of CAE software, such as CFD
and FEM tools, is well spread and the accuracy of the
obtained results, when the software is correctly used, is
very good. Modern PLM tools (Siemens, 2015) allow
the re-use of the same 3D models to automatically
create 2D drawings.
The next step is the detailed design, when cabling,
piping and outfitting are done. During the detailed
design phase, all the drawings, specification,
components, parts and processes needed are defined and
all the data generated is stored on the project database.
All the detailed design is done in a virtual environment,
where the components can be easily laid out and all the
drawings automatic created.
Ideally, a designer would like to create our concept,
simulate in the VP environment and, magically, press a
button that would generate all the necessary 2D
drawings that should be delivered to the shipyard.

Decommissioning
Decommissioning is the means of ending the life-cycle
and it can be planned in advance through the use of
information of previous designs iterations. It is highly
dependable of the market circumstances and is difficult
to predict with high accuracy. However, it can be
improved by an active database. For instance, during
scrapping, the database would provide information
about structure, copper, steel and other materials, as
well as any toxic components that require special care.
If the owner desires to sell the vessel, then it will
provide all the information necessary to the new owner.
Finally, in case of refitting and re-commissioning, the
new equipment, maintenance procedures and updates
will be catalogued; furthermore the information of
modules and systems used in current designs can be
accessed and implemented to the old vessel, with
minimal need of new analysis.

Construction
On the construction phase, the vessel is divided in mega
blocks, in order to be constructed at the shipyard. The
mega blocks sizes are defined based on the yard
capacity, and an ideal PLM system would be able to
incorporate documentation for a same ship constructed
in different yards. The integrated database should
provide the material and components list, the
construction workflow and all the needed construction
drawing. The construction workflow can be defined
using VP tools, like CAD software. This can avoid
complications during the construction process and
schedule delays.

CONCLUSION
The motivation for this work was a lack of literature
applying PLM techniques in ship design when we
started to research how such methods could improve the
virtual prototypes developed at the Ship Design Lab
(HIALS, Norway). Most of the found literature consists
of software advertisement (Siemens, 2015) (DNV GL,
2015). Rather than a deep theoretical paper, our

Commissioning and Testing
At this time, the quality of the design and construction
are rated, which will directly impact in the clients
perception of quality and path the way to future
business, this it is to gather information from the tests to
which the vessel is subject. This data will be used by
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intention was to introduce and merge both concepts
under the ship design perspective, looking for principles
to apply PLM into ship design VP.
It is observed in current praxis a lack of unification
among the VC tools, as well resistance to install and try
brand new technologies due to the strong traditional
aspect of the ship design industry. A 3D model used in
concept will usually not be used for structural analysis.
2D CAD drawings, document editors, spreadsheets and
presentations tool are indeed the only tools widely used
during the whole value chain. In the database side, the
most common tool is the mapped drive, without modern
assembly / tag / filtering options.
In this sense, the same ships that were already decided
in the initial phase needed to be redone and recreated in
several other software, mainly due to the lack of
integration among applications. Therefore, an integrated
PLM platform is the one which re-uses and builds up
former designs, with a same language among the six
PLM elements.
We believe that a virtual environment would add up to
it, allowing the designer to really use former designs
database, building up new concepts based on the
previous information, as well as re-using advanced 3D
models for many VC phases (sales, concept, basic,
construction).
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product without concerning the rest of it. In addition,
features can be used repeatedly, and therefore, when
creating a new product, modules can be combined,
changed or re-designed in order to create new concepts
faster than before. As consequence, modularization
contributes to decrease lead-time.
Modularization turns the design process faster as well as
it drives innovation. For the shipbuilding industry, the
focus has always been on the costumer and its needs.
The question now is how efficiently a company can
adapt itself in order to fulfill the next costumer needs,
which is about being prepared to adapt its vessels to
different demands and doing it readily.
A second technique that assist the design process is
prototyping. Real prototyping consists in making a
physical model of the conceptual design, whereas virtual
prototyping consists in reproducing the design in a
virtual way. The choice about which kind of prototype
to use depends on the product and the objectives of
making a prototype. In the ship design sector,
simulating a real prototype in a tank for verifying
hydrodynamics properties is quite common when a new
concept needs to be tested. In this case, the use of a
physical model is justified because the analysis software
analysis are still limited. However, a physical model
for checking the variants features of a ship, or even how
they can be assembled, would be impracticable and
inefficient. In this case, we rather use virtual prototype,
which is perfectly suitable for analyzing many assembly
options and dealing with redesign.
Even though the modularization approach and virtual
prototyping techniques are extensively documented
(Kamrani and Nasr, 2010), there is no consensus on
how to properly apply them in the design process of a
whole ship. The process of creating a new ship design
usually goes through diverse departments, using
different computer aided software, including 2Ddrawings,
3D-modelling,
structural
analysis,
simulations, and so on, which difficulties the
standardization.
Therefore, we propose to combine modular
techniques and virtual prototyping in order to assist
the design process of an Offshore Support Vessel
(OSV). In doing so, we expect not only to have a
set of modules designed in 3D, from which we can
flexibly assemble and create different vessels, but

ABSTRACT
This paper proposes a modular approach as a technique
to enhance Virtual Prototype (VP) in conceptual ship
design. The methodology proposes a preliminary
modular ship division, which is made according to the
ship systems functionality. The modules obtained from
ship division are analyzed in relation to how they
interact among themselves (compatibility) as well as
how relevant they are for the efficient performance of a
mission (performance). An entity model is virtually
assembled and evaluated, feeding an application that is
able to simulate all possible module’s arrangements and
list the better ones regarding the customer requirements.
In doing so, we ended up having a ship modularization
methodology, an application to handle the assemble
process using VP, and a methodology to evaluate how
suitable an entity model is for accomplishing a mission.
The approach is exemplified through a preliminary
offshore support vessel case, where the methodology is
implemented in a preliminary virtual prototype
application, which enables the parameters and
requirements set, assisting the assembly process,
visualizing the modules as well as the entity, electing the
most suitable arrangement for the initial conditions
established by the user.
INTRODUCTION
The maritime offshore industry is characterized by
manufacturing highly customized vessels. Each design
is usually unique and commonly done from scratch to
the end. The level of interdependence between systems
in a vessel is too high, as they are not thought to be
anyway else (Erikstad, 2009). Once a small change in
the requirements, compromises the design of the whole
ship. For each small change, large parts of the ship have
to be re-designed.
Cost-driven solutions are being studied to diminish the
design and construction time of such vessels, in special
modularization techniques (Hildre et al., 2010). When
modular techniques are applied at any product, it grants
product variation without further associative issues, that
is, it becomes possible to change a single part of the
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modular ship division, which is made according to the
ship systems functionality. The modules obtained from
ship division are analyzed in relation to how they
interact among themselves (compatibility) as well as
how relevant they are for the efficient performance of a
mission (performance). An entity model is virtually
assembled and evaluated, feeding an application that is
able to simulate all possible module’s arrangements and
list the better ones regarding the customer requirements.
In doing so, we ended up having a ship modularization
methodology, an application to handle the assemble
process using VP, and a methodology to evaluate how
suitable an entity model is for accomplishing a mission.
The approach is exemplified through a preliminary
offshore support vessel case, where the methodology is
implemented in a preliminary virtual prototype
application, which enables the parameters and
requirements set, assisting the assembly process,
visualizing the modules as well as the entity, electing the
most suitable arrangement for the initial conditions
established by the user.
INTRODUCTION
The maritime offshore industry is characterized by
manufacturing highly customized vessels. Each design
is usually unique and commonly done from scratch to
the end. The level of interdependence between systems
in a vessel is too high, as they are not thought to be
anyway else (Erikstad, 2009). Once a small change in
the requirements, compromises the design of the whole
ship. For each small change, large parts of the ship have
to be re-designed.
Cost-driven solutions are being studied to diminish the
design and construction time of such vessels, in special
modularization techniques (Hildre et al., 2010). When
modular techniques are applied at any product, it grants
product variation without further associative issues, that
is, it becomes possible to change a single part of the
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also to analyze their performance regarding different
ship missions.

isolated. Finally, the division must grant some flexibility
in the assembly process, otherwise this division can not
be considered modular. Quoting Hildre et al. (2010):
It is worthy to point out that a module is not the same
as a block or a ship’s section. A section is typically
defined according to production strategies like crane
capacity or access. The sections have no function and
can not be assembled in a flexible way, therefore they
are not considered.

MODULAR APPROACHES IN SHIP DESIGN
Modularization is a method intentionally used for
creating product variation, enable re-use, and helping to
manage complexity, increasing the design accuracy and
efficiency. The theory of standardizing and re-using are
well known, as are the benefits. Any company that uses
a modular concept in their ships would have a huge
advantage in today’s changing market. However, the
challenge is to introduce, manage and use modular
techniques effectively and correctly. These are the same
techniques that were successfully applied in the
automotive industry decades ago, and remain
underdeveloped in the maritime industry.
Ship design methods may be considered impaired when
it comes to modularity. No modular technique is
included in the classical design spiral model, for
instance, creating a challenge to insert this techniques
during the ship design process. The intention is not to
propose a new modular design theory, but to use few
modularization principles to suggest how an OSV
design can be made in a modular way. A special
attention will be given for the fact that we already have
an existing product, that is a ship, which implies that we
will isolate systems that were not thought to be isolated,
and it might be chaotic if we do not make use of any rule
to do so.
Kamrani and Nasr (2010) developed a framework that
includes procedures for defining the modules of a
complex product in the early design phase. These
procedures are used as start point of our methodology,
which is divided in two parts: modularization and
prototyping (Figure 1).
The modularization phase aims to define the modules
and analyze them, generating data for the prototyping
phase.
The first step is the decomposition analysis, which
consists in a product breakdown. Since we are dealing
with a high complex product, the result of this phase will
contain several fragments that can be hierarchically
organized in modules, sub-modules, components and
parts. The intention is not to distinguish these fragments,
on the contrary, in this paper we will use module as a
general terminology for all fragments, given that
whatever analysis made for the modules can also be
made for the other levels. The output of the first step is
the vessel (product) breakdown (Figure 2).
A product can be decomposed in many different ways,
and how to split this product only depends on the final
use. Our first assumption is that there must be a criteria
for splitting the product into modules, that is, there must
be a reason why the boundary of a module is placed in
that given place. Secondly, the module must be a
functional unit, or in other words, it must develop some
function that is not achieved by its fragments when

Figure 1 - Methodology: Phase I and Phase II

Figure 2 - Example of product decomposition and hierarchy

The associative analysis is responsible for studying the
interfaces of both fragments and modules, and how the
modules influence in the performance, that is, the
module-mission relationship. As follows:
Associative Analysis of the Fragments (AAF) is an
instrument for delimiting the modules. Fragments with
high associative level should compose the same module.
They should come from the system decomposition and
could be, for instance, pumps, pipes, heat exchangers,
propellers, stiffeners, girders, or even screws and cables,
depending on the level you choose to reach. The output
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of this sub-step, and at the same time, input of the next
one is a defined set of modules.
Associative Analysis of the Modules (AAMod) helps to
understand the assemble options and define constraints.
It should describe the modules’ relationship among
themselves, which might be classified, for example, as
constructive, unproductive, necessary and neutral. For
instance, there could be a propulsion module composed
by all fragments related to the function of propelling the
ship, and a winch module composed by the fragments
related to the function of pulling cables. However, these
two modules could be associated in a way that the
winch’s bollard pull could come the motor, which is part
of the propulsion module. Therefore, these modules
would have a high associative level and the winch
capacity can not be high when the ship has a powerless
propulsion module, therefore constraining it.
Associative Analysis of the Mission (AAMis) quantifies
how necessary a module is for efficiently performing a
given mission. It might be expressed through numbers
or any other value that you want to attribute. For
instance, we could say that a winch module is ether
necessary or unnecessary, or we could say that wellperforming a drilling mission will depend 30% on the
propulsion module capacity. The output of this sub-step
is the mission-module relationship table, which will be
base for calculating the performance indicator.
The modules description shall contain information
about physical and functional characteristics of the
modules. It should report its assembly options and
compose the data for further product specification.
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Figure 3 – Application structure

Database: consists of the modules, the MissionModules Relationship Table (MMRT), and the
constraints. Regarding the modules, all them plus its
configurations should be implemented in the
application, so that they can be used for generating the
assemblies. These modules should come from the
associative analysis of the fragments.
The MMRT is the source for evaluating the assemblies.
This table should contain information about how
important a module is for performing a given mission.
A module highly requested for performing a given
mission receives a higher number, while modules that
are unnecessary or adverse to the vessel’s operation
receives negatives numbers (from -1 to 1). For instance,
if an OSV should perform supply mission, and one of
the available modules is a winch, this module would
receive a negative number in the table because its
relationship with this specific mission is not favorable.
There is no need for a winch when operating a supply
mission, since that would decrease the deck area
available for cargo. In addition, these weights shall be
distributed in a way that in the end, its sum is equals to
1.

COMBINING MODULAR THEQUINICH AND
VIRTUAL PROTOTYPING IN SHIP DESIGN
The assemblies are done after the modules’ definition.
However, the goal is not simply assemble a vessel, but
assemble the most suitable vessel for performing a given
mission considering the shipowner requirements, that is
the right vessel for the right mission (Gaspar et al.,
2015).
An assembly application should allow the user to enter
his/her preferable configurations for the available
modules, and the mission that the vessel is intended to
perform. Then, the application returns the most
favorable assemblies according to pre-defined rules and
preferences, grading each one of them into some sort of
Key Performance Indicator (KPI). This indicator
measures how prepared this arrangement is for
performing the selected mission. Therefore, the less
specifications are entered, the more assemblies will fit
the requirements; and higher the grade is, more suitable
the ship is for the given mission.
In order to accomplish these tasks, the application was
structured according to Figure 3, and its three main
elements (database, logical and interface) are explained
as follows.

Table 1- Mission-module relationship table
Module 1
Module 2
-Module n
Sum

Mission
A
x
x
x
x
1

Mission
B
x
x
x
x
1

...
x
x
x
x
1

Mission
Z
x
x
x
x
1

The constraints are a set of rules that will allow the
modules to come together or not. They will prevent the
user to choose a configuration that is not compatible. For
instance, a large motor, large cargo tank and small deck
can not be assembled. If the deck is small, the tank area
below it can not be that big, plus a large engine would
occupy a larger area, competing for space against the
cargo tank.
Logical: The logical part is composed by structural
functions and the evaluation system, which is the
responsible for calculating the performance indicator. In
this preliminary stage, the eval uation system does not
intend to be accurate, and the KPI is meant to be only a
comparison index.
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The performance indicator is calculated through
weighted average. The weights come from the MMRT,
and the numbers multiplied by the weights are the
associated numbers, which refers to the module capacity
and depend on the module’s configuration. The more
robust a module is, the higher is this number associated
to it. For instance, if we consider that a module can
assume four possible configurations, it could be graded
according to Table 2.

user might assume one of the ranked assemblies as a
final design or choose one of them and still modify it.
The application workflow is presented in Figure 5.

Table 2 - Modules' configuration table
Module configuration
Number attributed
Non-existing
Low capacity
Medium capacity
High capacity

0
1
2
3

Enter s hip
mi s sion

Enter modules
preferences

Generate
pos sible
a s semblies

Choos e one
a s sembly
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Eva l uate
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Modi fy assembly
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Compa re results

Fi nal design
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Calculating how good a vessel is for performing a given
mission is observed in Equation 1.
𝑛

It starts by the Vessel Decomposition, considering the
hull structure as a platform where eight modules will fit.
Each module would be responsible for adding one
function or one capability to the vessel. In order to
provide flexibility to the design, these modules can
assume two different configurations that vary, for
instance, in size or capacity.

(1)

𝑖=1

Where:
𝑃𝐼 (𝑀) is the performance indicator for the mission ‘M’;
𝑤𝑖 (𝑀) is the weight given for the module i considering
the mission ‘M’;
𝑁𝑖 is the number attributed according to the
configuration of the module i;
And n is the total number of modules.

Table 3 - Modules division
Modules

Interface: The interface is where the modules can be
visualized, managed, and the requirements entered by
the designer. For example Figure 4 presents a screen for
inserting mission requirements. For adding a module,
the checkbox should be checked, and one of the
configuration options chosen.

M1
Deck
M2
Motor
M3
Cargo Tank
M4
Winch
M5
Crane
M6
Accommodation
M7
A-Frame
M8
Dynamic
Positioning

Figure 4 – Application interface: Entering requirements

When the evaluation button is pressed, the application
will assemble all possible entity models connected the
user’s specifications. When a checkbox is checked, the
application will consider only entities containing that
module with that specification, working as a filter.
The application should return the entities corresponding
to the highest performance indicators. At this point, the

Description
Represents the platform
above the tanks where the
deck equipment are placed as
well as some cargo
Represents all the systems
related to the ship propulsion.
Represents the area that is
responsible for carrying
cargo. It includes tanks for
drilling mud, cement, diesel
fuel, water and so on.

Variation
Big/Small
Big/Small

In/Out

Deck equipment

In/Out

Deck equipment
Represents all the parts and
sub-systems related to the
dynamic positioning system
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Although the vessel is divided in only eight modules, we
can assemble 256 (28) different entities out of this set. In
this way, several different vessels could be made from a
single platform and series of modules.
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Since we intend to classify vessels according to its
capability of operating a given mission ( 𝑃𝐼 (𝑀) ), the
module division was chosen in order to obtain modules
that are favorable for few missions only. At this stage, it
is avoided the assembling of entity models that are
“generic” and could be appropriated for every missions.
For instance, if we divide the vessel in vital systems such
as ballast, firefighting and cruise controls, all modules
would be equally necessary for all the missions,
therefore, the performance indicator would lose its
meaning. In addition, the configuration of these modules
should impact in the vessel’s capability. The modules
were defined according to Table 3 and Figure 6.

However, if we keep the number of modules but slightly
increase the number of possible configuration, from two
to three, for six of the modules, we still have a simple
module division, which from is possible to assemble
over 2900 different entities. This updated modules’
configurations is presented in Table 4.
Table 4 – Modules division II
Modules
M1- Deck
M2 - Motor
M3 - Cargo Tank
M4 - Winch
M5 - Crane

Figure 6 - Modules division

M6 - Accommodation

In order to assess the entity model, it was mapped how
the modules interact to each other (AAMod), and what
role they play in each mission (AAMis). In other words,
it is defined the relationship between every two different
modules, and the relationship between a module and a
mission.
This concept is initially presented via a matrix (Figure
7), where all the modular variations are listed both
horizontally and vertically, mapping both AAMod
(compatibility) and AAMis (performance) in this single
matrix.
The module’s relationships are represented by colors
and is classified ether as compatible (in green) or not
compatible (in dark blue). Subsequently, the AAMis
considers the performance of such combination, by
describing the pros and cons of having that module in
the entity model (numbers).

M7 - A-Frame
M8 - Dynamic Positioning

Variation
Small
Medium
Small
Medium
Big
Small
Medium
Big
Out
Small
Big
Out
Small
Big
Small
Medium
Big
Out
Small
Big
In
Out

The database is thus composed by modules, constraints
and the MMRT. The modules were designed using a
CAD software, which provides a real scalable
perspective of the vessel. The constraints are obtained
from the mirror matrix, where the AAMod was made.
The relationships pointed out in the modules
relationship matrix were studied and converted into
numbers in order to elaborate the MMRT. Thus, four
missions are assumed and it is attributed to each module
a grade expressing their influence to each mission.
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a grade expressing their influence to each mission.
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customized to our modules, analyses and missions
facilitates the calculation (Fonseca and Gaspar, 2015).
The application calculates thus the performance
indicator for those 162 entities using the weights relative
to the supply mission, and varying the attributed
numbers for the modules that were not specified, as
follows:

Table 5 - Mission-Module relationship table
Supply
AH&T*
Construction
Drilling
M1
0.45
0.35
0.16
0.19
M2
-0.11
0.6
0.1
0.12
M3
0.45
-0.14
0.19
0.21
M4
-0.1
0.35
0.2
0.1
M5
0.3
0.15
0.15
0.19
M6
-0.1
-0.1
0.15
0.19
M7
-0.1
0.1
0.15
-0.1
M8
-0.11
-0.1
0.1
0.2
Sum
1
1
1
1
*AH&T – Anchor Handling and Towing.
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Number attributed to the module’s configuration:

All done so far is a preparation for implementing data
into the Application. Effort must be employed in this
phase in order to have predefined modules designed in
3D. This work leaves room to go beyond the conceptual
approach in which the modular design does not seem
concrete. We are not only conceiving the modules, but
also providing their visualization, making them virtually
tangible and re-usable.
Having the mission-module relationship table means
having the weights corresponding to each module for
this formula. Mission and capabilities are specified
through the application interface.
Let’s consider a hypothetical scenario where a vessel is
supposed to provide supply service for a small platform
close to the shore. Initial assumption is that there is no
need to a large vessel, given that the journeys will be
short and the platform production is low. A crane with
relevant capacity may be useful, but crew size should be
smaller as possible (Figure 9).
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The Application returns the designs ordered by theirs
KPIs, assembling the modules and providing a 3D
visualization of these designs (Figure 10).

The mission is the only field which must be filled, the
capabilities might be specified or not. Although,
specifying the required capabilities will return a more
suitable vessel configuration regarding the shipowner
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The performance evaluation will consider only entities
containing the modules required by the user. From the
set of modules defined, it is possible to assemble 2,916
(36 x 2 2) different vessels. However, assuming that the
user did choose the configuration above, we
automatically lock the crane configuration as ‘medium’,
the accommodation as ‘small’, and the cargo tank
‘small’ as well. In this way, the number of possible
entities is reduced to 162 (34 x 2). A specific object,
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Such interface also allows the user to vary the modules’
configuration. After selecting an entity as start point it is
possible to easily redesign a vessel and compare its
performance indicators in order to align the user’s
preferences with the Application choice.

Such interface also allows the user to vary the modules’
configuration. After selecting an entity as start point it is
possible to easily redesign a vessel and compare its
performance indicators in order to align the user’s
preferences with the Application choice.

Enhancing virtual prototype in ship design using
modular techniques is a solution that brings together the
benefits of having a modular design in a virtual
environment. Both techniques aims on saving time and
aiding redesign, turning it in a simpler process. Virtual
prototyping also allows assessment comparison and
helps the shipowner choice, handling the perceptual
aspect (Gaspar et al., 2012).
We are aware that the method has potential and
limitations or challenges should be explored. It is hard
to define modules, it is hard to define behavior of
modules independent of others and so on. In other
words, some behaviors/properties can follow each
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module and others have to be simulated/calculated after
the assembling.
As this is a preliminary case, it is yet unclear if such
methodology is applicable in industrial scale, and more
research on the modules, interfaces and databases is
required. However, based on this preliminary work, we
believe that modular approach to virtual prototyping has
several benefits regarding Ship Design: reduced time in
the ship’s conceptual design phase, less effort in
comparison of ships, quicker and simpler redesign, and
a more visual approach.
Conceptual design is improved, given that acquiring a
fast and precise visual image or animation makes
everything easier on the eye, facilitating new ideas and
solutions in itself, as well as the possibility to navigate
your way around the object, looking for unseen
capabilities.
Efficient modular approach takes this to a new level.
When designing an object or a system with several
different modules, the designer have the possibility to
quickly change a part of the design, generating and
evaluating a new ship. Seamlessly, quick, easy, and
everything is presented to you through a application in
real time, having then the possibility to compare the
designs immediately and to further redesign your object
to satisfy your own requirements.
As for future work, more precise and accurate
calculations are necessary, to find better suited vessels
for the given mission. Furthermore, the evaluation might
not only assess the ship operational performance, but
also give other kinds of responses e.g. hydrodynamics
properties. Efficient parametric methods may aid in this
process (Ebrahimi et al., 2015).
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by using knowledge about system that is grouped in
rules and facts, as results of human empirical
observations. For the complex systems, the qualitative
models can be used for defining the relationship causefault-symptom by using the fault tree concept (Ivanov
2013).

KEYWORDS
Diagnosis, PMSM, fault operation, short circuited.
ABSTRACT
The paper applies the diagnosis method based on the
analytic model by investigating the output waveforms of
the currents, torque and speed specific to a PMSM
driving system. Several faults are simulated: open phase,
entire phase short circuit in two situations (with and
without current measurement, short circuit before and
after current sensor respectively) and current sensor
fault (no reaction).
Thanks to the described model, the method based on
analytic models can be applied and the system behavior
can be compared with the results of the mathematical
model which reproduces the system in normal operation.
For all types of faults, more or less important
oscillations of the currents and output torque are
noticed. The consequences are corresponding, more or
less severe and can lead to major damages.

IDENTIFICATION AND DEFINITION
OF THE SYSTEM BUGS

INVESTIGATION OF THE
EXISTENT SYSTEM

ANALYSIS AND
DIAGNOSIS

DESIGN AND DEVELOPMENT OF
THE NEW SYSTEM

INTRODUCTION
The diagnosis of the systems can be defined as the
assembly of the scientific exact and heuristic methods
for investigating, diagnosis, modeling and design,
applied for improving the quality of the decisions that
determines the efficient control of a system. This aim is
possible only if several stages, which determine the life
cycle of the system, are fulfilled (Figure 1).
The methods for faults detection and diagnosis can be
classified in three groups: methods based on signals,
methods based on knowledge and methods based on
analytic models.
The methods based on signals select the signals which
contain information and data specific to the fault
operation from the multitude of the signals measured
from the process. By analyzing the selected signals, the
possible symptoms of the faults are defined, the faults
are located, the moment of occurrence and possible
causes are identified also (Patterson D.W. 1999).
The methods based on knowledge are used when the
complex systems must be diagnosed. In these cases, the
knowledge about process can be often insufficiently.
The behavior of the system is quantitatively described
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Figure 1: The Complete Life Cycle of a System
The methods based on analytic models consist in
comparing the system behavior with the results of the
mathematical model that reproduce the system in normal
operation. If the analytic model is available, this method
proves to be more efficient than the methods based on
signals (Ivanov 2012).

195

by using knowledge about system that is grouped in
rules and facts, as results of human empirical
observations. For the complex systems, the qualitative
models can be used for defining the relationship causefault-symptom by using the fault tree concept (Ivanov
2013).

KEYWORDS
Diagnosis, PMSM, fault operation, short circuited.
ABSTRACT
The paper applies the diagnosis method based on the
analytic model by investigating the output waveforms of
the currents, torque and speed specific to a PMSM
driving system. Several faults are simulated: open phase,
entire phase short circuit in two situations (with and
without current measurement, short circuit before and
after current sensor respectively) and current sensor
fault (no reaction).
Thanks to the described model, the method based on
analytic models can be applied and the system behavior
can be compared with the results of the mathematical
model which reproduces the system in normal operation.
For all types of faults, more or less important
oscillations of the currents and output torque are
noticed. The consequences are corresponding, more or
less severe and can lead to major damages.

IDENTIFICATION AND DEFINITION
OF THE SYSTEM BUGS

INVESTIGATION OF THE
EXISTENT SYSTEM

ANALYSIS AND
DIAGNOSIS

DESIGN AND DEVELOPMENT OF
THE NEW SYSTEM

INTRODUCTION
The diagnosis of the systems can be defined as the
assembly of the scientific exact and heuristic methods
for investigating, diagnosis, modeling and design,
applied for improving the quality of the decisions that
determines the efficient control of a system. This aim is
possible only if several stages, which determine the life
cycle of the system, are fulfilled (Figure 1).
The methods for faults detection and diagnosis can be
classified in three groups: methods based on signals,
methods based on knowledge and methods based on
analytic models.
The methods based on signals select the signals which
contain information and data specific to the fault
operation from the multitude of the signals measured
from the process. By analyzing the selected signals, the
possible symptoms of the faults are defined, the faults
are located, the moment of occurrence and possible
causes are identified also (Patterson D.W. 1999).
The methods based on knowledge are used when the
complex systems must be diagnosed. In these cases, the
knowledge about process can be often insufficiently.
The behavior of the system is quantitatively described

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

SYSTEM TESTING AND
VALIDATION

IMPLEMENTATION OF
THE SYSTEM DESIGN

SYSTEM OPERATION
AND MAINTENANCE

Figure 1: The Complete Life Cycle of a System
The methods based on analytic models consist in
comparing the system behavior with the results of the
mathematical model that reproduce the system in normal
operation. If the analytic model is available, this method
proves to be more efficient than the methods based on
signals (Ivanov 2012).

195

For achieving the diagnosis, the system model must be
developed in order to analyze the fault propagation in
different monitoring locations.
By using high energy permanent magnets for machines
excitation, superior performances motors can be
obtained. Mainly, in the present, two types of permanent
magnets machines are studied and largely used: the
synchronous one (PMSM) and the brushless DC one
(BLDCM). The two have important advantages: high
efficiency, very clear and well known control strategies,
no looses in the rotor side, so only the stator must be
cooled, high reliability, long life, easy maintenance,
high power density which leads to reduced weight and
size (Vinson 2012).
There still are several disadvantages: the price is pretty
high due to the permanent magnets, the demagnetization
can occur if the motors operate at high temperature, due
to the limited de-fluxing possibilities (risk for the
permanent magnets), the constant power range is
limited. In addition, the PMSM, compared with the
BLDCM has the disadvantage that requires precise
absolute position transducer.
In the current applications, the motors are always
supplied by inverters. Some faults of them can lead to
severe damages to motors. An example is the two phases
short circuit. This means the short circuit of two motor
phases. If the machine continues the rotate, due to the
permanent magnets on the rotor, back emf are still
induced. These are closed on the two short circuited
phases which leads to quite important currents (analog
to the two phases short circuit on a generator ends). The
open circuit faults are not very dangerous concerning the
motor stability. In the absence of a proper control, this
fault can lead to severe consequences. In this case, the
high back emf resulted if the motor continues to rotate
can determine the increasing of the DC bus voltage if a
proper control is not performed (bidirectional rectifier
or braking resistor) (Meinguet 2011).
The stator faults are generally related to the insulation.
A partial short circuit of several turns is difficultly
detected and almost impossible to be eliminated. There
are several techniques for faults detection, the most of
them based on the stator voltages and currents analysis.
In order to prevent the faults occurrence and to ensure
the optimum maintenance, the PMSM can be efficiently
monitored.
The paper proposes a method of diagnosis for many
types of faults:
- a broken phase (i.e a phase in open circuit),
- a phase totally or partially short circuited
- the loss of a current sensor.
The behavior when the first two faults occur will be
detailed in the paper.
In order to be able to simulate the mentioned faults, the
machines model will be expressed not in the classic Park
reference frame, (d, q), but in terms of instantaneous
phase variables.

MOTORS MODELS
The paper will present the approach for building the
different models and their inter-connection. The models
of the motors must have as inputs the phase voltages
delivered by the inverter, the mechanical speed and
position of the rotor. The outputs must be the phase
currents and the electromagnetic torque. The mechanical
parameters (rotor inertia, friction) are included in the
model of the mechanical load (not presented in the
paper) which is then driven by the electromagnetic
torque.
In the following equations, significance of the notations
is:
ua, ub, uc – phase voltages;
ia, ib, ic – phase currents;
Rs – phase resistance;
Ls – phase inductance;
Ms – mutual inductance between two phases;
KT – torque constant;
P – number of pairs of poles;
m – angular position of the rotor.
Three phase classic PMSM with separate feeding of
the phases
The first architecture which is considered is
corresponding to a classic PM synchronous motor with
separated feeding of the phases, each phase being fed by
an H bridge. (Figure 2).

Figure 2: Three Phase Machine with Separated Phases

In this case the electrical equations are:
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supplied by inverters. Some faults of them can lead to
severe damages to motors. An example is the two phases
short circuit. This means the short circuit of two motor
phases. If the machine continues the rotate, due to the
permanent magnets on the rotor, back emf are still
induced. These are closed on the two short circuited
phases which leads to quite important currents (analog
to the two phases short circuit on a generator ends). The
open circuit faults are not very dangerous concerning the
motor stability. In the absence of a proper control, this
fault can lead to severe consequences. In this case, the
high back emf resulted if the motor continues to rotate
can determine the increasing of the DC bus voltage if a
proper control is not performed (bidirectional rectifier
or braking resistor) (Meinguet 2011).
The stator faults are generally related to the insulation.
A partial short circuit of several turns is difficultly
detected and almost impossible to be eliminated. There
are several techniques for faults detection, the most of
them based on the stator voltages and currents analysis.
In order to prevent the faults occurrence and to ensure
the optimum maintenance, the PMSM can be efficiently
monitored.
The paper proposes a method of diagnosis for many
types of faults:
- a broken phase (i.e a phase in open circuit),
- a phase totally or partially short circuited
- the loss of a current sensor.
The behavior when the first two faults occur will be
detailed in the paper.
In order to be able to simulate the mentioned faults, the
machines model will be expressed not in the classic Park
reference frame, (d, q), but in terms of instantaneous
phase variables.

MOTORS MODELS
The paper will present the approach for building the
different models and their inter-connection. The models
of the motors must have as inputs the phase voltages
delivered by the inverter, the mechanical speed and
position of the rotor. The outputs must be the phase
currents and the electromagnetic torque. The mechanical
parameters (rotor inertia, friction) are included in the
model of the mechanical load (not presented in the
paper) which is then driven by the electromagnetic
torque.
In the following equations, significance of the notations
is:
ua, ub, uc – phase voltages;
ia, ib, ic – phase currents;
Rs – phase resistance;
Ls – phase inductance;
Ms – mutual inductance between two phases;
KT – torque constant;
P – number of pairs of poles;
m – angular position of the rotor.
Three phase classic PMSM with separate feeding of
the phases
The first architecture which is considered is
corresponding to a classic PM synchronous motor with
separated feeding of the phases, each phase being fed by
an H bridge. (Figure 2).

Figure 2: Three Phase Machine with Separated Phases
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In these equations, rotor zero position is considered to
correspond to the maximum coupling between phase “a”
and the rotor, so that the flux induced in the phase “a”
by the magnets, Daf is maximum for Em = 0 and,
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With this model, the following faults can be simulated:
• one phase in open circuit is simulated by imposing
simultaneously its current value and the
corresponding di / dt to zero;
• one phase in short circuit is simulated by imposing to
zero the corresponding feeding voltage;
• fault of a current sensor is simulated by imposing to
zero the feedback value of the current on one phase
(phase “a”).
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With ic = ia ib , the electromagnetic torque is obtained
with the same expression as the previous model.
With this model, the fault that can be simulated is the
current sensor failure as for the previous model.
Writing the equations in terms of line voltages makes
possible the simulation of a phase partial short circuit.
This facility is not yet implemented in the presented
models.

Classic PMSM with star connected windings and
insulated neutral

If the machine phases is star connected with insulated
neutral, it must be fed by a three phase inverter (Figure
3).

THE SIMULINK MOTORS MODELS

By using the models described above, Simulink models
have been developed (Ivanov, 2008). The models were
grouped within a Simulink library.
Basically, it contains four types of blocks, two
corresponding to the two variants of PMSM and two for
the controllers.
An example of integration of the motors and controllers
models for obtaining the driving system model is
depicted in Figure 4.
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Concerning the motors blocks, all were developed in a
quite compact manner, the heart being a S-function
block corresponding to each variant of PMSM.
As the models are quite general, the parameters of some
predefined types of motors were included in the masks
of the blocks being associated to the type of motor chose
in the dialog box (Figure 5).
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block corresponding to each variant of PMSM.
As the models are quite general, the parameters of some
predefined types of motors were included in the masks
of the blocks being associated to the type of motor chose
in the dialog box (Figure 5).
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Of course, if a different type of motor is chosen, more
parameters must be specified in the dialog box if partial
short circuit fault is selected.
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FAULTS SIMULATION RESULTS

The dialog boxes allow to use the model for different
types of motors by the pre-defined ones, by choosing the
“Other” type of motor. In this case, the dialog box
expands with the necessaries parameters to be specified
The dialog box of the motors’ models allow the choice,
during simulation, of one type of fault, as can be seen in
Figure 6.

Hereafter will be given few examples of the waveforms
resulted when different faults are simulated.
The behavior is quite different, depending on the
specific fault. The knowledge of the specificities of
different faults (waveforms, extreme values), obtained
by simulations, makes possible the easier identification
of the causes when a real fault occurs.
Thanks to the described model, the method based on
analytic models can be applied and the system behavior
can be compared with the results of the mathematical
model which reproduces the system in normal operation.
The simulations consider the entire drive system (motor,
closed loop control), when the three separated phases
motor is considered.
The simulated faults are: open phase, entire phase short
circuit in two situations (with and without current
measurement, short circuit before and after current
sensor respectively) and current sensor fault (no
reaction). For all the simulations, the plotted signals are
the phase currents, the electromagnetic torque and the
speed. For all the cases, a step start is simulated and the
different faults occur when the motor operates in steady
state, at the preset speed value.
Figure 9 plots the specified signals when a phase (a) is
interrupted. This fault can be caused even the phase
itself is broken, or a fault occurs in the inverter and no
switches on the corresponding arm are fired.
We notice that after the fault occurrence (0.7 s), the
control reacts and imposes higher currents on the resting
phases, in order to generate the same torque and to keep
the preset value of the speed. The torque ripple is not
quite important and no speed oscillations are sensed.
As was mentioned above, this fault is not easy to be
perceived, as the motor continues to operate, apparently
without changes. Only the currents monitoring indicates
this type of fault. All the plots are expressed as follows:
currents [A], torque [Nm] and speed [rad/s].
Figure 10 plots the specified signals when a short circuit
of an entire phase occurs (0.7 s) before the current

Figure 6: The Choice of the Fault
The dialog box adapts itself to the chosen type of fault,
being possible to specify further information, as the
location of the short circuit in the case of the entire
phase short circuit (Figure 7), or the number of turns in
short circuit in the case of partial short circuit of one
phase (Figure 8).

Figure 7: The Location of the Short Circuit of an Entire
Phase
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The fault is quite severe in what concerns the currents
values (the most severe of the simulated situations).
All the three currents have almost the same phase and
consequently, the electromagnetic torque gets some
ripple. Due to the motor inertia, this ripple is not
propagated to the speed.
The fault is quite dangerous because the huge currents
on all the phases determine important heating and
shortly motor damage.
If the phase short circuit occurs after the current sensor,
its indication will be zero, as the phase is broken. But
the effects are quite different, as it can be seen in Figure
11.

sensor. In this case, the current sensor delivers the value
of the phase current.

Figure 9: Phase Currents [A], Torque [Nm] and Speed
[rad/s] when a Phase is Interrupted
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Figure 10: Short Circuit with Current Measurement
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Figure 11: Short Circuit without Current Measurement

Figure 11: Short Circuit without Current Measurement

The currents in the resting phases increase significantly,
but not so much as in previous case. They are still more
than double the rated current. Contrary, the torque ripple
becomes quite important (the peak to peak amplitude is
more than double rated torque). Consequently, speed
ripple occurs too. This fault is the one which affects
most the overall behavior of the drive.
The third fault which implies zero current reaction on a
phase is the defect of the sensor itself.
The results of this faults are plotted in Figure 12.
There is no increasing of the currents, because in fact all
the three currents continues to flow in the phases, only
the information on one of them is false. Cause of this,
the coordination transformations of the vector controlled
currents components are affected and consequently, the
currents waveforms on all the phases. This determines
unexpected high ripple of the generated torque, even a
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current (case 2). The effects on the speed are, as in the
mentioned case, not visible.
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development and technical equipment, the process
technological control, the flexibility and the processes
novelty involved in the manufacturing, allow the
analysis of the production systems. In the
electrotechnical industry, the companies producing
high-voltage electrical equipment are mainly based on
the application of the classical technological methods
such as prefabrication processes (casting, rolling,
forging and so on), machining processes (turning,
milling, cutting, grinding and so on), heat treatment
processes, plastic deformation processes and so on. At
the same time, the developing of the products requires
application of the new unconventional processes
(electro discharge machining, laser welding, ultrasound
processing, magnetic formation). As a consequence of
the economic crisis, locally or globally, the electrical
equipment manufacturing companies have closed,
restructured or refocused on the other economic targets.
These companies have acquired an impressive
experience of design and manufacture of electrical
equipment. Sometimes must be solved the problem of
the manufacturing continuation of those products which
were profitable in the range of products of the
mentioned companies. This fact assumes the
implementation of the manufacturing technology of
these products in the structure of the other production
system which has a similar technological structure. The
topic of the production system design is approached in
the references in the field (Brojboiu 2001), (Brojboiu
2008), (Ivanov 2008), (Badea 1999), (Mohammad
1997). Regarding the manufacturing implementation of
the new product, there are two basic approaches. The
first approach: there is a production system with the
range of similar products; in this case should be met the
restrictions of systematization of product or the
efficiency degree of the technological integration and
construction. Based on information from the
technological execution documentation of the product is
checked through computing if the existing technical
equipment allows the fabrication in a given period, for
example, one year, a Q production, which is ordered by
a customer. The charging in time or the degree of the
intensive use of the time for each equipment can be
evaluated. Consequently, based on the computed results
one or more decisions may be taken concerning the
application of actions of intensive or extensive use of

KEYWORDS
Production capacity, Instrument transformer, GUI
ABSTRACT
In this paper, a Matlab application based on the
graphical user interface (GUI) environment for sizing
of technological equipment of a certain production
system, designed for the current instrument transformer
manufacturing, hereinafter referred to product, is
presented. The designed product according to the
customer requirements is part from the range of
production of a Electrotechnical Company from Oltenia
area. Based on data from the technological project of the
product, the application allows checking the technical
sizing of the production system. That means the
application computes the machinery number needed for
the manufacturing of the production which is requested
by the customer through a order available for a year. At
the same time, based on information regarding the
technical equipment, the program allows to compute the
equipment’s production capacity.
Finally, the
production capacity of the whole system can be
computed. Can also be computed the indicators of
economic efficiency such as the efficiency index of time
for each machine or the reserve of the production
capacity for the whole production system. The user can
apply the computation Matlab program through the
GUI.
INTRODUCTION
The topic of production systems design is extensively
approached in the references in the field. Production
system aims to solve the tasks of production for
manufacturing a product according to customer
requirements. The general function of a production
system is transforming a flow of materials, energy and
information, considered as input data in the finished
product or output data. The main components of a
rigid/inflexible production system are the technical
elements: machinery, equipment and human nature
factor. The manufacturing of a product is based on
manufacturing technology which requires the execution
the technological processes in a predetermined
succession, with specific equipment in a given
normalized time. The level of technological
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development and technical equipment, the process
technological control, the flexibility and the processes
novelty involved in the manufacturing, allow the
analysis of the production systems. In the
electrotechnical industry, the companies producing
high-voltage electrical equipment are mainly based on
the application of the classical technological methods
such as prefabrication processes (casting, rolling,
forging and so on), machining processes (turning,
milling, cutting, grinding and so on), heat treatment
processes, plastic deformation processes and so on. At
the same time, the developing of the products requires
application of the new unconventional processes
(electro discharge machining, laser welding, ultrasound
processing, magnetic formation). As a consequence of
the economic crisis, locally or globally, the electrical
equipment manufacturing companies have closed,
restructured or refocused on the other economic targets.
These companies have acquired an impressive
experience of design and manufacture of electrical
equipment. Sometimes must be solved the problem of
the manufacturing continuation of those products which
were profitable in the range of products of the
mentioned companies. This fact assumes the
implementation of the manufacturing technology of
these products in the structure of the other production
system which has a similar technological structure. The
topic of the production system design is approached in
the references in the field (Brojboiu 2001), (Brojboiu
2008), (Ivanov 2008), (Badea 1999), (Mohammad
1997). Regarding the manufacturing implementation of
the new product, there are two basic approaches. The
first approach: there is a production system with the
range of similar products; in this case should be met the
restrictions of systematization of product or the
efficiency degree of the technological integration and
construction. Based on information from the
technological execution documentation of the product is
checked through computing if the existing technical
equipment allows the fabrication in a given period, for
example, one year, a Q production, which is ordered by
a customer. The charging in time or the degree of the
intensive use of the time for each equipment can be
evaluated. Consequently, based on the computed results
one or more decisions may be taken concerning the
application of actions of intensive or extensive use of
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ABSTRACT
In this paper, a Matlab application based on the
graphical user interface (GUI) environment for sizing
of technological equipment of a certain production
system, designed for the current instrument transformer
manufacturing, hereinafter referred to product, is
presented. The designed product according to the
customer requirements is part from the range of
production of a Electrotechnical Company from Oltenia
area. Based on data from the technological project of the
product, the application allows checking the technical
sizing of the production system. That means the
application computes the machinery number needed for
the manufacturing of the production which is requested
by the customer through a order available for a year. At
the same time, based on information regarding the
technical equipment, the program allows to compute the
equipment’s production capacity.
Finally, the
production capacity of the whole system can be
computed. Can also be computed the indicators of
economic efficiency such as the efficiency index of time
for each machine or the reserve of the production
capacity for the whole production system. The user can
apply the computation Matlab program through the
GUI.
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existing technical equipment. An action type refers to
additional purchases of machinery or equipment which
are specific for the manufacturing of the new product.
The decision will be based on the assessments of
economic efficiency indicators. The second approach
corresponds to the case when there is not a production
system with technological structure which should be
proper for the production of new product. In this case, it
will decide on the design of a new manufacturing
system. The basic technological facilities can be
designed based on the information from the
technological documentation, such as type of
equipment, normalized time per technological process,
technological auxiliary time. For this technological
equipment, the production capacity can be computed.
The computation of the production capacity is carried
out taking into account the equipment number and the
specific planned working regime. The production
capacity of the machinery/equipment which is stipulated
in the technological documentation is computed based
on the algorithms specific for the equipment with the
technological specialization and related to the
normalized durations per technological processes:
,

where,
is the coefficient of increasing work’s
productivity in the current period compared to the
previous one, is the weight of intensive factors in
is the
increasing of work’s productivity, ."5)
equipment number of the main production link from
technological group i from the current period, ."5) 6
is the equipment number of the main production link
from technological group i from the previous period, is
the coefficient of simultaneity of equipment charging,
whose value is specific to the type of production (i.e.
A=0.82 for small and medium series production). The
main production link is that which has the biggest
weight in the manufacturing duration of the product or
the production task.
The value of the ordered production which should be
possible manufactured can be calculated depending on
the deficit of production capacity (Badea 1999):

Pp = C p - D

Accordingly, there is the relation: Cp Pp Q.
It should be note that the value of production capacity
depends on the operating regime which is characterized
by the number of working days of the period and the
number of shifts per day. It is also very important the
assessment of the repairs duration of the equipment,
computed according to adopted maintenance regime. As
it is known (Woohyun 2009), (Pascual 2006), (Hongye
2008), the maintenance is a combination of technical and
administrative actions with the purpose to maintain in
working the equipment to accomplish the required
function by the technological flux. The maintenance
actions can be classified in two main groups: corrective
maintenance and preventive maintenance. In the
companies for the electrical equipment fabrication, the
scheduled preventive maintenance is implemented. This
type of maintenance comprises the repairs actions which
are scheduled in time depending on the a preset value
of operating time of the equipment. The normalized
types of repairs actions are: technical revision, current
repair 1, or 2, and capital repair (Brojboiu 2001). The
graphic of succession in time of interventions or repair
cycle is normalized for each type of equipment, as
shown in Figure 1.
Corresponding to a certain operation time of the
equipment, in order to manufacturing of the ordered
production Q, it can determine the number of
interventions that restore the equipment performances.
The number of equipment, considering the lengths of
time of the repairs will be computed with the formula:

(1)

where: Nui is the number of same type equipment which
defines the production link, Tdimax is the maximum
available working time, computed for the period of time
for which the production Q is ordered by a customer, tn
is the normalized execution time for the i technological
process, which is stipulated in the manufacturing
documentation. The degree of utilization of production
capacity and the capacity reserve are calculated:
,

(2)

It should be note that the link production with the lowest
value of the production capacity will determine the
production capacity of the whole system. The excess or
deficit of time for the same type of machines will be
calculated:
!"

!# $%&

(3)

If Dui>0, then will exist deficit of production capacity
and if Dui<0 then will exist the excess of production
capacity and consequently appropriate decisions will be
taken: either some technological processes will be
outsourced if Dui<0, or will be taken decisions to
reduce the normalized time or to purchase a new
machine. The production capacity of the equipment
with the technological specialization can be determined
based on value of the production Pr manufactured in a
previous reference period.
'(

)**+, -

. 12 /0

)**

. 12 /30

4

(5)

+78

,

(6)

where:
(

(4)

("

9: ;: 96 <

where Drni is the normalized length of time of the repair
type.
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the technical equipment needed for the manufacturing
of the high voltage instrument transformer given that
there is a ordered value Q of the production. The GUI
Matlab allows also the computation of the production
capacity, knowing the equipment number. Using the
developed GUI, the information concerning the
efficiency of using of the equipment’s maximum time
can be also provided. At the same time, the production
capacity reserve of each equipment as well as the
weight of the normalized values of the equipment
working time in the total normalized time of the main
link production can be evaluated.
The input data are:
a) The normalized values/allowed times for each
equipment specified in technological sheet;
b) an estimated quantity of ordered production based on
information from previous periods of time
c) data relating to scheduled preventive maintenance
system, provided in the national standards and
regulations in force.

Description of the GUI
A Matlab application based on the GUI environment
was developed. This GUI can be used for the sizing of
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Figure 1: The succession in time of interventions or repairs cycle
In the references in the field are presented the
advantages of each system type of maintenance that can
be implemented from the point of view of production
system optimization. The advantages of the conditionbased maintenance, the corrective maintenance or
preventive maintenance systems are described (Ivanov
2008), (Badea 1999), (Mohammad 1997), (Woohyun
2009) from the point of view of the minimum cost.
In this paper, a dimensioning algorithm of the technical
equipment based on the technological project of the
high voltage current instrument transformer is applied.
With this purpose, a Matlab GUI was developed. The
input data are the technological information from
technology project of the transformer. The GUI allows
to the user to input data and the selection of different
data, which are required by the design algorithm. GUI
provides friendly communications and it can be used
more conveniently.
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The main window of GUI is shown in the figure 2. As it
can be noticed the input data is the value of the ordered
production Q=1250 [prod/year]. The user can select the
equipment type. For the equipment no. 1 the
information regarding the working time tf = 1100 hours,
after which one type of repair can be made is displayed
as well as the allowed/normanlized time for the
operation execution tn1 = 125min., given in the
technological sheet. The computed value of the total
unitary working time, Tnu1 = 2604 hours, for one product
is also displayed. The computed output data are: the
equipment number, Nu1 = 2, the production capacity of
the production link Cpu1 = 1943 prod/year, the capacity
reserve Rezu1 = 693prod/year and the efficiency of the
maximum working time of the no. 1 equipment or time
efficiency Iu1 = 64%. All these output data are also
displayed.
In the GUI window from figure 3, the computed data for
all 11 equipment are displayed: the number of
equipment, the total unitary length of time for each
equipment, which working for the transformer
component and the production capacity values.

Figure 3: The window GUI
As value of the production capacity of the whole system
in whose structure is implemented the new
manufacturing technology will be adopted the minimum
value from those 11 computed values.
A synthetic presentation of the computed results is made
using the histograms from the Figures 4, 5, 6, 7, 8. In
the histograms from figures 4 and 5 are displayed the
production capacity values for those 11 equipment,
respectively the capacity reserves. It is observed that the
no.8 equipment has the biggest value of the capacity
reserve which means that it works under full charging.
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repairs, corresponding to the total working time values
for each of equipment, needed for the manufacturing of
the Q production value. The Matlab application is
developed into an interactive manner so that certain data
can be enter from the keyboard by the user. At the
product manufacturing are involved 11 equipment for
which the technological project provide the normalized
values of the time durations for the fabrication of each
component of the whole product. All the 11 equipment
are of the type with technological specialization and
each of them execute the manufacturing operations,
such as: cutting, lathering, wrapping, welding, fitting,
thermal treatment, galvanizing, testing and assemblage.
From the point of view of the transformer
manufacturing, the equipment for drying, vacuuming
and oil filling is the main production link because the
normalized durations are much bigger than the other
from the technological flux. The main configuration of
the GUI comprises the component palette to enter the
input data and computation of the output data.
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the each equipment and the maximum value of the
normalized duration of time (in this case the no.6
equipment) are represented in the histogram from figure
8. It must be mentioned that the numerical results
presented in this paper are comparable to the real ones
from the technological documentation of the current
instrument transformer.

7000

6000

5000

Rez [prod/year]

The ratio between the normalized duration of time of
the each equipment and the maximum value of the
normalized duration of time (in this case the no.6
equipment) are represented in the histogram from figure
8. It must be mentioned that the numerical results
presented in this paper are comparable to the real ones
from the technological documentation of the current
instrument transformer.

7000

4000

3000

2000

25

1000

25

1000

20
3

4

5

6

7

8

9

10

11

15

pTn [%]

Figure 5: Capacity reserve histogram
The equipment no. 7 has the lowest capacity reserve
value, that means it almost works at full charging. For
the equipment having the bigger values of the capacity
reserve can be taken decisions concerning to improve
this cases.
In the histograms from the figures 6 and 7 are
represented the values of the total normalized duration
of time for the manufacturing of Q production,
respectively the efficiency index of the maximum
working time for one year duration. It is noticed that the
lowest value of the efficiency index of time is computed
for the no. 8 equipment which has the bigger capacity
reserve also.
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on energy and its corresponding algorithm is discussed in
Section 3. In section 4, a brief description of a classical
model of the synchronous generator is given. The bond
graph model is obtained next from the equivalent
electrical circuit and extended with the mechanical part
of the model. This model is used to generate simulation
results. In section 5 a modification of the model order
reduction algorithm is proposed and simulation results
are shown. Finally, conclusions and plans for future work
are stated.

KEYWORDS
Model order reduction algorithm, activity, synchronous
generator, bond graph, hardware-in-the-loop simulation,
energy.
ABSTRACT
An energy-based model reduction technique is discussed
and modified in order to make it applicable to models that
suddenly switch from one type of behavior to another.
The method and its modification are applied to an
example of a synchronous generator under open- and
short-circuit tests. The successfully reduced model can be
used for Hardware-In-the-Loop (HIL) simulation of the
control system.

BOND GRAPHS
The port-based approach with regard to modeling of
physical systems is an effective way to split a system into
conceptual elements that are interacting with each other
via (power) ports. As it is based on energy, port-based
modelling offers a unified way to model physical systems
from different physical domains, such as electrical,
magnetic, mechanical, hydraulic, thermal, etc.
A bond graph (BG) is a graphical notation of such a portbased description. The BG conceptual framework was
originated by Paynter (1961). This graphical technique is
based on representing power transfer between elements
as labelled nodes, which are linked to each other by
means of oriented edges called bonds. In each physical
domain, the power can be written as the product of two
variables, effort e(t) and flow f(t). This pair of variables is
called power variables. In a BG, the way in which these
variables need to be computed in a dynamic model is
indicated by means of a so-called causal stroke. It is a
perpendicular line put at one end of a bond indicating the
computational direction of the effort signal, also called
the causality.
The port-based approach is in principle an objectoriented approach to modeling. This permits different
realizations of an object by directly removing and/or
replacing a portion of it with another BG system with a
different degree of dynamic details. The basic elements
(nodes) of the BG language can be classified as follows
x 1-port elements, which dissipate (free) energy
(resistor R), store energy (inertia I, capacitor C) and
supply power (sources Se, Sf).
x 2-port elements (transformers TF and gyrators GY)
are used when it is necessary to scaling variables
(transformer) or interconnect submodels in different
domains in a power conservative way.
x Multiport elements that represent the conceptual
structure of the model. The 0-junction is a BG node

INTRODUCTION
A Hardware-In-the-Loop system (Hanselmann,1996)
and (Ledin, 1999) connects a real-time simulation model
with physical components operating in the real world,
most commonly a controller. Real-time simulation
models face several challenges; principally they must
obtain a good accuracy while using relatively simple,
fixed-step integration methods. The complexity of
current simulation models has resulted in a
contradistinction for engineers that need real-time
solutions: larger and more complex models imply that
more differential equations need to be solved in a fixedtime. This paper seeks to remedy this problem by
reducing the model order by means of an energetic
analysis of the system. A model of a synchronous
generator is taken as an example. Firstly, it is required to
model the system in such a manner that the power
exchange is explicitly shown. The (power) port-based
approach, represented by bond graphs, is chosen, given
its explicit description of power and energy and built-in
compliance with the energy conservation principle.
Secondly, the model order reduction is achieved by the
application of an algorithm already developed by Louca
et al. (1997). This algorithm weighs the so-called activity
(an energy-based metric) of the elements in a bond graph
model, and it reduces the model by removing the least
active elements. However, the original algorithm has a
limitation when the system contains switches. Therefore,
an algorithm modification is proposed.
This paper has been organized in the following way. In
section 2 an overview of the bond graph notation is given.
The model order reduction by Louca et al (1997) based
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with common effort; the 1-junction describes a
common flow node.
If the reader is interested in more details about BG, you
may refer to Karnopp et al. (1990), and Borutzky (2010).
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MORA considers the reduction of a given “full model”,
i.e. the model to be reduced. Firstly, the activity of each
energy element is calculated. Secondly, the total activity,
and the activity index are calculated. Then, the activity
indices are sorted in descending order, and arranged in a
vector r, thus
r
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CAIi 1  AI ri ; i 1,}, k; CAI 0
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Finally, the elements accounted for the CAI are included
in the reduced model. The remaining elements may be
removed.

(2)

The aim of this section is to familiarize the reader with
the acquisition of a BG model on the basis of a classical
model of a synchronous machine.
The synchronous machine is an electromechanical
energy converter composed of a rotating part named
rotor or field, and a ‘fixed’ part (housing) named stator
or armature. In the armature windings, a rotating
magnetic field is generated either by injecting AC
(motor) or by turning the rotor carrying a constant field
(generator). As the adjective ‘synchronous’ suggests, the
rotor rotates at the same frequency as the rotating stator
magnetic field during steady-state operation.
The synchronous generator (SG) is commonly modeled
by means of a transformation proposed by Park (1929).
This coordinate transformation P(θr) changes the stator
variables in a natural reference frame ( fabc) to a reference
frame fixed in the rotor ( fdq0).
A salient-pole SG as shown in Figure 2 is considered,
where the d-axis is chosen in the same direction as the
field generated by the field winding f. Two damper
windings are attached in such a way that one is in line
with the d-axis (D winding), and the second (Q winding)
is attached to the q-axis.

(3)

Thus, an element with low activity index has a negligible
contribution to the total system activity, and therefore, it
may be eliminated from the model.
As mentioned before, the topological description of
energy in a dynamic system by means of a BG are in
particular compatible with this activity metric. For
example, the elimination of low activity elements is
easily done in a BG model by simply removing these
elements.
Algorithm
The Model Order Reduction Algorithm (MORA) is
proposed by Louca et al. (1997). The global structure of
MORA is shown in Figure 1.
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A threshold representing the activity percentage retained
after reduction is given by the user.
The sorted activity indices are summed until the
cumulative activity index (CAI) exceeds the threshold.
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frame fixed in the rotor ( fdq0).
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where the d-axis is chosen in the same direction as the
field generated by the field winding f. Two damper
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with the d-axis (D winding), and the second (Q winding)
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where Ai is the activity of the i-th element as defined in
Equation (1). Finally, it is possible to calculate a
normalized measure of element importance, this quantity
is called activity index, AI, and is given by
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where P(t) is the instantaneous power at the energy
element, and [τ1,τ2] is the time window for which the
model has to predict the system behavior.
Activity has units of energy. Nevertheless, energy and
activity are different because of the absolute value in
activity definition. The utility of activity lies in its direct
application on linear and non-linear systems. It is
necessary to obtain the total activity on the system, and
is defined as
Atotal

Simulate

Analyze
Activity

Model reduction is aimed at decreasing the complexity of
a model to achieve a balance between accuracy and
computational efficiency. As physical processes are considered that are assumed to obey the basic principles of
physics where energy conservation is a leading principle,
it is reasonable to propose a metric based on energy.
This paper will focus on an energy-based metric, called
activity proposed by Louca et al. (1997). Activity
provides an indication of energy that flows through or is
exchanged in each element over a particular time span.
Activity is the integral of absolute value of power flow of
a 1-port element (i.e. R, C, or I elements):
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Thus, an element with low activity index has a negligible
contribution to the total system activity, and therefore, it
may be eliminated from the model.
As mentioned before, the topological description of
energy in a dynamic system by means of a BG are in
particular compatible with this activity metric. For
example, the elimination of low activity elements is
easily done in a BG model by simply removing these
elements.
Algorithm
The Model Order Reduction Algorithm (MORA) is
proposed by Louca et al. (1997). The global structure of
MORA is shown in Figure 1.
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The saturation effect is confined to the mutual
inductances. It is assume that Xmq does not saturate,
simply because the q-axis flux is usually quite small in
comparison to the d-axis flux due to the effect of the field
winding. This assumption is sufficient for salient-pole
machines but insufficient for round-rotor machines.
There are several methods to add saturation on a
synchronous machine. Herein, the method described by
Corzine et al. (1998) was applied.
At the other hand, the mechanical part of the SG may be
model by the swing equation.
J
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where J is the moment of inertia of all rotating masses
attached to the shaft, Tm is the mechanical driving torque,
b is the friction coefficient. The electromagnetic torque
in terms of rotor reference-frame variables is given by
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where the rotor angle is θr = Npp ³ ωn dt, with Npp equal to
the number of poles-pairs in the rotor, and ωn is the
mechanical angular velocity.
It is common practice among generator manufacturers to
provide the parameters in per-unit (pu) impedances rather
than inductances values. Because of this, Rankin (1945)
suggest to normalize the equations to a convenient base
value and express all voltages in pu (or percent) of a base.
The reader may refer to Anderson and Fouad (2003) for
more details about the pu system.
Assuming that the positive stator current is directed
outward of the terminals, and considering that for
balanced three-phase systems the 0-axis in Equation (6)
is zero, and a linear magnetic system, the voltage
equations in pu of the SG described in IEEE Std. 1110
(2002) may be expressed as

rs iq 

+

+

a

P (T r )

The principal advantage of BG models over their
equivalent circuit counterparts is that they can be directly
interconnected with (sub-)models from other physical
domains in a unified graphical modeling language.
Notice the modulated (or ‘controlled’) voltage sources
shown in the electrical circuit in Figure 3. These sources,
which express the electromotive forces (emf) induced in
the stator by the rotor movement, are in fact equivalent
with the electrical port of a 2-port modulated gyrator
(MGY) of which the other, mechanical, port represents
the power exchanged with the mechanical domain.

where {iD, iQ}, {OD, OQ}, {rD, rQ}, {XlD, XlQ} are the direct
and quadrature dampers currents, magnetic flux linkages,
resistances, and leakage reactances; {id, iq}, {Od, Oq}, {vd,

D

Q

In this paper, it is assumed that the q-axis is orthogonally
leading the d-axis, and the rotor angle is referred to the daxis, such that the Park transformation becomes:
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vq}, {Xmd, Xmq} are the stator currents, magnetic flux
linkages, voltages, and mutual reactances referred to the
rotor frame; i f, v f, O f, r f, Xlf are the current, voltage,
magnetic flux linkage, resistance, and leakage reactance
in the field winding; ωe is the electrical angular velocity;
finally, rs, Xls are the stator winding resistance, and
leakage reactance referred to the rotor frame.
From Equations (7) and (8) can be deduced the SG
equivalent circuit, Figure 3.

c-axis

rf

Zr Od Xls

+

(6)

XlD
rD

rs

2S

where the rotor angle is θr = Npp ³ ωn dt, with Npp equal to
the number of poles-pairs in the rotor, and ωn is the
mechanical angular velocity.
It is common practice among generator manufacturers to
provide the parameters in per-unit (pu) impedances rather
than inductances values. Because of this, Rankin (1945)
suggest to normalize the equations to a convenient base
value and express all voltages in pu (or percent) of a base.
The reader may refer to Anderson and Fouad (2003) for
more details about the pu system.
Assuming that the positive stator current is directed
outward of the terminals, and considering that for
balanced three-phase systems the 0-axis in Equation (6)
is zero, and a linear magnetic system, the voltage
equations in pu of the SG described in IEEE Std. 1110
(2002) may be expressed as
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rotor frame; i f, v f, O f, r f, Xlf are the current, voltage,
magnetic flux linkage, resistance, and leakage reactance
in the field winding; ωe is the electrical angular velocity;
finally, rs, Xls are the stator winding resistance, and
leakage reactance referred to the rotor frame.
From Equations (7) and (8) can be deduced the SG
equivalent circuit, Figure 3.
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The Bond Graph Model
The principal advantage of BG models over their
equivalent circuit counterparts is that they can be directly
interconnected with (sub-)models from other physical
domains in a unified graphical modeling language.
Notice the modulated (or ‘controlled’) voltage sources
shown in the electrical circuit in Figure 3. These sources,
which express the electromotive forces (emf) induced in
the stator by the rotor movement, are in fact equivalent
with the electrical port of a 2-port modulated gyrator
(MGY) of which the other, mechanical, port represents
the power exchanged with the mechanical domain.

(8)

where {iD, iQ}, {OD, OQ}, {rD, rQ}, {XlD, XlQ} are the direct
and quadrature dampers currents, magnetic flux linkages,
resistances, and leakage reactances; {id, iq}, {Od, Oq}, {vd,
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The advantage of BG modeling becomes relevant at this
point: the electrical circuit does not show a link between
the mechanical and the electrical domain. This link is
described by Equation (10), where the torque is a
function of two electrical variables; which completes the
second side of the MGY’s with gyration ratios Od and Oq.
Their contributions are added according to their
orientations at a 1-junction and weighted by a
transformer (TF) with ratio Npp (cf. Figures 3 and 4).
The previous statements explain the two MGY linking
the 1-junctions associated with the d- and q-stator
currents and the 1-junction associated with rotor angular
velocity, Zr N pp Zn .
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Figure 5: Sudden short-circuit test in bond graphs

The BG model shown in Figure 5 contains three zeroflow sources Sf :0, which represent the open-circuit state
of the machine. The “pu2SI” blocks allow a conversion
between the pu values at the machine and the actual
values in the International System of Units (SI). The
remanence effect of the machine as well as a linear
relation between the generator excitation current and the
exciter excitation current are modulating effect and can
therefore be added at the signal level by means of a block
diagram representation at the rotor side. A short-circuit
test can be simulated by adding one RL load with very
small parameter values to each phase.
Two RC combinations at the output of d- and q-axis
represent the stray capacitive effects of the machine.
Common models only contain a large resistor at this
output in order to make the model computationally
consistent. However, a large resistor in combination with
the impedances inside the I-multiport (or the load
impedance) implies high frequencies.
Figure 6 shows the steady-state voltage at phase-a (ua)
when the generator is operating in open-circuit while the
field current is increased gradually.
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The BG model shown in Figure 5 contains three zeroflow sources Sf :0, which represent the open-circuit state
of the machine. The “pu2SI” blocks allow a conversion
between the pu values at the machine and the actual
values in the International System of Units (SI). The
remanence effect of the machine as well as a linear
relation between the generator excitation current and the
exciter excitation current are modulating effect and can
therefore be added at the signal level by means of a block
diagram representation at the rotor side. A short-circuit
test can be simulated by adding one RL load with very
small parameter values to each phase.
Two RC combinations at the output of d- and q-axis
represent the stray capacitive effects of the machine.
Common models only contain a large resistor at this
output in order to make the model computationally
consistent. However, a large resistor in combination with
the impedances inside the I-multiport (or the load
impedance) implies high frequencies.
Figure 6 shows the steady-state voltage at phase-a (ua)
when the generator is operating in open-circuit while the
field current is increased gradually.
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Finally, the mechanical domain is completed by using
Equation (9), where a 1-junction represents the torque
balance of the swing equation. Then, the equivalent
circuit given in Figure 3 can be converted into a BG
model as Sahm (1979) described, see Figure 4.
The magnetic phenomena in each axis are modeled by
means of I-multiport storage elements described by
Breedveld (1985). Each I-multiport incorporates the
constitutive relationship between magnetic fluxes and
currents, defined in Equation (8). The magnetic
saturation is added in the I-multiport on the d-axis. The
saturation curve was obtained from measurement
specifications of the generator. In order to represent a
mechanical torque, a effort source (Se :T m) is added to the
mechanical domain.
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Their contributions are added according to their
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Synchronous Generator Validation

Synchronous Generator Validation

Firstly, from the generator specification datasheet (see
Appendix A), and according to the IEEE Std. 1110
(2002) the necessary parameters are calculated.
Secondly, for the purpose of validation, the simulation
results of an open-circuit test, and a short-circuit test are
compared with the measurements data given by the
manufacturer. The BG model in Figure 4 needs a
modification in order to simulate the previously
mentioned tests. To achieve this, a switched 1-junction
(X1) proposed by Breedveld (1996) and Junco et al.
(2007) is included in each phase; see Figure 5.

Firstly, from the generator specification datasheet (see
Appendix A), and according to the IEEE Std. 1110
(2002) the necessary parameters are calculated.
Secondly, for the purpose of validation, the simulation
results of an open-circuit test, and a short-circuit test are
compared with the measurements data given by the
manufacturer. The BG model in Figure 4 needs a
modification in order to simulate the previously
mentioned tests. To achieve this, a switched 1-junction
(X1) proposed by Breedveld (1996) and Junco et al.
(2007) is included in each phase; see Figure 5.

Figure 6: Open-circuit curve, simulation and data
A short-circuit test is done, Figure 7 shows the steadystate current at phase-a (ia) as function of the field
current. The simulation results obtained from 20-sim®
compared with measurement data show that the model
gives an accurate enough description of the machine
behavior.
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Figure 6: Open-circuit curve, simulation and data
A short-circuit test is done, Figure 7 shows the steadystate current at phase-a (ia) as function of the field
current. The simulation results obtained from 20-sim®
compared with measurement data show that the model
gives an accurate enough description of the machine
behavior.
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The proposed approach is based on time segmentation.
MORA needs to be applied for different time windows
according to the responses that the user wishes to
maintain. The final conditions of the previous stage are
considered as initial conditions in the actual stage. The
SMORA procedure is shown in Figure 8.
Figure 8 shows that there will be k-models when the
algorithm is finished. By simulating these reduced
models one after the other it is possible to obtain the full
behavior of the system.
A

Full Model

Validation of these results will only take place after this
industrially used machine becomes available for this
purpose. Nevertheless, the match between measurement
specification data, standard equations used to describe
the dynamic behavior and the BG model herein shows
that a competent model for our purpose has been
obtained.
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Figure 8: Diagram flow for Switched MORA (SMORA)

For a quantitative comparison, the fitness of the reduced
model can be measured by using the best fit percentage
(BFT) defined as follows:

§ || w  wr ||2 ·
BFT 100 ¨1 
¸
© || wr  Pr ||2 ¹

(11)

where w and wr are the outputs of the original and
reduced model, respectively. ||…||2 is the Euclidean
norm, and Pr is the mean of the reduced model output.
For the case of the generator, the time windows to be
considered are characterized by the subtransient and
transient time constants. They represent the time after
which the effect of the leakage reactances vanishes.
These time constants commonly used generator
parameters in an industrial context and are discussed in
textbooks on electrical machines like the ones by Kundur
(1994) and by Krause (2002). The AI and CAI results in
percentage of each stage are shown in Table 2.
Open-circuit stage: it was noticed that SMORA gives
similar results if the subtransient (τd0s, τq0s), and transient
(τd0 c) time constant are taken into account or not. This
stage runs from t0 = 0 s to the instant when the switch is
turn on at ton = 30 s. In this scenario, SMORA with a
β = 99.5% suggests the elimination of nine elements.
Figure 9 presents the reduced model of this scenario. It
can be seen that almost all the elements in d-axis are
gone. This reduction shown that in an open-circuit test
the if , Xad, and ωn are the responsible of the voltage at
terminals. Figure 14 shows the dynamics at the outputs
of interest in this stage. It is possible to observe how the
terminal voltage is reaching its nominal value while the
machine is speeding-up.

Table 1: Full test element activity indices
CAI
(%)
30.539
53.569
72.978
82.953
88.737
92.225

Copy Final
Cond. at t(j)

j>1
N

Once the model of the SG has been validated, a test of
model reduction by means of MORA is considered in
which the generator is operating in open-circuit at
nominal voltage, and after 30 sec., a sudden short-circuit
is done and after 65 sec., the circuit is opened again. The
outputs of interest are the voltage and current at phase-a,
torque in the shaft, and field current. Table 1 shows the
activity indices as sorted by MORA. Based on a model
reduction threshold, β =99.5%, MORA suggest the
elimination of just one element (element shown in
shadow in Table 1).
It is important to notice that, the RC set elements are not
considered in the measured activity, since they are
parasite effects and is evident that they will have low
activity.

AI
(%)
30.539
23.029
19.410
9.975
5.784
3.488

j=j+1

C

ALGORITHM IMPLEMENTATION AND
RESULTS

Ele.

Analyze
Activity

Set Simulation times
t = [t1 ... tn ]
k = n; j = 1

CAI
(%)
95.376
96.631
97.882
98.710
99.529
100.000

As shown in Table 1, most of the elements cannot be
neglected. The high activity due to a sudden short-circuit
test represents a high load impact, and it excites the
damper windings. MORA cannot distinguish the
different stages of the machine produced by the switches.
Thus, the need of a modification of MORA to obtain a
useful model reduction is evident, this modification will
be named Switched MORA (SMORA).
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algorithm is finished. By simulating these reduced
models one after the other it is possible to obtain the full
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For a quantitative comparison, the fitness of the reduced
model can be measured by using the best fit percentage
(BFT) defined as follows:
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where w and wr are the outputs of the original and
reduced model, respectively. ||…||2 is the Euclidean
norm, and Pr is the mean of the reduced model output.
For the case of the generator, the time windows to be
considered are characterized by the subtransient and
transient time constants. They represent the time after
which the effect of the leakage reactances vanishes.
These time constants commonly used generator
parameters in an industrial context and are discussed in
textbooks on electrical machines like the ones by Kundur
(1994) and by Krause (2002). The AI and CAI results in
percentage of each stage are shown in Table 2.
Open-circuit stage: it was noticed that SMORA gives
similar results if the subtransient (τd0s, τq0s), and transient
(τd0 c) time constant are taken into account or not. This
stage runs from t0 = 0 s to the instant when the switch is
turn on at ton = 30 s. In this scenario, SMORA with a
β = 99.5% suggests the elimination of nine elements.
Figure 9 presents the reduced model of this scenario. It
can be seen that almost all the elements in d-axis are
gone. This reduction shown that in an open-circuit test
the if , Xad, and ωn are the responsible of the voltage at
terminals. Figure 14 shows the dynamics at the outputs
of interest in this stage. It is possible to observe how the
terminal voltage is reaching its nominal value while the
machine is speeding-up.
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outputs of interest are the voltage and current at phase-a,
torque in the shaft, and field current. Table 1 shows the
activity indices as sorted by MORA. Based on a model
reduction threshold, β =99.5%, MORA suggest the
elimination of just one element (element shown in
shadow in Table 1).
It is important to notice that, the RC set elements are not
considered in the measured activity, since they are
parasite effects and is evident that they will have low
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As shown in Table 1, most of the elements cannot be
neglected. The high activity due to a sudden short-circuit
test represents a high load impact, and it excites the
damper windings. MORA cannot distinguish the
different stages of the machine produced by the switches.
Thus, the need of a modification of MORA to obtain a
useful model reduction is evident, this modification will
be named Switched MORA (SMORA).
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inductances have a high activity, so only one element can
be removed. Note that this scenario results in the same
model as the one obtained from MORA applied to the
whole simulation time. However, in this case the model
will be used during a shorter time, since high frequencies
due to switching effects have been removed, the model is
suitable to use in a fixed-step method. Figure 11 shows
the BG model for this scenario.
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Figure 9: Open-circuit reduced model
Se:0

0

id

rs

if

1

0

-id

1

if

R

1

1

0

uf
SI2pu

uf
MSe

SI2pu

I Xd

0

pu2SI

³

I Xd

Tr
Se:0

0

pu2SI

1

iD

Oq
Zr

MTF

1

R

0

pu2SI

³

pu2SI

0

iD

Oq

Tr
Se:0

1

MGY

MTF

1

Zn
1

1

Xq

-iq

0

I

0

1

iQ
1

R

J

0

1

0

Xq

I

rQ

uf
if

1

SI2pu

1

0

-id

1

Se:0

0

pu2SI

b

³

I Xd

Se:0

0

pu2SI

R

Se:0

Se:0

pu2SI

TF

0

pu2SI

³

Od

The second scenario is the transient instant. It runs from
td s= 30.02 s to td c= 30.41 s. In this scenario all the
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Steady-State [tdc toff]
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In the third scenario the short-circuit steady-state runs
from td c= 30.41 s to the moment that the switch is off at
toff = 65 s. It is possible to consider a threshold of 99.99%.
Similar to the previous case, the mutual inductance in qaxis is chosen instead of the stator resistor on the same
axis in order to obtain better accuracy.
Figure 12 presents the short-circuit steady-state reduced
BG model.
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Figure 11: Transient short-circuit reduced model
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Table 2: Stages element activity indices given by SMORA
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Sudden short-circuit stage: the subtransient (τd s), and
transient (τd c) time constants have to be taken into
account in order to be able to capture the dynamic
behavior in a satisfactory manner. The first scenario is
the subtransient. It starts at ton = 30 s up to td s= 30.02 s.
In this scenario it was seen that a threshold of 93% was
sufficient to obtain a satisfactory result. Besides, the
mutual inductance of the q-axis was maintained rather
than the damping winding resistor in d-axis. This is
justified by the fact that both elements have similar
activity. Nevertheless, by maintaining the inductance it is
possible to improve the outputs of interest. Figure 10
shows the reduced model.
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In the third scenario the short-circuit steady-state runs
from td c= 30.41 s to the moment that the switch is off at
toff = 65 s. It is possible to consider a threshold of 99.99%.
Similar to the previous case, the mutual inductance in qaxis is chosen instead of the stator resistor on the same
axis in order to obtain better accuracy.
Figure 12 presents the short-circuit steady-state reduced
BG model.
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inductances have a high activity, so only one element can
be removed. Note that this scenario results in the same
model as the one obtained from MORA applied to the
whole simulation time. However, in this case the model
will be used during a shorter time, since high frequencies
due to switching effects have been removed, the model is
suitable to use in a fixed-step method. Figure 11 shows
the BG model for this scenario.
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account in order to be able to capture the dynamic
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In this scenario it was seen that a threshold of 93% was
sufficient to obtain a satisfactory result. Besides, the
mutual inductance of the q-axis was maintained rather
than the damping winding resistor in d-axis. This is
justified by the fact that both elements have similar
activity. Nevertheless, by maintaining the inductance it is
possible to improve the outputs of interest. Figure 10
shows the reduced model.
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Table 2: Stages element activity indices given by SMORA
Open-Circuit
[toff tf]
Ele.
AI
CAI
rf
86.46 86.46
Xad
6.78 93.24
Xlf
3.29 96.53
XlD
1.35 97.88
Xlsd
0.58 98.46
rD
0.57 99.04
XlQ
0.49 99.53
Xlsq
0.30 99.82
Xaq
0.11 99.93
rQ
0.03 99.96
rsd
0.03 99.99
rsq
0.01
100

Open-Circuit
[0 ton]
Ele.
rf
Xad
Xlf
rD
XlD
rsq
Xlsd
Xaq
rQ
Xlsq
rsd
XlQ

AI
96.07
3.22
0.59
0.12
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

CAI
96.07
99.29
99.88
100
100
100
100
100
100
100
100
100

Subtransient [ton tds]
Ele.
AI
CAI
Xlf
28.52
28.52
Xlsd
17.66
46.19
XlQ
16.61
62.80
XlD
10.35
73.15
Xlsq
10.04
83.19
Xaq
3.63
86.83
rsd
3.55
90.37
rD
3.06
93.43
Xad
2.35
95.78
rQ
2.29
98.07
rsq
1.30
99.37
rf
0.63
100

Short-Circuit
Transient [tds tdc]
Ele.
AI
CAI
Xlf
40.02 40.02
Xlsd
20.03 60.05
XlQ
10.63 70.68
rsd
7.41
78.09
Xlsq
6.40
84.49
XlD
5.30
89.79
rf
2.41
92.20
Xaq
2.28
94.48
Xad
1.75
96.23
rQ
1.60
97.83
rD
1.26
99.09
rsq
0.91
100
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Steady-State [tdc toff]
Ele.
AI
CAI
rsd
70.94 70.94
rf
26.81 97.76
Xlf
1.58
99.33
Xlsd
0.61
99.95
Xad
0.04
99.99
rsq
0.01
100
Xaq
0.00
100
XlD
0.00
100
Xlsq
0.00
100
XlQ
0.00
100
rD
0.00
100
rQ
0.00
100

Open-Circuit
[toff tf]
Ele.
AI
CAI
rf
86.46 86.46
Xad
6.78 93.24
Xlf
3.29 96.53
XlD
1.35 97.88
Xlsd
0.58 98.46
rD
0.57 99.04
XlQ
0.49 99.53
Xlsq
0.30 99.82
Xaq
0.11 99.93
rQ
0.03 99.96
rsd
0.03 99.99
rsq
0.01
100

It can be seen from the information in Table 3 that the
total number of steps done by the integration method
(Vode-Adams) was reduced to 87% compared to the
original model.
The number of equations in each stage was reduced in
average 23% compared with the original model
equations. Moreover, the number of independent states in
each stage decreased in a range from 46% - 70%
compared with the original model.
This iterative application of MORA in SMORA gives
good results in the reduction. This can be confirmed also
by the analysis of the fit of the reduced model with the
original model. Equation (11) gives a fit of 93% for the
voltage at phase-a; for the current at phase-a is 90%; for
the torque in the shaft is 88%; finally, for the current in
the field is 97%. Figure 14 shows the comparison
between the outputs of interest of the original and the
reduced model.

Figure 14 shows the typical curves for this test. There is
a large peak at the stator current that contains AC
components, and DC components. Those stator DC
components interact with the field flux producing a
pulsating torque in the shaft. Figure 15 shows a zoom at
the moment of short-circuit.
Sudden open-circuit stage: It runs from toff = 65 s until
the simulation is over at tf =80 s. Similar to the previous
open-circuit test, the time constants are not considered. A
threshold of 99% was chosen. The BG model is shown in
Figure 13. Figure 16 shows detailed views of the
dynamic responses of the outputs of interest that result
from the suddenly opened circuit.
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Figure 13: Final open-circuit reduced model

It is important to notice that the I-multiport was
mathematically manipulated in order to remove its
unnecessary ports. The 20-sim® processing of the
reduced and original models can be compared in Table 3.
Table 3: 20-sim® processing for original and reduced model
Open-Circuit
Subtransient
Transient
Steady-State
Open-Circuit
Total
Original model

Eqs.
116
127
130
119
124

Ind. states
4
8
8
5
7
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No. steps
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This paper describes a model order reduction algorithm
called SMORA, i.e. Switched MORA. MORA was
previously developed by Loucas et al. (1997).
It was shown that the original MORA has limitations
when it is applied to systems which contain sudden
transitions, e.g. due to switches, as shown in the example
of a sudden short-circuit test applied to a SG. The
proposed SMORA separately considers the different
stages of the generator by reducing the time window
where MORA is applied to each stage.
By concentrating on one stage at the time with a
particular behavior the corresponding dynamics effects
are described by the reduced model for that stage in a
more accurate manner. These stages or time spans are
distinguished by means of switching events and time
constants of the SG. The reduced models need to be
simulated in series in order to obtain the full behavior of
the system. On top of that, the reduced models are now
suitable to be used with a fix-step method.
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This paper describes a model order reduction algorithm
called SMORA, i.e. Switched MORA. MORA was
previously developed by Loucas et al. (1997).
It was shown that the original MORA has limitations
when it is applied to systems which contain sudden
transitions, e.g. due to switches, as shown in the example
of a sudden short-circuit test applied to a SG. The
proposed SMORA separately considers the different
stages of the generator by reducing the time window
where MORA is applied to each stage.
By concentrating on one stage at the time with a
particular behavior the corresponding dynamics effects
are described by the reduced model for that stage in a
more accurate manner. These stages or time spans are
distinguished by means of switching events and time
constants of the SG. The reduced models need to be
simulated in series in order to obtain the full behavior of
the system. On top of that, the reduced models are now
suitable to be used with a fix-step method.
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It can be seen from the information in Table 3 that the
total number of steps done by the integration method
(Vode-Adams) was reduced to 87% compared to the
original model.
The number of equations in each stage was reduced in
average 23% compared with the original model
equations. Moreover, the number of independent states in
each stage decreased in a range from 46% - 70%
compared with the original model.
This iterative application of MORA in SMORA gives
good results in the reduction. This can be confirmed also
by the analysis of the fit of the reduced model with the
original model. Equation (11) gives a fit of 93% for the
voltage at phase-a; for the current at phase-a is 90%; for
the torque in the shaft is 88%; finally, for the current in
the field is 97%. Figure 14 shows the comparison
between the outputs of interest of the original and the
reduced model.

Figure 14 shows the typical curves for this test. There is
a large peak at the stator current that contains AC
components, and DC components. Those stator DC
components interact with the field flux producing a
pulsating torque in the shaft. Figure 15 shows a zoom at
the moment of short-circuit.
Sudden open-circuit stage: It runs from toff = 65 s until
the simulation is over at tf =80 s. Similar to the previous
open-circuit test, the time constants are not considered. A
threshold of 99% was chosen. The BG model is shown in
Figure 13. Figure 16 shows detailed views of the
dynamic responses of the outputs of interest that result
from the suddenly opened circuit.
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Figure 14: Outputs of interest comparison between original model and reduced model (SMORA) at open-circuit stage [0 30]
seconds, sudden short-circuit stage [30 65] seconds, and sudden open-circuit [65 80] seconds

Figure 14: Outputs of interest comparison between original model and reduced model (SMORA) at open-circuit stage [0 30]
seconds, sudden short-circuit stage [30 65] seconds, and sudden open-circuit [65 80] seconds
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The results of this modification show that the
correspondence between the original response and the
reduced one is high. At the same time, the total number
of computational steps of the reduced models was
decreased up to 87% of the original model.
So far, SMORA presents only theoretical results. The
main lines for future work include to implement SMORA
in a real HIL simulator and in a multidomain system.
Moreover, SMORA appears a promising technique since
the reduced models per scenario may be reusable. If for
example the modeler has a collection of reduced models
of various scenarios, it is possible to exchange the
succession of the scenarios in order to create new tests.
The experience of the modeler still plays a role in the
decision of keeping or eliminating certain elements.
Further automation of this process remains a topic of
future research.

APPENDIX A: SYNCHRONOUS MACHINE
PARAMETERS
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4100 kVA , PF 0.9 , VnL

6.6 kV , I n
2

Zm

720 r min , J

1100 kg m , X d

Xd '

0.222 pu , X d ''

0.16 pu , X q

X q ''

0.159 pu , W d 0 '

2.45 s , W d '

W d 0 ''

0.03062 s , W q 0 ''

358.7 A ,

1.32 pu ,

0.66 pu ,
0.41 s , W d ''

0.16604 s , W q

0.04 s

0.02 s ,
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The results of this modification show that the
correspondence between the original response and the
reduced one is high. At the same time, the total number
of computational steps of the reduced models was
decreased up to 87% of the original model.
So far, SMORA presents only theoretical results. The
main lines for future work include to implement SMORA
in a real HIL simulator and in a multidomain system.
Moreover, SMORA appears a promising technique since
the reduced models per scenario may be reusable. If for
example the modeler has a collection of reduced models
of various scenarios, it is possible to exchange the
succession of the scenarios in order to create new tests.
The experience of the modeler still plays a role in the
decision of keeping or eliminating certain elements.
Further automation of this process remains a topic of
future research.
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the wheels, by using complicated, imprecise and heavy
mechanisms (Tashakori et al. 2010).
Basically, this type of motor is quite similar with the
permanent magnets synchronous one and from here the
specified advantages are common. The main difference
resides in the control technique, which is much simpler
for the BLDC motors. While for the PMSM, an
absolute, precise position encoder is needed, the BLDC
motor requires only the decelation of the one of the six
60º sectors where the rotor is situated in order to
properly control the operation.
The mathematical model of the BLDC is well known,
several publications (Fedák et al. 2012, Prasad et al.
2012, Rambabu 2007, Singh et al. 2013) deeply
describing it.
In what concerns the command, the same publications
highlight that thanks to the trapezoidal back EMF and
consequently no sinusoidal variation of the motor
inductances with rotor angle, the well-known Park
transformation of the machine equations is not necessary
anymore, but the natural or phase variable model offers
many advantages.
The paper presents an original and very compact
implementation of the BLDC model by using the Sfunction facility of Simulink and more control
possibilities. A comparison by simulations is performed,
which highlight the advantages and drawbacks of each
one.

KEYWORDS
BLDC motor model, S-function, in-wheel motor,
control.
ABSTRACT
Light urban electric vehicles are an important target,
both for the researchers and manufacturers. Concerning
the motor’s choice, more ways are investigated, but the
most important is that as compact as possible solutions
have to be used. In the top of the preferences, the
permanent magnet synchronous motors (PMSM) and
brushless DC motors (BLDC) are situated. These are
preferred thanks to their high power density, high
efficiency and low maintenance cost. Even the main
manufacturing technology and associated power
electronics are quite similar, they essentially differ in the
controlling technology, simpler and more advantageous
being the BLDC. As integration technology, the inwheel motor technology seems to be the one which
improves the safety, efficiency, weight, controllability
and finally the costs. Even the control principle is very
well defined, the practical implementation can be
different. The paper deals with four different control
strategies for the BLDC motors. They are compared as
technical implications and performances.
INTRODUCTION
During the last years, different industrial and home
applications are widely based on brushless DC (BLDC)
motors (servo drives, peripherals, small vehicles). This
type of motor have a series of advantages related to the
small volume, high power density (light-weight),
efficiency (Yedamale 2003).
More authors report the use ofsuch type of motor for
traction purposes (Tashakori et al. 2011). The in-wheel
technology is used more and more for traction
applications, especially low scale ones. The advantages
resides in the fact that separate motors are included
inside each wheel and consequently, there is not any
more a central drive which must distribute the torque to
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BLDC MOTOR MODEL
The phase variable model is implemented, by
considering several hypothesis: the stator phase
resistances are constant (temperature influence is
neglected), all the inductances are constant (magnetic
saturation is not present), hysterezis and eddy current
losses are not considered and all the inverter switches
are ideal.
With the above assumptions, the dynamic model of the
BLDC motor is described by the voltage equations on
the three phases.
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The highlighted areas correspond to the computation of
the electromagnetic torque m, by using (9) and to the
integration of the mechanical state equation (11).
All the dynamic model described by (5) is written in an
m-file (Figure 3) which is called with different flags by
the S-function block during the simulation.
In the zone 1, the inputs (phase voltages) are updated.
In the zone 2, the state derivatives are computed with
(5).
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The highlighted areas correspond to the computation of
the electromagnetic torque m, by using (9) and to the
integration of the mechanical state equation (11).
All the dynamic model described by (5) is written in an
m-file (Figure 3) which is called with different flags by
the S-function block during the simulation.
In the zone 1, the inputs (phase voltages) are updated.
In the zone 2, the state derivatives are computed with
(5).
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is the
angular speed of the rotor, Ke back emf constant
[V/(rad/sec)] and the reference function f( e) of the back
emf is alternative, with trapezoidal shape and amplitude
equal to 1. In Figure 1 are plotted the a phase
waveforms of the reference function fa( e), preset
current ia* and Hall signal.
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The mathematical model described by (5-9, 11-12) was
implemented by using the S-function facility of
Simulink. Figure 2 depicts the result.
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As can be seen, the Simulink model is quite intuitive and
compact. The values of all the parameters are transferred
by the dialog box of the grouped model shown in Figure
2, Figure 5.
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In zone 3 the outputs (phase currents) are computed.
The block tem from Figure 2 generates, based on the
electric angle reduced to the 0-2 range, the reference
functions of the back emf (6-8), Figure 4, used both for
integration of the dynamic model (5) and for
electromagnetic torque computation (9).
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Four type of command were investigated, in order to
analyze their performances. Basically, all the commands
grants the classical 120º square currents, in phase with
the back emf, in order to maximize the developed
torque. The differences resides in the way how the
amplitude of the currents is controlled.
One method is based on the preset current modulation,
which provides the inverter to be a current source. The
other three methods consider the inverter as a voltage
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We notice the very good dynamic behavior, the
command and waveforms accuracy. Only the motor
inertia was considered.
The command method has the advantage to be quite
simple to be implemented, as low cost analog hysterezis
controllers can be used. Also, the method is not sensitive
to the variations of the motors parameters, especially
stator resistance and to the variations of the supplying
voltage. The main disadvantages are related to the
variable switching frequency and application size, as
there are necessary fast switching elements, available
only at low to medium power.

source, the phase currents being result of the applied
voltages.
Preset currents command
The principle of this type of command is depicted in
Figure 6.

Voltage inverter and independent current controllers

Figure 6: Principle Diagram for the Preset Currents
Command

A way to independently control the phase currents, but
with constants switching frequency is to use one current
controller on each phase whose output signify the duty
cycle on that phase, at a fixed switching frequency,
common to all the three phases. The principle of this
command in depicted in Figure 8.

Based on the information delivered by Hall sensors on
the motor shaft, the block “fi Generator” generates, the
120º square waveforms of the currents in p.u. The
amplitude of the currents is obtained as result of the PI
speed controller which multiplies the unitary waveforms
in order to obtain the preset stator currents. These are
compared then with the real ones by using three
hysterezis comparators, like in the well-known bangbang modulation. The result pulses are applied to the six
switches of the inverter bridge.
Figure 7 plots few results of the simulation: step start at
no load (0.5 Nm) and 10 rad/sec, followed by a load
application (1.5 Nm) at 0.14 s and an acceleration to 15
rad/sec with the applied load.

Figure 8: Principle Diagram for Voltage Inverter and
Three Current Controllers

Figure 7: Results for Preset Currents Command
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The speed controller outputs the necessary amplitude of
the stator currents which guarantees the necessary
torque. This value multiplies the unitary 120º square
waveforms of the currents generated by the “fi
Generator” block, based on the Hall sensors.
Each resulted current is applied to a current controller
(Figure 9).
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The outputs of the three current controllers signify the
necessary value of duty cycles (DC) on each phase. The
block “Modulator” generates the three commands of the
inverter’s arms, based on a unique switching frequency,
specified in the dialog box. Before applying these
commands to the inverter’s switches, the commands are
processed in order to obtain the intersection of the
commands. This operation is requested taking into
account the principle of BLDC command. In accordance
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with this, in any instant only two switches must be ON,
on different phases and different inverter’s part
(positive/negative).
Figure 10 plots few results of the simulation: step start
with load (1 Nm) and 10 rad/sec, followed by a load
application (1.5 Nm) at 0.2 s and supplying voltage
reduction from 24 V to 20 V at 0.3 s.
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reduction from 24 V to 20 V at 0.3 s.
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Figure 12 plots few results of the simulation: step start
with load (1.2 Nm) and 10 rad/sec, followed by a load
application (1.5 Nm) at 0.25 s and supplying voltage
reduction from 24 V to 20 V at 0.35 s.
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The dynamic behavior is almost as good as for the
preset currents command, the torque being correctly
controlled. When the load is increased, the speed
controller reacts and outputs a larger stator currents
amplitude. The motor balance quite fast the applied
load.
Thanks to the independent current controllers, when the
supplying voltage is reduced (0.3 s), they react and are
able to maintain the stator currents around the preset
values.
As disadvantage, we underline that this control requires,
as for preset currents command, fast and precise current
sensors.
A simpler solution is to use a single current controller.

The general behavior is almost similar as with three
current controllers, but slight instability is noticed. The
command is simpler (only one current controller), but
still needs fast and precise current sensors.
The simplest way to command the BLDC motor is to use
a single modulator overlapped on the ideal 120º square
waveforms of the currents.
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Open loop voltage inverter

This command uses a single current controller which
compares the preset value of the stator currents
amplitude with the union of the measured currents
(Figure 11).
The advantage is that no pulses overlapping is
necessary, as the single current controller generates a
unique value for the all duty cycles.

In this case, the duty cycle is the input of the control
diagram (Figure 13) and no current sensor is used.
The motor will operates on voltage characteristics, as a
classical DC motor. There is no speed controller, so the
adjustment of the speed is performed by adjusting the
preset value of the duty cycle. In order to keep a
constant speed, the duty cycle must be permanently
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ABSTRACT
This research deals with several key issues concerning
WSN design process. Due to the nature of these networks,
debugging after deployment is unlikely, thus a wellorganized testing methodology is required. WSN
simulators could achieve such a task, but still code
implementing mote sensing and RF behaviour consists of
layered and/or interacting protocols that for the sake of
designing accuracy are tested working as a whole, running
on specific hardware. Simulators that provide cross layer
simulation and hardware cross platform emulation options
may be regarded as a significant milestone for improved
WSN design process. The herein proposed multi-agent
simulation architecture aims at designing a novel generic
WSN simulation system independent of specific hardware
platforms but taking into account all hardware entities and
sensor network events for testing and analysing the
behaviour of a pragmatic WSN system. Details of the
implementation are provided as well as a preliminary
validation of the simulator in C# involving motes based on
two different hardware platforms, randomly deployed over
WSN motes.
1

INTRODUCTION
A WSN is a distributed system. It consists of a usually
large number of autonomous devices that form a network.
The diversity of missions and environments deployed in,
introduces issues and parameters of paramount
importance during design process. Success of this process
is considered delivering specific code running on
specific hardware, both meeting mission and production
cost requirements.
In general, a mote is a device that consists of a medium
access hardware interface, a processing module and a
sensor array. In case of WSN, the medium is the RF
channel, and the hardware interface is a RF transceiver. In
case of submerged SNs the medium is water (acoustic
signals) and the hardware interface is a microphone and a
loudspeaker. The trivial case scenario is a Wireless
Sensor Network, running on batteries, with limited
computational ability and memory, operating in a harsh
and hostile environment. By using simulation tools we
gain pre-deployment knowledge estimating the network’s
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behavior. In most cases, the design and implementation of
application and protocol stack code, running on specific
hardware setup, are viewed through energy consumption,
security and production cost prisms.
The first task of a WSN after deployment is to configure
itself. Every mote uses its transceiver to establish
connections with its neighbors, in order to construct a
topology. The mote acquires its location which is
unknown at the beginning, through collaboration with
other motes, starting from a few motes with known
locations. The Localization protocol responsible for the
above task uses physical quantities such as RSS AoA,
ToA, to calculate the mote’s location. After identifying its
neighbors, and being identified, the mote is part of the
network, able to produce sensor data, propagate data to
sink, collaborate with neighboring motes to perform a
computational or sensing task, create cluster, and so on.
The total activity of a mote extends to multiple levels – or
layers – each having its own procedure and parameters to
calculate QoS. The overall performance is derived from
the combination and cross layer code collaboration (Masri
W.,Mammeri Z.,2008), and as stated in (Bernd-Ludwig Wenning et
al., 2008) does not necessarily means optimal performance
in every layer.
In the next part of this paper, we highlight topology,
simulation and hardware design issues that back up our
choices in design of our optimal multi-agent based
simulator. We spot the parameters taken in consideration
in order to calculate the simulation metrics in each case.
Our goal is to design a sensor simulator able to perform
cross layer code, communication medium and
environmental simulation, while keeping an inside view
in every aspect of this process, giving every detail needed
in order to extract conclusions about network behavior,
in mote, local (an area containing a number of motes) or
global (entire network) level.
2 A CRITICAL OVERVIEW OF WSN RESEARCH
From our point of view, WSN coding may be
categorized in two main categories. Application Code
and Network / Maintenance Code. Application code is
responsible for the collection and interpretation /
processing of sensor data, or for actions in case of
collaborating actuators. Application code operates on the
platform provided by Network / maintenance code, which
implements the WSN backbone. The backbone includes
network protocol stack, topology, security, and
configuring protocols, and provides services to the
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application code clear of such issues. All above share in
most cases limited resources, eg memory, and processing
time. Simulating a protocol spans from a single protocol
testing to testing the entire MCU code. The simulator runs
protocol models or emulates the processing unit of the
mote running the actual code to be uploaded. Modelling
protocol is prone to errors of inaccuracy, for there is a gap
between model and final code, in terms of behaviour and
interactions with the rest of the code in the MCU
memory. Moreover, any mote after deployment completes
tasks related to network configuration, starting from
authentication of neighbours and proceeding to
synchronization and localization.
A. Authentication
After deployment, a mote searches for neighbours. This
is done by transmitting its presence at maximum power,
waiting for replies. Any protocol that uses the network
leaves traces in the mote’s transmissions. Keeping this in
mind and in the case of authentication, in order to gain
access, an adversary’s mote presents itself as a trusted one,
becoming part of the network, by being included in
neighbouring mote’s list of motes that have faulty
authenticated it. Authentication protocols have thein own
front of attack, thus security issues, starting from their
transmission traces. This is an attack on topology, varying
from communication disturbing, gaining access to
cryptographic keys and routing tables in order to launch
fake messages to sink (S. Dziembowski et al., 2009), (Karlof, C. et
al., 2003)
B. Synchronization
Due to the nature of oscillators, every mote’s clock
function differs from the ideal ( c(t)=t ) and is modelled
(Serpedin E. et al. , 2009) as :

C i (t ) = φ iι + ω i t + e
The parameters φi and ωi, are called the clock offset
(phase difference) and clock skew (frequency difference),
in relation to the reference clock respectively, and e
stands for random noise. The goal of synchronization is to
provide to each mote the reference clock, by calculating
these parameters for every mote i. (Giridhar A. et al., 2011):
Other tasks depend on the accuracy of the
synchronization protocol :
1) Data Fusion:The interpretation of collected data in
most cases requires that the data is time stamped. For
example in target tracking, if the target if k covered, k
event packets will be created for the same target. In
network processing by neighboring motes according to
event time, will determine the report packet sent to sink.
2) Power Management: Using redundant motes
organized in groups, a network of sensor motes creates a
reduced topology by switching off groups in turns.
Accurate synchronization is required for the sleep-wakeup circle of topology maintenance (Slijepcevic, et al. , 2001).
3) Slotted transmission schemes: Slotted ALOHA,
TDMA use time synchronization in order to determine the
slot time boundaries. Accurate synchronization avoids
collisions, reduces retransmissions thus saves energy.
4) Protocols: Localization protocols, routing protocols
(eg LEACH) require synchronization or time stamped

messages. It is clear that evaluation of a synchronization
protocol is related to cross layer simulation, due to
dependency among protocols. The LEACH protocol uses
TDMA scheme for in-cluster communication, thus its
performance is proportional to synchronization protocol
accuracy. Also, simulation of the synchronization
protocol without assumptions requires a hardware aware
simulator able to emulate e.g. clock drift.
C. Localization
After identifying neighbors, every mote estimates its
position by activating the Localization Protocol. The
Localization Protocol uses hardware input parameters
related to physical quantities such as received signal
strength (RSS), time of arrival (ToA, TDoA), angle of
arrival (AoA) or sound (Timo Ojala et al, 2011), to calculate
the mote’s location. This process begins from motes with
known locations (anchors) and gradually is spread
throughout the entire network.
Some localization
schemes rely on additional hardware to operate, or their
simulation is somehow hardware related:
1) Time Difference of Arrival, is used in two ways:
difference between two signals of different nature e.g. RF
and ultrasonic, and difference between RF signals of
different motes of known location. The former scheme
requires additional hardware, increasing complexity and
mote cost. In addition, ultrasonic pulse reception suffers
from severe multipath effects. The distance between the
motes is derived obviously without the need of
synchronization. But due to multipath effects, this
method provides fairly accurate distance estimation.
2) Roundtrip propagation time measurements measure
the difference between the time when a signal is sent by a
sensor and the time when the signal returned by a second
sensor comes back to the original sensor. Since the same
local clock is used to compute the roundtrip propagation
time, there is no synchronization problem (Guoqiang Mao,
2009). The response of the second mote must include the
processing time of the reply, which is sent to the first
sensor to be subtracted. It is clear that processing time in
the second mote depends on its clock, and on the number
of machine cycles needed to execute code that handles
and transmits the reply. The above properties depend on
the chosen MCU or MCUs in case of an heterogeneous
WSN. In addition, in some energy saving strategies, one
solution is adjusting the clock to lower frequencies
through software during runtime. This spots the need for
simulation tools that can handle different MCUs, clocks
and clock adjustments and able to calculate processing
time of a subroutine.
3) Beacons using directional antennas, transmit their
location and angle of transmission, or motes use their
directional antenna to calculate transmissions of anchors.
In general, protocols using AoA require a channel
simulator that can handle sector type transmissions e.g.
Opnet (www.opnet.com).
4) Underwater: In (He, T., et al. 2006) a localization
protocol is proposed for underwater sensor networks
using the DNR (dive end rise) of anchors equipped with
GPS, in order to update their location, and then using
sound waves to transmit their locations. Besides that a
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pressure sensor in every mote helps in estimating the
depth underwater. The whole scenario takes place not on
a 2d plane but in 3d space. The localization is constant,
considering the fact that the simulated UWSN may
operate in a area with strong currents.
In every case, simulation of localization protocols
require (a). Hardware aware simulator, able to emulate
behavior of components such as antennas, MCUs for
accurate time measurement (b). An accurate medium
simulator (RF spectrum, sound) able to represent the
nature of signal propagation (multipath fading, reflection,
diffraction, attenuation). (c). An environmental simulator,
in case that environmental properties or phenomena
(obstacles, sea currents, water pressure, forest fires (BerndLudwig Wenning et al., 2008)) should be taken in consideration.
Authentication. Synchronization and Localization
protocols are activated during topology construction
phase and during every topology maintenance phase
(M.A Labrador,,et al., 2009). The topology construction phase
provides the initial (full) topology, where motes have
authenticated all their neighbors, and are synchronized.
The topology maintenance phase updates neighbor motes
tables by deleting energy depleted, deactivated or
destroyed motes, or by inserting new ones, in case of a
redeployment over a blind hole. Topology protocols such
as (Slijepcevic, et al., 2001) provide the reduced (logical)
topology, the platform on which routing operates.
However, in (Watteyne T. et al, 2008) authors introduce a
rooting protocol under the concept of virtual coordinates,
which are randomly initialized in each mote, and updated
each time the mote relays a packet. This updating process
consists of the sending mote retrieving the virtual
coordinates of its neighbors and updating its virtual
coordinates by using a centroid transformation. In this
case, localization and routing are processes that run
concurrently.
Concluding, all the above three types of protocols
have their own trace in motes transmissions, and share
processing time. The fact that sensing ability looses MCU
focus is taken in consideration during design process.
D. Routing
In (Khan M, et al., 2008) the routing protocol Directed
Diffusion (Inatanagonwiwat, C.,, et al., 2000) is examined, using
a diagnostic tool, plugged in Tossim (Levis, P., et al. 2003).
The case study is the fact that despite good
communication, the protocol fails to deliver packets of
interest to the sink. The diagnostic simulator is motivated
by the idea that, in a distributed computing environment,
nodes have to interact with each other in some manner
defined by their distributed protocols in order to perform
tasks correctly. These interaction patterns are the
concatenation of distributed sequences of events on
multiple nodes. In a correctly functioning system, these
sequences of events follow a path that the protocol is
designed to handle. The challenge is to identify special
sequences of events which are responsible for the failure
among hundreds of other common sequences that are
logged during the execution but are unrelated to failures
(Khan M,, et al., 2008). In this fine work the need for fine
grained debugging is pointed out, providing also a

solution as a plug in tool. However, Tossim lacks ability
of simulating different code in every mote and using a
different hardware platform eg a PIC or a Freescale MCU
based mote. In (Bernd-Ludwig Wenning et al., 2008), The EMA
routing protocol is introduced, in which main concept is
the environmental awareness of the protocol. The low
consumption orientation of routing protocols such as
LEACH (W.B. Heinzelman, et al., 2002), PEGASIS (S. Lindsey,
et al., 2002) TEEN (A. Manjeshwar, et al., 2001), is not the
optimal solution when a mote is facing destruction threat
from e.g. forest fire. The protocol estimates also the
probability of that threat in order to use resources of
motes that are about to fail.
The Greedy-Face-Greedy (GFG) and Greedy Perimeter
Stateless Routing (GPSR) protocols are the most widely
adopted geographic routing protocols for WSN (H. Frey, et
al., 2006).
Every node applies Gabriel Graph
Transformation to the connectivity graph, for the protocol
to perform over its planar version the left hand rule. In
this way, protocol recovers from geographical dead ends
caused by blind holes. The assumption that
communication regions are perfectly circular disks does
not hold in real-world propagation conditions, causing the
protocols to fail, in case (Watteyne T. et al, 2008) of obstacles.
In addition Gabriel Graph Transformation does not
function with limited positioning accuracy (T Watteyne, et
al., 2007).
Concluding, protocol relies on topology to operate.
Topology protocols or topology related protocols provide
the platform whose accuracy routing protocol QoS
depends on. In (Bernd-Ludwig Wenning et al., 2008) it is shown
that even efficient protocols do not operate well in all
situations. The goal is the overall performance of protocol
code and this is tested by cross layer simulation, provided
the ability to monitor protocol interactions.
E. Sensing
The sensor array of a mote is consisted of at least one
sensor or sensor device. They are mostly analog, and
connected to MCU through an A/D converter. In most
cases, the MCU-ADC channel is shared among all sensors
of the mote, using a time slot mechanism. Sensors
function according to their physical properties, such as
range, energy consumption, response delay, drifting over
time etc. Their performance characteristics introduce
problems that span from coding to security and life
expectancy of the sensor itself, and as a consequence, life
expectancy of the network (Jon S. Wilson ed, 2005):
Transfer Function: Is the function that shows the
relationship between physical stimulus and the electrical
signal. The signal is processed (eg amplified, converted to
digital) and transferred to the MCU for interpretation by
the application level. The problems that arise in order
select the suitable sensor is the computational load of the
interpretation, and the energy consumption of the incircuit processing of the signal. The above spot the need
of modeling the sensor itself, and for simulator tools that
have the ability to switch between sensor devices and able
to model the hardware specs of these devices, including
energy consumption of the circuitry that supports the
sensor.
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The case study is the fact that despite good
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defined by their distributed protocols in order to perform
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multiple nodes. In a correctly functioning system, these
sequences of events follow a path that the protocol is
designed to handle. The challenge is to identify special
sequences of events which are responsible for the failure
among hundreds of other common sequences that are
logged during the execution but are unrelated to failures
(Khan M,, et al., 2008). In this fine work the need for fine
grained debugging is pointed out, providing also a
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from e.g. forest fire. The protocol estimates also the
probability of that threat in order to use resources of
motes that are about to fail.
The Greedy-Face-Greedy (GFG) and Greedy Perimeter
Stateless Routing (GPSR) protocols are the most widely
adopted geographic routing protocols for WSN (H. Frey, et
al., 2006).
Every node applies Gabriel Graph
Transformation to the connectivity graph, for the protocol
to perform over its planar version the left hand rule. In
this way, protocol recovers from geographical dead ends
caused by blind holes. The assumption that
communication regions are perfectly circular disks does
not hold in real-world propagation conditions, causing the
protocols to fail, in case (Watteyne T. et al, 2008) of obstacles.
In addition Gabriel Graph Transformation does not
function with limited positioning accuracy (T Watteyne, et
al., 2007).
Concluding, protocol relies on topology to operate.
Topology protocols or topology related protocols provide
the platform whose accuracy routing protocol QoS
depends on. In (Bernd-Ludwig Wenning et al., 2008) it is shown
that even efficient protocols do not operate well in all
situations. The goal is the overall performance of protocol
code and this is tested by cross layer simulation, provided
the ability to monitor protocol interactions.
E. Sensing
The sensor array of a mote is consisted of at least one
sensor or sensor device. They are mostly analog, and
connected to MCU through an A/D converter. In most
cases, the MCU-ADC channel is shared among all sensors
of the mote, using a time slot mechanism. Sensors
function according to their physical properties, such as
range, energy consumption, response delay, drifting over
time etc. Their performance characteristics introduce
problems that span from coding to security and life
expectancy of the sensor itself, and as a consequence, life
expectancy of the network (Jon S. Wilson ed, 2005):
Transfer Function: Is the function that shows the
relationship between physical stimulus and the electrical
signal. The signal is processed (eg amplified, converted to
digital) and transferred to the MCU for interpretation by
the application level. The problems that arise in order
select the suitable sensor is the computational load of the
interpretation, and the energy consumption of the incircuit processing of the signal. The above spot the need
of modeling the sensor itself, and for simulator tools that
have the ability to switch between sensor devices and able
to model the hardware specs of these devices, including
energy consumption of the circuitry that supports the
sensor.

223

Sensitivity: Is the factor between variation of stimulus
and consequent variation of electrical signal. A sensor is
sensitive, if a small change of stimulus results in a large
change of the electrical signal. Is sensitivity of the
selected sensor devices adequate for the desired detect
ability of the entire network? Is it safe to assume detect
ability modeled by an deterministic (binary) sensing
model? What computational load would contribute a
process that detects events in a continuously streaming
sensor data in case of a stochastic sensing model? (e.g.
correlating sound) (Patrick Kuckertz et al., 2007).The answer
lies on the ability of the simulator to model real world
phenomena or scenarios. A crack on the concrete
construction of a bridge lasts for milliseconds and has to
be identified among sounds and noises of various
amplitudes and frequencies e.g. car tires, engines,
contraction – expansion of metal skeleton etc. Simulating
WSN for sniper detection through identifying
sound
source position of multiple sensor readings requires
modeling of the environment e.g buildings, echoes, sound
attenuation etc.
Dynamic Range or Span: The range of physical signal
that can be converted to electrical according to specs, is
the dynamic range of the sensor device. The response of
the sensor outside of this range is faulty. In real life, it is
impossible to detect inaccurate reading coming from the
sensor array, unless we use a variety of sensor types to
measure the same physical quantity. During design
process it is essential to know the probability of an
inaccurate reading coming from sensor array, and the
impact on the network. To cope with this task, we need
simulation tools that (a) model the sensor, the
environmental phenomena of which we collect readings,
and (b) provide the ability to implement metrics over the
accuracy of these readings.
Noise and Resolution: The output signal of a sensor, is
contaminated with noise, which is usually distributed
across the frequency spectrum. In case that noise is
similar to minimum detectable signal fluctuation
(resolution), the performance of the system is limited,
thus during the design process, the selections in hardware
are examined on how they contribute to noise.
Sensing Range: A sensor’s sensing area is a disc or
sector, sphere or cone. The sensitivity of a sensor may
depend on the distance of the stimulus. The binary
sensing model is not always a wise choice without taking
in consideration the sensor specifications related to
stimulus distance from the device. When referring to
network lifetime, the dominant issue is energy
consumption. Main resource is considered to be the
battery, and main consumer the transceiver. Active
sensors e.g. accelerometers, require energy to provide
output electrical signal. Thus the volume of
measurements affect network lifetime, and along with
communication management and MCU sleep-wake up
cycle, sensor activation management needs to be included
in the total energy consumption policy. Chemical sensors,
sensors used in contamination spread scenarios, detection
of explosives, toxics etc. employ substances, e.g.
electrolytes, which quantity decrease in every

measurement. Draining a sensor of that resource makes
the mote useless in terms of coverage. In addition, the
sensor is exposed to unlimited numbers of chemical
combinations (Fraden J., 2004), able to alter the sensor’s
behavior.
In conclusion, sensors as electronic devices have
properties that may have a major impact on sensor
network behavior. Modeling of sensors, along with the
environmental properties or phenomena that provide data
as sensor measurements, contributes to the fact that it is
feasible to obtain a fine grained detail of the environment
– WSN interaction, revealing possible failures or bug
prone design choices during simulation.
Coverage and Connectivity : Every sensor has a
sensing range. Range varies from type to type, spanning
from a single point e.g. temperature sensor to an area
usually of circular shape. A point of an area or space is
covered if it is in range of at least one sensor. Coverage is
the QoS that quantifies the ability of a deployed sensor
network to report an event or a reading in the deployment
area. Sensor readings and their processing produce data to
be routed to sink. The Sink is aware of the events spotted
or data produced by motes if routing protocol succeeds in
delivering data. Thus apart from being in range of at least
one sensor, a point in the area of interest is covered, if
there is a routing path available to deliver consequent
data to sink. If there is no available path, then from the
sink’s view point, there is no response from the motes of
the disconnected area, and even though an event is
tracked by a sensor, this area is regarded as a blind hole.
Every mote has a sensing range (coverage) for each
type of sensor it carries and a communication range
(connectivity). Assuming that a WSN is static and
isotropic [Habib M., et al., 2009], and modeling a network as
such, reduces our ability to test the protocol performance
(of any layer) over a transmission power – energy
management or mobility scheme (Muhammad Imran et al.,
2011). Finding neighbors by transmitting In full power or
in permitted power according to battery power level, is
one of choices in reacting to a connectivity loss scenario.
In general a mote has the ability to adjust its transmission
power during runtime, if the total resource management
strategy contains the ability. That includes the hardware
choice of including a battery level indicator on the
mote.
In (Balister P., et al., 2009), the model of Trap Coverage is
introduced. From our point of view this model is a
realistic one, for it allows lack of coverage over bounded
areas, in other words, the WSN continues to operate when
in real life blind holes appear due to node energy
depletion. The same model generalizes full coverage,
when the diameter of the permitted blind hole is near 0.
Apart from managing transmission power, mobility
(Muhammad Imran et al., 2011) is among choices, where
mobile motes are moving to a position that restores
connectivity. From obviously expensive motes, we move
to motes that we are able to use in large quantities:
Deploying redundant motes, organizing them to operate
in turns in order to prolong network lifetime. In Cover
Sets (Slijepcevic, et al. , 2001), (Cardei, M., et al., 2005),(Cheng,
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thus during the design process, the selections in hardware
are examined on how they contribute to noise.
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sensing model is not always a wise choice without taking
in consideration the sensor specifications related to
stimulus distance from the device. When referring to
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electrolytes, which quantity decrease in every
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the mote useless in terms of coverage. In addition, the
sensor is exposed to unlimited numbers of chemical
combinations (Fraden J., 2004), able to alter the sensor’s
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as sensor measurements, contributes to the fact that it is
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– WSN interaction, revealing possible failures or bug
prone design choices during simulation.
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usually of circular shape. A point of an area or space is
covered if it is in range of at least one sensor. Coverage is
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network to report an event or a reading in the deployment
area. Sensor readings and their processing produce data to
be routed to sink. The Sink is aware of the events spotted
or data produced by motes if routing protocol succeeds in
delivering data. Thus apart from being in range of at least
one sensor, a point in the area of interest is covered, if
there is a routing path available to deliver consequent
data to sink. If there is no available path, then from the
sink’s view point, there is no response from the motes of
the disconnected area, and even though an event is
tracked by a sensor, this area is regarded as a blind hole.
Every mote has a sensing range (coverage) for each
type of sensor it carries and a communication range
(connectivity). Assuming that a WSN is static and
isotropic [Habib M., et al., 2009], and modeling a network as
such, reduces our ability to test the protocol performance
(of any layer) over a transmission power – energy
management or mobility scheme (Muhammad Imran et al.,
2011). Finding neighbors by transmitting In full power or
in permitted power according to battery power level, is
one of choices in reacting to a connectivity loss scenario.
In general a mote has the ability to adjust its transmission
power during runtime, if the total resource management
strategy contains the ability. That includes the hardware
choice of including a battery level indicator on the
mote.
In (Balister P., et al., 2009), the model of Trap Coverage is
introduced. From our point of view this model is a
realistic one, for it allows lack of coverage over bounded
areas, in other words, the WSN continues to operate when
in real life blind holes appear due to node energy
depletion. The same model generalizes full coverage,
when the diameter of the permitted blind hole is near 0.
Apart from managing transmission power, mobility
(Muhammad Imran et al., 2011) is among choices, where
mobile motes are moving to a position that restores
connectivity. From obviously expensive motes, we move
to motes that we are able to use in large quantities:
Deploying redundant motes, organizing them to operate
in turns in order to prolong network lifetime. In Cover
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motes are organized in sets that cover the
same area, and scheduled in a way that one set is active at
the time. In many schemes, like (Slijepcevic, et al. , 2001),
(Cardei, M., et al., 2005), (Cheng, M.X., et al., 2005) a cross layer
simulation is needed, for deriving in this case the
appropriate MAC layer, considering the flood in
transmissions.
Event detection in most cases requires multiple
readings from different sensors. Processing of sensor data
in mote clusters or at the sink, produces the report
message. Even though simulated models of mote
collaboration, successful routing at most circumstances
and hard conditions, data fusion at the sink may conclude
to success in event tracking thus coverage, after
deployment, hardware details may prove the protocols
inadequate. The assumption that sensors of a mote can
sense at the same time is not valid in case of a single
MCU ADC channel. Sensors are triggered in turns, and in
case of a time bounded event (a crack of concrete) some
sensors of the sensor array of the mote will miss the event.
Dealing with the problem in (Saukh O.,, et al., 2008) authors
introduce the concept of logical sensor , in which sensors
are distributed over different motes, kept active and the
cluster of motes that provide all types of sensors is
considered as a logical sensor. In the cluster the fusion of
data occurs, creating the necessary report to be routed to
sink. The problem of sensor cost is dealt also. In the same
concept, the problem of minimizing expensive sensors
while maintaining coverage is dealt with logical sensors.
In the past, one of the assumptions made, was the disk
model of a sensor, usually binary. Technology has to offer
a variety of products, in this case sensors, with properties
to be taken into consideration in the design process of a
WSN. There are directional sensors (e.g. ultrasonic,
cameras, etc), thus simulating a WSN equipped with these
sensors requires simulator with the ability to model in
every extension the nature of sensors used. In (Liang C.K.,
et al., 2008) authors propose Maximum Coverage with
Rotatable Angles (MCRA), in which the goal of the
protocol is to increase coverage by turning the orientation
of directional sensors, while minimizing the angles of
rotation. Minimizing angle of rotation concludes to low
energy consumption, minimum movement detection of
the deployed WSN, and positioning of motes in adequate
manner to cover a given area (surveillance applications)
Concluding, coverage is not only a matter of sensing
radius and routing backbone. Details that affect coverage
are spread across layers, and cross layer simulation is
needed to obtain precise evaluation of code – protocol
performance, in terms of reducing mote cost, increasing
network lifetime, and of course coverage itself.
M.X., et al., 2005)

3

THE PROPOSED MULTIAGENT SYSTEM
SIMULATOR ARCHITECTURE

A. An Overview of the Design issues of the MultiAgent System Architecture
In the previous part, we spotted details taken into
consideration while designing a protocol or the entire
protocol collection running on mote’s MCU. Hardware

specific simulators like Tossim and Atemu lack flexibility
concerning hardware for they are bounded with a specific
platform. Avrora emulates every mote in its own thread,
and thus performs and scales according to thread ability
of the computer it runs on. None of the above takes
advantage of GPGPU abilities (CUDA, OpenCL)
We propose a multiagent system architecture, able of
scaling, providing fine grain detail of the simulation, and
configuring all the parameters of RF channel,
Environment and Hardware. Our goal is to provide a
multi agent simulation tool, to serve among others as a
WSN Simulator. Simulation is an integral part of WSN
design process. Due to complex and distributed nature of
WSNs, tests and evaluations are carried out safely by
simulation. A well equipped simulator provides accurate
results in as many aspects of the WSN as the designer
needs. In other words, flexibility in applying metrics, in
modeling devices and environment, and speed are
desirable features.
A cross layer simulation reveals hidden interactions. In
any case, a protocol success is restricted by the success of
its collaboration with the rest of code in the MCU
memory. Like Avrora, Tossim and Atemu, we choose
emulation as base for our simulator. There are some
advantages over protocol code modeling:
1. MCU emulation is by default cross layer.
Designers are freed from code modeling, and
synchronizing and linking of protocols. The modelimplementation gap is eliminated, for modeling phase is
skipped. The code written for simulation, will
eventually be uploaded in the target MCU.
2. Monitoring of code execution: Compiling C into
machine code, makes code monitoring easier. There is
no complexity at machine code level, and every
instruction is executed consuming precise amount of
time and energy.
In Atemu, XML files are used to describe connections
between devices on a mote. We take a little further the use
of the XML standard, using XML to describe the MCU
itself, making our simulator platform independent.
In http://code.google.com/p/jmc68k/, http://ref.x86asm.net/
XML
files are used to model the instruction set of Motorola
68000 and Intel 8x86 architectures respectively. These
files contain the amount of information need in case of an
Assembler – Disassembler. In http://code.google.com/p/jmc68k/,
for every instruction, JAVA code completes the emulator.
In other words, in http://code.google.com/p/jmc68k/ the XML
file does not describe the operations over memory
contents of the 68000 processor.
MCU Modeling: In our proposal, the emulator is
consisted of two components. The first is an array of
bytes. During runtime it contains MCU’s memory
contents. Registers, flags, program memory, ports, data
memory, etc are considered as memory and occupy a
number of bytes in this array. The other component
performs operations done by instructions upon bytes of
memory. For example, the 8 bit AVR instruction set
consists of 142 instructions. Each instruction is described
by the opcode length usually constant, clock cycles of
execution, and operations upon memory. The mnemonic
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motes are organized in sets that cover the
same area, and scheduled in a way that one set is active at
the time. In many schemes, like (Slijepcevic, et al. , 2001),
(Cardei, M., et al., 2005), (Cheng, M.X., et al., 2005) a cross layer
simulation is needed, for deriving in this case the
appropriate MAC layer, considering the flood in
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while maintaining coverage is dealt with logical sensors.
In the past, one of the assumptions made, was the disk
model of a sensor, usually binary. Technology has to offer
a variety of products, in this case sensors, with properties
to be taken into consideration in the design process of a
WSN. There are directional sensors (e.g. ultrasonic,
cameras, etc), thus simulating a WSN equipped with these
sensors requires simulator with the ability to model in
every extension the nature of sensors used. In (Liang C.K.,
et al., 2008) authors propose Maximum Coverage with
Rotatable Angles (MCRA), in which the goal of the
protocol is to increase coverage by turning the orientation
of directional sensors, while minimizing the angles of
rotation. Minimizing angle of rotation concludes to low
energy consumption, minimum movement detection of
the deployed WSN, and positioning of motes in adequate
manner to cover a given area (surveillance applications)
Concluding, coverage is not only a matter of sensing
radius and routing backbone. Details that affect coverage
are spread across layers, and cross layer simulation is
needed to obtain precise evaluation of code – protocol
performance, in terms of reducing mote cost, increasing
network lifetime, and of course coverage itself.
M.X., et al., 2005)
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THE PROPOSED MULTIAGENT SYSTEM
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A. An Overview of the Design issues of the MultiAgent System Architecture
In the previous part, we spotted details taken into
consideration while designing a protocol or the entire
protocol collection running on mote’s MCU. Hardware

specific simulators like Tossim and Atemu lack flexibility
concerning hardware for they are bounded with a specific
platform. Avrora emulates every mote in its own thread,
and thus performs and scales according to thread ability
of the computer it runs on. None of the above takes
advantage of GPGPU abilities (CUDA, OpenCL)
We propose a multiagent system architecture, able of
scaling, providing fine grain detail of the simulation, and
configuring all the parameters of RF channel,
Environment and Hardware. Our goal is to provide a
multi agent simulation tool, to serve among others as a
WSN Simulator. Simulation is an integral part of WSN
design process. Due to complex and distributed nature of
WSNs, tests and evaluations are carried out safely by
simulation. A well equipped simulator provides accurate
results in as many aspects of the WSN as the designer
needs. In other words, flexibility in applying metrics, in
modeling devices and environment, and speed are
desirable features.
A cross layer simulation reveals hidden interactions. In
any case, a protocol success is restricted by the success of
its collaboration with the rest of code in the MCU
memory. Like Avrora, Tossim and Atemu, we choose
emulation as base for our simulator. There are some
advantages over protocol code modeling:
1. MCU emulation is by default cross layer.
Designers are freed from code modeling, and
synchronizing and linking of protocols. The modelimplementation gap is eliminated, for modeling phase is
skipped. The code written for simulation, will
eventually be uploaded in the target MCU.
2. Monitoring of code execution: Compiling C into
machine code, makes code monitoring easier. There is
no complexity at machine code level, and every
instruction is executed consuming precise amount of
time and energy.
In Atemu, XML files are used to describe connections
between devices on a mote. We take a little further the use
of the XML standard, using XML to describe the MCU
itself, making our simulator platform independent.
In http://code.google.com/p/jmc68k/, http://ref.x86asm.net/
XML
files are used to model the instruction set of Motorola
68000 and Intel 8x86 architectures respectively. These
files contain the amount of information need in case of an
Assembler – Disassembler. In http://code.google.com/p/jmc68k/,
for every instruction, JAVA code completes the emulator.
In other words, in http://code.google.com/p/jmc68k/ the XML
file does not describe the operations over memory
contents of the 68000 processor.
MCU Modeling: In our proposal, the emulator is
consisted of two components. The first is an array of
bytes. During runtime it contains MCU’s memory
contents. Registers, flags, program memory, ports, data
memory, etc are considered as memory and occupy a
number of bytes in this array. The other component
performs operations done by instructions upon bytes of
memory. For example, the 8 bit AVR instruction set
consists of 142 instructions. Each instruction is described
by the opcode length usually constant, clock cycles of
execution, and operations upon memory. The mnemonic
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ANDI is described in Atmel 8-bit AVR Instruction Set. Rev 0856lAVR-07/10 :

1.
2.
3.
4.
5.

Syntax : ANDI Rd,K
Operation : RdRd AND K
Opcode 0111 KKKK dddd KKKK LENGTH 1
WORD (2 BYTES)
Affection on flags (SREG) and Program Counter (PC)
Clock Cycles 1

In the XML file, 2-5 are described for every instruction.
Op code length and clock cycles may vary from
instruction to instruction. Clock cycles are related to
MCU oscillator, which may change by software during
runtime, Timers and ADCs, interrupts and any other built
in device of the MCU is modeled separately.
An XML file describes an MCU or FPGA including
the instruction set, timers, ADCs. It also contains energy
consumption of the clock cycle according to oscillator.
Using multiple XML files we setup a network with many
MCU types, each running on its own clock. Every
emulated MCU receives a signal from the global clock, to
move one machine cycle forward. The global clock is a
variable increased by a basic time step, the maximum
common divider of all MCU clocks. Synchronization of
the above process is achieved by (A. Filippou, et al., 2010):
For (I=0;;I++)
{
If (I mod a=0) then
Component (a)
If (I mod b=0) then
Component (b)
…… }
Every emulated MCU after moving one machine cycle
forward (which is in many cases executing one instruction)
waits until it receives the next signal from the global
clock. Global clock signals the components to be
activated, and waits for every component to complete
before increasing the basic time step. In this way we
describe functionality in a single file without coding, and
details needed to produce the XML file of an MCU are
mostly in the MCU reference [Atmel 8-bit AVR Instruction Set.
Rev 0856l-AVR-07/10]. Designer is able to support its own
simulation with the XML description of his choice
MCU/FPGA.
In the first part of this paper we discussed several
aspects of WSN protocol coding. The implementation of
the protocols in C results - after compiling for the target
MCU – in bytes, which ends up to emulator’s virtual
program memory. Being able to monitor MCU memory
during runtime gives us several advantages:
1. Data Memory monitoring: MCU virtual memory
contents such as sensor data, variables used in code,
routing tables, authenticated neighbors etc, in the form of
bytes. Memory monitoring provides the ability to keep
track of variables and data. Interpretation of these bytes
reveals information that code stores during runtime.
Instances of memory may be stored in a database during
runtime, in order to become subject to an extensive data
mining.
2. Register / Port memory monitoring: From emulator’s
point of view, special function registers, general purpose
registers and ports are regarded as memory. Their virtual
space is implemented by assigning their functionality to
the appropriate number of bytes of physical memory, the
first component of the emulator. For example, in PIC

16F887, the program counter (PC) is a 13 bit register
implemented by 2 registers PCLATH and PCL. PCLATH
is located &A0h of all 4 memory banks, and PCL is
located &02h of all banks also. The MSB of PC includes
bits 0-4 of PCLATH, and LSB includes bits 0-7 of PCL.
Program Counter Monitoring allows monitoring of
program execution. For example if the IF THEN ELSE
block:
IF A>0 THEN <block 1> ELSE <block 2> END IF
is compiled, the compiler places variable A in memory
and the first instruction of each block (1 and 2) occupies a
specific byte of program memory. By monitoring PC we
obtain information on program flow, time consumption,
diagnostic simulation (Khan M,, et al., 2008), debugging, and
in general ability to apply metrics.
Emulator and every component of the simulator has a
monitor. Monitor applies metrics described by script,
and/or provides interface to external application e.g.
MySQL database. Regarding security issues, monitor
provides vision to protocol behavior in terms of security,
including execution and data monitoring. It emulates
tampering by making MCU memory contents visible to
an external component or application, which virtualizes a
hacking attempt, or simulates an attack model.
Connecting Components: Every component of the
simulator
e.g.
MCU
emulator,
transceiver
emulator/simulator, sensor emulator/simulator, has a plug
port and a signal port. Plug port is the gateway through
which component interchanges data. Signal port is the
port from which is activated or activates another
component. For example, emulating the PIC 16F887, plug
port is the MCU ports. Ports are connected to MCU
memory, e.g. PORTA is placed in &05h of 1st bank and
controlled by TRISA register in &85h of 2nd bank.
Through signal ports the emulator is activated by its
TIMER component which it is also activated by the
simulator’s global clock. The connection backbone of the
simulator is the implementation of these ports. It is
implemented with byte arrays, and any plug uses as many
bytes it needs to represent interchanged data. In this way
user may add his own functionality, as long as they
provide signal and plug ports. Every component’s
interface is signal and plug ports, and communicates with
the rest of the simulated world through them. These ports
are connected to the connection backbone (array of bytes).
There is no mote representation in the simulation, there
are just components waiting global clock to signal their
next step forward. Mote setup is derived logically by its
component connections. The overall design is presented
in the following figure 1a.
Channel Modeling: MCU sends data to be transmitted
to
transceiver
emulator.
Transceiver
emulator
communicates with RF channel model through a
communications backbone, which is also an array of bytes.
The size of plugs in bytes is according to channel
modeling. Transceiver and RF channel model can
exchange any amount of data (size of plug) during a time
step, as long as it is translated in bytes. This amount of
data may be a bit, a spectrum slice of a quantum of time
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bytes. Memory monitoring provides the ability to keep
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reveals information that code stores during runtime.
Instances of memory may be stored in a database during
runtime, in order to become subject to an extensive data
mining.
2. Register / Port memory monitoring: From emulator’s
point of view, special function registers, general purpose
registers and ports are regarded as memory. Their virtual
space is implemented by assigning their functionality to
the appropriate number of bytes of physical memory, the
first component of the emulator. For example, in PIC
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program execution. For example if the IF THEN ELSE
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and the first instruction of each block (1 and 2) occupies a
specific byte of program memory. By monitoring PC we
obtain information on program flow, time consumption,
diagnostic simulation (Khan M,, et al., 2008), debugging, and
in general ability to apply metrics.
Emulator and every component of the simulator has a
monitor. Monitor applies metrics described by script,
and/or provides interface to external application e.g.
MySQL database. Regarding security issues, monitor
provides vision to protocol behavior in terms of security,
including execution and data monitoring. It emulates
tampering by making MCU memory contents visible to
an external component or application, which virtualizes a
hacking attempt, or simulates an attack model.
Connecting Components: Every component of the
simulator
e.g.
MCU
emulator,
transceiver
emulator/simulator, sensor emulator/simulator, has a plug
port and a signal port. Plug port is the gateway through
which component interchanges data. Signal port is the
port from which is activated or activates another
component. For example, emulating the PIC 16F887, plug
port is the MCU ports. Ports are connected to MCU
memory, e.g. PORTA is placed in &05h of 1st bank and
controlled by TRISA register in &85h of 2nd bank.
Through signal ports the emulator is activated by its
TIMER component which it is also activated by the
simulator’s global clock. The connection backbone of the
simulator is the implementation of these ports. It is
implemented with byte arrays, and any plug uses as many
bytes it needs to represent interchanged data. In this way
user may add his own functionality, as long as they
provide signal and plug ports. Every component’s
interface is signal and plug ports, and communicates with
the rest of the simulated world through them. These ports
are connected to the connection backbone (array of bytes).
There is no mote representation in the simulation, there
are just components waiting global clock to signal their
next step forward. Mote setup is derived logically by its
component connections. The overall design is presented
in the following figure 1a.
Channel Modeling: MCU sends data to be transmitted
to
transceiver
emulator.
Transceiver
emulator
communicates with RF channel model through a
communications backbone, which is also an array of bytes.
The size of plugs in bytes is according to channel
modeling. Transceiver and RF channel model can
exchange any amount of data (size of plug) during a time
step, as long as it is translated in bytes. This amount of
data may be a bit, a spectrum slice of a quantum of time
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(a vector containing amplitudes on every frequency), or a
hole packet.
When a transceiver transmits data in a time step, it
sends to RF channel model the coordinates (X,Y,Z),
power and of course data itself. RF channel model stores
data and coordinates as long as the signal is above SNR,
according to its transmission power. When a transceiver
listens to RF channel, then the model calculates what
would arrive to antenna, using valid stored signals. Till a
transceiver activates its antenna, RF channel model is
inactive. In case of a CSMA/CD scheme, a transceiver
transmits and listens to RF Channel at the same time.
Sensing: Sensors in general are modeled as functions.
They communicate with the environment model through
the physical quantities backbone which is also
implemented in bytes. They are connected to the ADC of
the MCU, through the connections backbone.
Environmental model produces data to be forwarded to
sensors through the physical quantities backbone. To do
so, it uses functions of physical phenomena, executes
scenarios (target tracking) or simply streams data from a
data set.
B. Implementation Details of the Multi-Agent System
Architecture
Based on the above detailed analysis our proposal
comprises four basic architectural implementation
modules: (a) Agents (b) The Agent Controller (c)
Interfaces (d) Services.
Agents: There are two types of agents. (a) Built in agents.
They are commonly used components such as plotters,
visualizers, or emulators. They are at the disposal of the
user and not necessarily part of every simulation. (b) User
defined agents. User writes code to define the agent
behaviour. These are implemented by an interpreter,
whose functionality is described later.
The Agent Controller: The controller activates or
deactivates agents according to simulation clock and/or
event handling instructions written in user defined code.
In case of a simulation clock, the controller uses a basic
time step which is the greatest common divisor GCD of
all time steps of the clocks of time dependant agents. In
case of time independent agents, their code is activated at
every pace of the controller.
Interfaces: The interfaces of agents are implemented with
a byte array. Two agents communicate through a set of
bytes eg from index a to index b in this array, using b-a
bytes. These two integers (a and b), describe the interface.
All interchanged data (numerical quantities, text,
fluctuation of a quantity for a period of time eg a
waveform from t=k to t=k+10, signals or combinations) is
described in bytes. Every interface may be used by two or
more agents putting interchanged data in wide scope. An
event handling mechanism notifies every agent using the
interface (eg form a to b) that contents are changed. An
agent may use as many interfaces as user requires. By
using interfaces the user may project data from inside the
agent to defined scope. Below is an example of a mote
built up using four agents and the interface array. The

parts of the interface array that are used by this mote are
coloured with grey.
In the example below the PIC emulator uses 3
interfaces, of different width. Similarly, we could
consider in the mote model the AVR processor or any
other processor. The pace of the emulator is one machine
cycle, (usually for MCUs execution of one instruction). In
the lab we may measure the exact energy consumption of
one cycle. This emulator uses as input the compiled
program to be uploaded to the real device. The battery
agent subtracts from a starting quantity energy
consumption of MCU and radio, sending a shutdown
signal to MCU emulator in case of energy depletion
deactivating the virtual mote. Sensor array agent sends
analog data to MCU emulator. The interface is as wide as
needed to describe the possible value range of data. Due
to ADC conversion latency, the ADC may be modelled
separately using a fifth agent.
Services: There are two types of services: (a) built in
library. They are functions and procedures widely used in
fields of engineering or science. (b) User defined: user
writes code to describe the functionality of their
procedure or function. Services are sets of procedures
and/or functions in scope of any agent. They are activated
when called by agents and their data is valid even when
they are inactive. An implementation example is the RF
medium. When a mote transmits, sends to RF medium
service its coordinates, time, and transmission power
along with data. RF medium service stores these values in
a table. When a mote listens, the service calculates the
signal at his location, according to all active signals above
a given SNR. In case of an CSMA-CD MAC layer, both
services (transmitting, listening) are active at the same
time.
C. The proposed Agent based Interpreter
The interpreter consists of three main parts: (a) A
4XN integer array (b) The actual code that executes user
programs (c) A byte array where data is stored.
1) 4XN Integer Array
1. If (A>0)
D
B+C

The simple program is:

2. B
 B+1 3. else

4. C
C+5

5. Endif

6.

The Interpreter ends up translated in tokens and stored in
the 4XN integer array. There are 4 basic types of token
supported:
(a) decision (b) operator (c) assignment (d) variable
or value. At the first column contains the token code.
Columns 2 and 3 contain pointers pointing at the next
token to execute in the token (4XN) array. Column 4
contains pointer pointing to data memory. In detail :
Decision: if A>0 is true then the next token to execute is
the assignment token in line 2, else executes assignment
token in line 4. Assuming that decision token code is
number 1, and x and y are the indexes that tokens in lines
2 and 4 are stored respectively, then the line in which the
decision token is stored in the 4XN token array would be
like:
1
x
Y
There is no pointer
to
data
memory for there is no value involved. The expression
A>0 is stored directly below the decision token row.
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scenarios (target tracking) or simply streams data from a
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visualizers, or emulators. They are at the disposal of the
user and not necessarily part of every simulation. (b) User
defined agents. User writes code to define the agent
behaviour. These are implemented by an interpreter,
whose functionality is described later.
The Agent Controller: The controller activates or
deactivates agents according to simulation clock and/or
event handling instructions written in user defined code.
In case of a simulation clock, the controller uses a basic
time step which is the greatest common divisor GCD of
all time steps of the clocks of time dependant agents. In
case of time independent agents, their code is activated at
every pace of the controller.
Interfaces: The interfaces of agents are implemented with
a byte array. Two agents communicate through a set of
bytes eg from index a to index b in this array, using b-a
bytes. These two integers (a and b), describe the interface.
All interchanged data (numerical quantities, text,
fluctuation of a quantity for a period of time eg a
waveform from t=k to t=k+10, signals or combinations) is
described in bytes. Every interface may be used by two or
more agents putting interchanged data in wide scope. An
event handling mechanism notifies every agent using the
interface (eg form a to b) that contents are changed. An
agent may use as many interfaces as user requires. By
using interfaces the user may project data from inside the
agent to defined scope. Below is an example of a mote
built up using four agents and the interface array. The

parts of the interface array that are used by this mote are
coloured with grey.
In the example below the PIC emulator uses 3
interfaces, of different width. Similarly, we could
consider in the mote model the AVR processor or any
other processor. The pace of the emulator is one machine
cycle, (usually for MCUs execution of one instruction). In
the lab we may measure the exact energy consumption of
one cycle. This emulator uses as input the compiled
program to be uploaded to the real device. The battery
agent subtracts from a starting quantity energy
consumption of MCU and radio, sending a shutdown
signal to MCU emulator in case of energy depletion
deactivating the virtual mote. Sensor array agent sends
analog data to MCU emulator. The interface is as wide as
needed to describe the possible value range of data. Due
to ADC conversion latency, the ADC may be modelled
separately using a fifth agent.
Services: There are two types of services: (a) built in
library. They are functions and procedures widely used in
fields of engineering or science. (b) User defined: user
writes code to describe the functionality of their
procedure or function. Services are sets of procedures
and/or functions in scope of any agent. They are activated
when called by agents and their data is valid even when
they are inactive. An implementation example is the RF
medium. When a mote transmits, sends to RF medium
service its coordinates, time, and transmission power
along with data. RF medium service stores these values in
a table. When a mote listens, the service calculates the
signal at his location, according to all active signals above
a given SNR. In case of an CSMA-CD MAC layer, both
services (transmitting, listening) are active at the same
time.
C. The proposed Agent based Interpreter
The interpreter consists of three main parts: (a) A
4XN integer array (b) The actual code that executes user
programs (c) A byte array where data is stored.
1) 4XN Integer Array
1. If (A>0)
D
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The simple program is:

2. B
 B+1 3. else
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6.

The Interpreter ends up translated in tokens and stored in
the 4XN integer array. There are 4 basic types of token
supported:
(a) decision (b) operator (c) assignment (d) variable
or value. At the first column contains the token code.
Columns 2 and 3 contain pointers pointing at the next
token to execute in the token (4XN) array. Column 4
contains pointer pointing to data memory. In detail :
Decision: if A>0 is true then the next token to execute is
the assignment token in line 2, else executes assignment
token in line 4. Assuming that decision token code is
number 1, and x and y are the indexes that tokens in lines
2 and 4 are stored respectively, then the line in which the
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like:
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When the interpreter reaches a decision token, evaluates
the expression below and according to its truth selects
next token (x or y). With the decision token we may also
implement for, while, do until statements using the
pointers x,y accordingly.
Operator: Operator > compares variable A with value 0.
Assuming that operator > token code is 2, and variablevalue token code is 3 then the expression is stored:

Index
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

1
1
2
3
3
4
5
3
3
4
5
3
3
4
5
3
3

2
14
12
0
0
22
16
0
0
22
20
0
0

3
18
13
0
0

24
0
0

25
0
0

17
0
0
21
0
0

4
0
0
m
n
o
0
o
p
q
0
q
r
s
0
o
q

Fig 3. The representation of the program in the two arrays as
above described.

Data Types: The interpreter engine uses its own set of
basic data types: Char, string, int, real, bool, byte, binary
and their combinations (structs). Binary is used for binary
numbers bigger than 255. From the user’s point of view,
Indx 1
2
3
4
data memory and interfaces are transparent. From inside
Memory
10 1
x
y
the agent, interface is seen and used as a simple variable
11 2
12 13
or a struct. The interpreter’s engine is responsible for any
<A>
12 3
0
0
m
transformation needed, relieving user from the task. The
0
13 3
0
0
n
basic advantage of this interpreter implementation is that
Fig 2. 4XN Token Array and Memory Array
is simple and can be used also:
The algorithm that evaluates expressions is :
MCUs: The interpreter is uploaded in the MCU
Evaluate (x) { y=Token(x,2); z=Token(x,3)
IF z=0 and y=0 THEN return mem(Token(x,4));
EEPROM. Application and protocol coding now becomes
ELSEIF z=0 THEN return op(Token(x,1),evaluate(y)) data. Sink transmits code along with data altering WSN
ELSEIF y=0 THEN Return op(Token(x,1),evaluate(z))
mission at runtime.
ELSE
In the 4XN array we may store 1 or more programs.
Return op(Token(x,1),evaluate(y),evaluate(z))
ENDIF }, where x,y,z are indexes in the 4XN array of tokens, and
Each program starts at a specific index of this array. The
m,n are indexes in the data memory (array of type byte).
interpreter using a priority mechanism may execute these
Assignment: The assignment token evaluates the programs concurrently, by executing a number of tokens
expression on its right, stores the result in memory, and of each, in every pace. This feature makes the interpreter
proceeds to next token execution. The memory pointer in able to serve as a base of a WSN OS.
column 4 in an assignment row, points the location to
GPGPU: The function evaluate(x) is the part of the
store the results. The arrays needed are as follows:
interpreter that calculates expressions. The other part is a
simple switch (x) statement where x is the token code.

228

RF CHANNEL
SIMULATOR

Figure 1a. The Multi-Agent System Architecture of the proposed WSN Simulator

MRF24J40
Tranceiver

Battery

PIC 16f887
Emulator

Memory
indx
m
<A>
n
0
o
<B>
p
1
q
<C>
r
5
s
<D>

Sensor array

Fig. 1b A Mote Example using the PIC processor

When the interpreter reaches a decision token, evaluates
the expression below and according to its truth selects
next token (x or y). With the decision token we may also
implement for, while, do until statements using the
pointers x,y accordingly.
Operator: Operator > compares variable A with value 0.
Assuming that operator > token code is 2, and variablevalue token code is 3 then the expression is stored:

Index
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

1
1
2
3
3
4
5
3
3
4
5
3
3
4
5
3
3

2
14
12
0
0
22
16
0
0
22
20
0
0

3
18
13
0
0

24
0
0

25
0
0

17
0
0
21
0
0

4
0
0
m
n
o
0
o
p
q
0
q
r
s
0
o
q

Fig 3. The representation of the program in the two arrays as
above described.

Data Types: The interpreter engine uses its own set of
basic data types: Char, string, int, real, bool, byte, binary
and their combinations (structs). Binary is used for binary
numbers bigger than 255. From the user’s point of view,
Indx 1
2
3
4
data memory and interfaces are transparent. From inside
Memory
10 1
x
y
the agent, interface is seen and used as a simple variable
11 2
12 13
or a struct. The interpreter’s engine is responsible for any
<A>
12 3
0
0
m
transformation needed, relieving user from the task. The
0
13 3
0
0
n
basic advantage of this interpreter implementation is that
Fig 2. 4XN Token Array and Memory Array
is simple and can be used also:
The algorithm that evaluates expressions is :
MCUs: The interpreter is uploaded in the MCU
Evaluate (x) { y=Token(x,2); z=Token(x,3)
IF z=0 and y=0 THEN return mem(Token(x,4));
EEPROM. Application and protocol coding now becomes
ELSEIF z=0 THEN return op(Token(x,1),evaluate(y)) data. Sink transmits code along with data altering WSN
ELSEIF y=0 THEN Return op(Token(x,1),evaluate(z))
mission at runtime.
ELSE
In the 4XN array we may store 1 or more programs.
Return op(Token(x,1),evaluate(y),evaluate(z))
ENDIF }, where x,y,z are indexes in the 4XN array of tokens, and
Each program starts at a specific index of this array. The
m,n are indexes in the data memory (array of type byte).
interpreter using a priority mechanism may execute these
Assignment: The assignment token evaluates the programs concurrently, by executing a number of tokens
expression on its right, stores the result in memory, and of each, in every pace. This feature makes the interpreter
proceeds to next token execution. The memory pointer in able to serve as a base of a WSN OS.
column 4 in an assignment row, points the location to
GPGPU: The function evaluate(x) is the part of the
store the results. The arrays needed are as follows:
interpreter that calculates expressions. The other part is a
simple switch (x) statement where x is the token code.
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Using a non recursive version of evaluate(x) we eliminate
external dependencies and calls. One would expect
difficulty in handling the sum of data involved due to
variety of data types. In our case all data and code are
contained in two arrays. Code and data can fit in a CUDA
thread. In other words, one agent in every thread. The
amount of data is constant (arrays). Both are copied to
GPU memory using:

support network-communication level simulation (Yi,
Sangho, et al., 2008). SensorMaker (Yi, Sangho, et al., 2008) is
written in C, provides network information in fine grain,
(packet collisions, packet path, cluster layout) along with
mote information mainly energy level. However, the
modelling–coding gap still remains for the designer to fill
in
.
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#define X 100; #define Y 4; #define Z 1000 ; Int Tkn [X] [Y];
Byte mem [Z]; cudaMemcpy(dTkn,Tkn,X*Y*sizeof(int),
cudaMemcpyHostToDevice);
cudaMemcpy(devicemem,
mem,z,cudaMemcpyHostToDevice);

#define X 100; #define Y 4; #define Z 1000 ; Int Tkn [X] [Y];
Byte mem [Z]; cudaMemcpy(dTkn,Tkn,X*Y*sizeof(int),
cudaMemcpyHostToDevice);
cudaMemcpy(devicemem,
mem,z,cudaMemcpyHostToDevice);
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The proposed multi-agent simulation system
architecture has been implemented in C#, and has been
based in the emulation of motes using either AVR or PIC
processors in a random selection of which mote holds the
AVR or the PIC processor. In the following screen shot
we present a sample simulation run of a WSN comprised
of 500 motes, while our runs ranged from 100 to 5000
motes. Each mote runs eternally a simple programme like
the above presented ones, emulating either the AVR or
the PIC processor executing a subset of basic AVR or PIC
commands (depending on the processor building up the
specific random mote). The programme and all AVR or
PIC specifications are loaded through parsing an
associated XML File. All motes, for simplicity reasons,
but without loss of generality run the same exactly AVR
or PIC programmes. Each mote is designed and runs as an
agent, independently of the others. However, the control
agent synchronizes all these 100 to 5000 agents very
efficiently. There are no delays for simulations of such a
scale, and the overhead of controlling all agents, with
regards to computing time consumption, is negligible
when the number of motes ranges from 100 to 5000.
These delays vary from 3*E^(-7) seconds for 100 motes
to 5*E^(-5) seconds for 5000 motes, running in a Desktop
PC with INTEL i3 processor, 4Gbytes RAM and
Windows 8.1 operating system.
The proposed architecture is somewhat similar with
the architecture of SENSE (Chen, Gilbert, et al., 2005). SENSE
is built on top of COST. A simulation is dealt as a
composition of components. Each component is
implemented in C++, and communicates with other
components via inports and outports. Inports and outports
are used to reduce interdependencies between components
and allow code reuse. The universal interface mechanism
in our architecture provides the ability of interchanging
any type of data and of any size and organization (structs).
An interface may serve as a private channel used by two
agents, or as a group channel, only by the use of two
indexes that specify the channel width and location on the
byte array. Avrora, AvroraZ, tossim and Atemu, are
AVR emulators, with AvroraZ (de Paz Alberola, et al., 2008)
giving the ability of emulating the cc2420 chip. All are
limited to AVR MCU’s implementations, and they do no
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CONCLUSIONS AND PROSPECTS

Based on literature reports, we conclude the set of
desired features an efficient WSN simulating tool should
deliver: (1) Easy to use (Yi, Sangho, et al., 2008) (2) code
reuse (Chen, Gilbert, et al., 2005) (3) Hardware emulation
(Levis, P., et al. 2003), (de Paz Alberola, et al., 2008) (4)
Visualization and interpretation of data (Yi, Sangho, et al.,
2008)
(5) Network toolbox (Yi, Sangho, et al., 2008) (6)
precise timing (Levis, P., et al. 2003), (de Paz Alberola, et al., 2008).
Our herein developed proposal for a generic multi
agent WSN simulator has been carefully considered as
able to fulfil the above characteristics. Using agents and
services the user may implement hardware emulation,
independently of the processors involved in mote
architecture and design, channel – medium (RF or sound)
modelling, environmental phenomena modelling, event
monitors and handlers, data visualisation interpretation
and storage. All components of the simulator are
connected directly, or via the multi type interface
structure. The simulation controller activates each agent
(a) according to a time interval (time dependant agents),
(b) at every pace (continually), (c) or according to an
event (a change in an interface, a memory location, a
variation of an environmental parameter etc). Agent or
service behaviour is implemented in code which is
executed by the interpreter or the simulator. The
interpreter’s back end is en array of tokens in which the
user’s code is translated. The interpreter’s front end is a
C# like language, but in the future others could be
supported to (Matlab, Delphi, Basic etc.). Controller may
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support network-communication level simulation (Yi,
Sangho, et al., 2008). SensorMaker (Yi, Sangho, et al., 2008) is
written in C, provides network information in fine grain,
(packet collisions, packet path, cluster layout) along with
mote information mainly energy level. However, the
modelling–coding gap still remains for the designer to fill
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control channel (RF or sound) simulation, Environmental
(temperature variations over an area) simulation and
device simulation/emulation (model/real code). This agent
based proposal is evaluated in preliminary experiments,
concerning mainly the overhead delays imposed in the
simulations, when the number of WSN motes ranges from
100-5000, and when the motes involve randomly either
AVR or PIC processors running the same interpreted
programs. The prospects of this proposal consider further
implementations and evaluations in real life projects
handling complex events and not simple similar codes as
in the current stage.
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ABSTRACT
In this paper, modeling and simulation of nonlinear,
Half-car Active Vehicle Suspension System (HAVSS)
reinforced with PID controller is presented. The model
has 4 degrees of freedom; comprising of heave
movements of the front and rear axle, pitch and heave
motions of the unsprung mass of the vehicle. The
vehicle is excited by a triangular bump on an otherwise
smooth road. The objective of the presented model is to
isolate the vehicle body from these road disturbances in
order to maximize passenger ride comfort and retain
continuous road-wheel contact. PID controller is used to
supress the vibrations generated from the road
unevenness. Newton’s approach is used in system
modeling due its simplicity over D’Alembert’s and
Lagrange’s approach. The simulation, carried out in
MATLAB environment, vividly shows the superior
performance; in both effectiveness and robustness of the
HAVSS over its passive control counterpart.
INTRODUCTION
Vehicle suspension system is majorly aimed at isolating
vehicle body from road disturbances in order to
maximize passenger ride comfort and retaining
continuous road-wheel contact so as to provide
excellent road holding (Changizil and Rouhani 2011). It
is therefore a trade-off between conflicting criteria of
vehicle ride comfort, quality of vehicle handling and
road holding within the limits of suspension travel. It is
categorically classified as passive, semi-active and
active suspension system (Ghazaly and Moazz 2014).
The dynamic behavior of passive (classical) vehicle
suspension systems (PVSS) is determined by the
selection of the spring stiffness and the damper
coefficients. However, fixed values of these components
make PVSS to lack enough energy absorption capability
(EAC) to sustain the load or road disturbance acted into
the vehicle system, hence lack stability if compared
with other suspension systems (Dahunsi 2011).
The semi-active suspension uses a variable damper or
other variable dissipation component in the system.
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Typical example of this system is variable dissipater
having double tube viscous damper in which the
damping coefficientcan be varied by changing the
diameter of the orifice in a piston.
The active vehicle suspension system, which was first
introduced in early 1950's (Ahmed and Svaricek 2013),
employed electronic control systems that monitor the
operation of the suspension elements. In doing so, it
reduce car body accelerations by allowing the
suspension to absorb wheel accelerations using an
actuator (Pedro and Ekoru 2013).
Many control approaches exist, such as Linear
Quadratic Regulator (LQR), Linear Quadratic Gaussian
(LQG), Adaptive Sliding Control (ASC), Fuzzy Logic
(FL) and Neural Network (NN) methods. However, the
most widely used electronic control not only in AVSS,
but other industrial motion control is PID controller
(Aly 2012). This is sequel to its simplicity, gains tuning
ability and it does not require any complicated learning
mechanism as in the case of FL and NN (Dukkaphati
2006). This motivated the selection PID in this paper.
(Yildirim 2009) and (Gurel et al. 2010) proposed
approaches using NN and Genetic Algorithm
respecively, in which the former used over 80 million
training samples. In either case, complicated training
algorithms are used which may take longer time to
converge or even fail to. A very simplified model for
quarter car suspension is presented by (Hassan 2014),
however it lacks enough EAC since it is PVSS.
This paper proposes a half-car active vehicle suspension
system (HAVSS) with a feedback reinforced with PID
controller. Careful parametric analysis is carried out
prior to the selection of the damper and spring constants
in the model. As the paper is structured, Section II
presents the mathematical modeling of the HAVSS,
Section III gives the PID controller design followed by
the simulation results and discussion in section IV. The
paper is concluded in section V.
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The HAVSS consists of unsprang masses modelling the
front and rear axle. The entire mass of the
vehicleincluding the chassis, is modeled as unsprang
mass resting on the axlesas in Figure 1.
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Typical example of this system is variable dissipater
having double tube viscous damper in which the
damping coefficientcan be varied by changing the
diameter of the orifice in a piston.
The active vehicle suspension system, which was first
introduced in early 1950's (Ahmed and Svaricek 2013),
employed electronic control systems that monitor the
operation of the suspension elements. In doing so, it
reduce car body accelerations by allowing the
suspension to absorb wheel accelerations using an
actuator (Pedro and Ekoru 2013).
Many control approaches exist, such as Linear
Quadratic Regulator (LQR), Linear Quadratic Gaussian
(LQG), Adaptive Sliding Control (ASC), Fuzzy Logic
(FL) and Neural Network (NN) methods. However, the
most widely used electronic control not only in AVSS,
but other industrial motion control is PID controller
(Aly 2012). This is sequel to its simplicity, gains tuning
ability and it does not require any complicated learning
mechanism as in the case of FL and NN (Dukkaphati
2006). This motivated the selection PID in this paper.
(Yildirim 2009) and (Gurel et al. 2010) proposed
approaches using NN and Genetic Algorithm
respecively, in which the former used over 80 million
training samples. In either case, complicated training
algorithms are used which may take longer time to
converge or even fail to. A very simplified model for
quarter car suspension is presented by (Hassan 2014),
however it lacks enough EAC since it is PVSS.
This paper proposes a half-car active vehicle suspension
system (HAVSS) with a feedback reinforced with PID
controller. Careful parametric analysis is carried out
prior to the selection of the damper and spring constants
in the model. As the paper is structured, Section II
presents the mathematical modeling of the HAVSS,
Section III gives the PID controller design followed by
the simulation results and discussion in section IV. The
paper is concluded in section V.
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ABSTRACT
In this paper, modeling and simulation of nonlinear,
Half-car Active Vehicle Suspension System (HAVSS)
reinforced with PID controller is presented. The model
has 4 degrees of freedom; comprising of heave
movements of the front and rear axle, pitch and heave
motions of the unsprung mass of the vehicle. The
vehicle is excited by a triangular bump on an otherwise
smooth road. The objective of the presented model is to
isolate the vehicle body from these road disturbances in
order to maximize passenger ride comfort and retain
continuous road-wheel contact. PID controller is used to
supress the vibrations generated from the road
unevenness. Newton’s approach is used in system
modeling due its simplicity over D’Alembert’s and
Lagrange’s approach. The simulation, carried out in
MATLAB environment, vividly shows the superior
performance; in both effectiveness and robustness of the
HAVSS over its passive control counterpart.
INTRODUCTION
Vehicle suspension system is majorly aimed at isolating
vehicle body from road disturbances in order to
maximize passenger ride comfort and retaining
continuous road-wheel contact so as to provide
excellent road holding (Changizil and Rouhani 2011). It
is therefore a trade-off between conflicting criteria of
vehicle ride comfort, quality of vehicle handling and
road holding within the limits of suspension travel. It is
categorically classified as passive, semi-active and
active suspension system (Ghazaly and Moazz 2014).
The dynamic behavior of passive (classical) vehicle
suspension systems (PVSS) is determined by the
selection of the spring stiffness and the damper
coefficients. However, fixed values of these components
make PVSS to lack enough energy absorption capability
(EAC) to sustain the load or road disturbance acted into
the vehicle system, hence lack stability if compared
with other suspension systems (Dahunsi 2011).
The semi-active suspension uses a variable damper or
other variable dissipation component in the system.
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SUSPENSION SYSTEM MATHEMATICAL
MODELLING
The HAVSS consists of unsprang masses modelling the
front and rear axle. The entire mass of the
vehicleincluding the chassis, is modeled as unsprang
mass resting on the axlesas in Figure 1.
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In order to verify the proposed algorithm, a numerical
simulation for the performance of the HAVSS is
carried out as a passive and an active suspension system
for comparison. The model parameters used are
described in Table 1 below.

Parameter

Symbo
l
Constants
Sprung mass of the vehicle Chassis
M3
Moment of inertia of the vehicle
J
Unsprung mass of the front axle
M1
Unsprung mass of the rear axle
M2
Stiffness of the front tire material
k1
Stiffness of the rear tire material
k2
Spring constant of the front axle
k3
Spring constant of the rear axle
k4
Damping coefficient of the front axle
b1
Damping coefficient of the rear axle
b2
Front body length from the CG
a
Rear body length from the CG
b
State Variables
Vehicle vertical displacement
x3
Vehicle rotational movement
Front axle vertical displacement
x1
Rear axle vertical displacement
x2
Inputs (road excitation)
Road excitation at the front axle
u(t)
Road excitation at the rear axle
u(t+td )

Equating the external and effective forces and moments,
the equations of motion for the front axle, rear axle,
chassis translation and rotation are given by;
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m

Depending on the input, the vehicle can undergo pitch,
heave or both movements concurrently (Woods 1997).
Figure 2 shows the free body diagram of the model from
which Newton’s second law of motion is used to
develop the modelling equations using the static
equilibrium position as the origin for both the
displacement of the Center of Gravity (CG) and angular
the displacement of the vehicle body.
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(a) External Forces Acting on the System

Front axle vertical displacement
x1
Rear axle vertical displacement
x2
Inputs (road excitation)
Road excitation at the front axle
u(t)
Road excitation at the rear axle
u(t+td )

(b) Effective Forces/Moment.

(5)

Where y(t) is the state vector describing the front and
rear axle vertical displacements and velocities,
translational and rotational displacements of the
unsprung
mass
of
the
vehicle.
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In state-space format, the modeling equations; (1),
(2), (3) and (4), are represented as;
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1. Wind gusts, gale and vehicle aerodynamics.
2. Poor damped engine vibrations.
3. Vehicle maneuvering (corner or accelerating).
4. Road surface conditions.

1. Wind gusts, gale and vehicle aerodynamics.
2. Poor damped engine vibrations.
3. Vehicle maneuvering (corner or accelerating).
4. Road surface conditions.

,
( )=
0

≤ ≤
.
Otherwise

The reference inputs are zeros (smooth road surface),
which together with the disturbance form the input to
the plant. The amplifier is placed to boost the effect of
the PID. It is imperative to note that (Craig 1986);
1. Proportional control action is generated based on the
present error.
2. Integral control action is generated based on the past
error.
3. Derivative control action is generated based on the
anticipated future error.
4. PID deals with the present, past and anticapated error.

(7)

PID CONTROLLER DESIGN

Table 2: PID Tuning Parameters

The model represented in its state-space format is
serially coupled with a PID controller. Two of the
outputs (displacements of the axles) are fed back to the
input to form double close-loops as shown in Figure 4.
The two PID controllers’ output, eo in relation to their
respective inputs and control gains is expressed as
(Talib, Darus and Hussain 2013);
( )=
Front axle:
Rear axle:

( )+

∫ ( )

+

( )= ( )− ( )
( )= ( + )−

̇( )
( )

Parameter
---Proportional
Integral
Derivative

Symbol
---Kp
Ki
Kd

PIDGains values
Front Axle Rear Axle
725
650
392
347
195
162

The compensator measures the ‘error’ between the
reference inputs and the measured output, as expressed
in (9) and (10), at the front and rear axles; eif(t) and eir(t)
respectively. It then produce signals to the AHSS that
minimize the error or even drive it to zero.

(8)
(9)
(10)
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1. Proportional control action is generated based on the
present error.
2. Integral control action is generated based on the past
error.
3. Derivative control action is generated based on the
anticipated future error.
4. PID deals with the present, past and anticapated error.
The excellent performance of PID controller depends on
the optimal values and proper combination of the
controller gains; Kp, Ki and Kd in (8). Iterative learning
algorithm is an interesting approach of tuning PID
parameters, however, it is complex. Ziegler-Nichols
tuning criterion (Talib, Darus and Hussain 2013) is used
in obtaining the values of the gains used in the model.
Ki and Kd are initially set to zero and Kp is increased
from zero to 725 and 650 for front and rear repectively,
the values at which the outputs oscillates at constant
amplitude. Other gains are later updated as shown in
Table 2 below.
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Figure 3: Typical Road Profile
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The last of the aforementioned factors appeared to be
more distorting to vehicle stability than the rest. Hence
the vehicle is excited by a triangular bump (triangular
impulse) on an otherwise smooth road. This is
illustrated in Figure 3 and expressed in (7), where A is
the bump amplitude, td is the time delay between the
front and rear wheel while hitting the bump. It depends
on the speed of the vehicle.
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SIMULATION RESULTS AND DISCUSSION
The simulation is carried out in state-of-the-art
MATLAB environment within a total simulation time of
10.00 s. The car is assumed to be moving with a linear
velocity of 20km/hr (v=5.56m/s) at the time it went over
the triangular bump of 0.25m amplitude. Considering a
and b, the time delay, td can computed as 0.50s using
(11);
(

=

)

(11)

The system response is analyzed considering both active
(with the PID) and the passive system simultaneously in
order to ascertain the performance of the HAVSS over
PVSS. Settling time and maximum overshootare used as
the parameters in establishing the effectiveness and
robustness of the models. From Figure 5, which depicts
the response of the front axle vertical displacement, it
can be deduced that the maximum suspension travels
occurred at the maximum heights of the road
disturbance input for both models.

Similarly, HAVSS has decreased the maximum
suspension travel by almost 0.17m compared to its
PVSS counterpart. This is in addition to speeding up the
system stability as it reached its steady state much
earlier than that of PVSS as summarized in Table 3.
Figures 4 and 5 describe the vehicle’s road holding
capability. Failure for the wheels to settle faster leads to
skidding and ineffective braking. This is more
applicable in sport cars that usually have stiff and harsh
suspensions just to improve road holding, however with
poor passenger comfort.

SIMULATION RESULTS AND DISCUSSION

The translational displacement of the unsprung mass of
the vehicle, shown in Figure 6, shows the effectiveness
of HAVSS against PVSS in settling the system
response. This effect is more applicable to luxury cars
thatare more concern with passengers' comfort.
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order to ascertain the performance of the HAVSS over
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The translational displacement of the unsprung mass of
the vehicle, shown in Figure 6, shows the effectiveness
of HAVSS against PVSS in settling the system
response. This effect is more applicable to luxury cars
thatare more concern with passengers' comfort.
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Figure 7:Vehicle Body Vertical Displacement.
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It is worth-noting that the HAVSS not only lessens the
maximum suspension travel (maximum overshoot) from
0.2661m of PVSS to 0.1039m, but hasten the settling
time by almost 4.96 s. The maximum overshoot
occurred at 1.5 s, some 0.50 s earlier than that of the
rear suspension travel shown in Figure 6 below. This is
due to the time delay between the front and rear wheel
when hitting the bump.
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The response of the rotational displacement of the
unsprung mass of the vehicle, for both HAVSS and
PVSS are shown in Figure 7. However, unlike the
previous responses, it has an undershoot instead of
overshoot, hence represented with negative sign in
Table 3. The PID controller tends to restore the system
to its steady state faster and wih less undershoot.
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Table 3. The PID controller tends to restore the system
to its steady state faster and wih less undershoot.
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Table 3 summarizes the superior performance of the
HAVSS over PVSS in restoring the system to original
steady state faster.
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Figure 6: Rear Axle Vertical Displacement.
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HAVSS over PVSS in restoring the system to original
steady state faster.
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Table3: Summary of System Responses
Displacement

Max. Overshoot
(m)
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Modeling and simulation of classical half-car
suspension system is carried out in this paper. Newton’s
second law of motion is used to develop the modelling
equations. PID controller has been successfully
implemented to make the suspension system active.
Ziegler-Nichols tuning criterionused in obtaining the
PID controller gains used in the model. Road surface
conditionis considered while modeling the input to the
system, in which the vehicle is excited by a triangular
bump on an otherwise smooth road. The performance
characteristics and the robustness of both passive and
active suspension system are evaluated by considering
the maximum overshoot and settling time of the
responses. From the simulation result, it has been
established that the proposed active suspension system
proved to be more effective in controlling the vehicle
oscillation and more robust in resoring the system to its
steady state as compared to the passive suspension
system.
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design and implementation of the optimal control
system.
The existence of pure time lag, regardless if it is
present in the control or/and the state, may cause
undesirable system transient response, or even
instability.
Consequently,
the
problem
of
controllability, observability, robustness, optimization,
adaptive control, pole assignment and particularly
stability and robust stabilization for this class of
systems, has been one of the main interests for many
scientists and researchers during the last five decades.
When a high performance of the control process is
desired or the relative time-delay is very large, a
predictive control strategy is one possible approaches
for a control of time-delay processes. The predictive
control strategy includes a model of the process in the
structure of the controller. The first time-delay
compensation algorithm was proposed by (Smith
1957). This control algorithm known as the Smith
Predictor contained a dynamic model of the time-delay
process and it can be considered as the first model
predictive algorithm. First versions of Smith Predictors
were designed in the continuous-time modifications,
see e.g. (Normey-Rico and Camacho 2007).
Since 1980s digital time-delay compensators can be
implemented. The digital time-delay compensators are
presented e.g. in (Vogel and Edgar 1980, Palmor and
Halevi 1990, Normey-Rico and Camacho 1998). Some
Self-tuning Controller (STC) modifications of the
digital Smith Predictors (STCSP) are designed in
(Hang et al. 1989; Hang et al. 1993; Bobál et al. 2011).
Two versions of the STCSP were implemented into
MATLAB/SIMULINK Toolbox (Bobál et al. 2012a;
Bobál et al. 2012b).
One of possible approaches to control processes with
time-delay is digital Smith Predictor based on
polynomial theory. Polynomial methods are design
techniques
for
complex
systems
(including
multivariable), signals and processes encountered in
Control, Communications and Computing that are
based on manipulations and equations with
polynomials, polynomial matrices and similar objects.
Systems are described by input-output relations in
fractional form and processed using algebraic
methodology and tools. The design procedure is thus
reduced to algebraic polynomial equations (Šebek and

KEYWORDS
Time-delay Systems, Smith Predictor, LQ Control,
Spectral Factorization, Simulation, Heat exchanger
ABSTRACT
Heat exchangers are devices whose primary
responsibility is the transfer (exchange) of heat,
typically from one fluid to another. However, they are
not only used in heating applications, such as space
heaters, but are also used in cooling applications, such
as refrigerators and air conditioners. Heat exchange
processes often contain time-delay. This paper deals
with design of universal and robust digital control
algorithms for control of great deal of processes with
time-delay. These algorithms are realized by the digital
Smith Predictor (SP) based on polynomial approach –
by minimization of the Linear Quadratic (LQ)
criterion. For a minimization of the LQ criterion is
used spectral factorization with application of the
MATLAB polynomial Toolbox. The designed
polynomial digital Smith Predictors were verified in
simulation conditions. Simulation model for a
verification of the designed control algorithms was
realized using experimental measured data on the
laboratory heat exchanger. The program system
MATLAB/SIMULINK was used for simulation of the
designed algorithms.
INTRODUCTION
Heat exchangers are used for the purpose or
transferring heat from a hot fluid to a cold fluid. They
are requisite in a range of industrial technologies,
particularly in the energetic, metallurgical, chemical
and processing of polymer and rubber materials. It is
possible to divide heat exchangers into three basic
groups:
direct contact exchangers, recuperators,
regenerators. Recuperating (through-flow) heater
exchangers are definitely used in industrial practice.
Their principle consists in following: the hot and cold
fluids are separated by a wall and heat is transferred by
conduction through the wall. This class includes
double pipe (hairpin), shell and tube, and compact
(plate and frame, etc.) exchangers. Heat exchangers are
typical systems with time-delay (dead-time) and
therefore their good function is dependent on the
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realized using experimental measured data on the
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MATLAB/SIMULINK was used for simulation of the
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and processing of polymer and rubber materials. It is
possible to divide heat exchangers into three basic
groups:
direct contact exchangers, recuperators,
regenerators. Recuperating (through-flow) heater
exchangers are definitely used in industrial practice.
Their principle consists in following: the hot and cold
fluids are separated by a wall and heat is transferred by
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Hromčík 2007). Controller design consists in solving
polynomial (Diophantine) equations. The Diophantine
equations can be solved using the uncertain coefficient
method – which is based on comparing coefficients of
the same power. This is transformed into a system of
linear algebraic equations (Kučera 1993). The
polynomial digital LQ Smith Predictor for control of
unstable and integrating time-delay processes has been
designed in (Bobál et al. 2014).
A design of two versions of digital Smith Predictors
were realized using minimization of LQ criterion
which was solved by spectral factorization. A new
universal Smith Predictor was successfully verified by
control of a laboratory heat exchanger in simulation
conditions.
The paper is organized in the following way. The
general problem of control of time-delay systems is
described in Section 1. The experimental laboratory
heat equipment containing the heat exchanger is
described in Section 2. The general principle of the
digital Smith Predictor is described in Section 3. The
experimental identification of the laboratory heat
exchanger is introduced in Section 4. Two versions of
primary LQ controllers of the Smith Predictor are
proposed in Section 5. Results of simulation
experiments are summed in Section 6. Section 7.
concludes the paper.

5) represents a heat-consuming appliance. The speed of
the first fan can be continuously adjusted, whereas the
second one is of on/off type. Input and output
temperatures of the cooler are measured again by
platinum thermometers as T2, respective T3. The
platinum thermometer T4 is dedicated for measurement
of the outdoor-air temperature. The laboratory heat
equipment is connected to a standard PC via a
technological multifunction I/O card MF 624. This
card is designed for the need of connecting PC
compatible computers to real world signals. The card is
designed for standard data acquisition, control
applications and optimized for use with Real Time
Toolbox for SIMULINK. The MATLAB/SIMULINK
environment was used for all monitoring and control
functions.
Some journal or conference papers deal with control of
heat exchangers. The comparison of PID controller and
Smith Predictor for control of a heat exchanger is
described in (Poorani et al.). Much attention is
currently paid to Model Predictive Control (MPC) of
heat exchangers. The robust MPC of the heat
exchanger network is designed and verified by
simulation in (Bakošová and Oravec 2013). The
subject of paper (Krishna et al.) is a design of the MPC
for control of the shell and tube heat exchanger. The
designed MPC algorithm and its comparison with PID
were realized in simulation conditions. The cascade
Generalized Predictive Control (GPC) for heat
exchanger process is proposed in (Kokate et al.). The
simulation comparison of the cascaded GPC and basic
GPC control algorithm realized on a model of the heat
exchanger is the main contribution of this paper. The
adaptive GPC of a heat exchanger pilot plant is
designed in (Bobál et al. 2013a; Bobál et al. 2013b;
Zidane et al. 2012).
Disadvantages of MPC methods are quite complicated
optimization calculations and in case of adaptive MPC
recursive algorithms for the estimation of process
model parameters. These computational disadvantages
the newly designed digital Smith Predictors remove.

LABORATORY HEAT EQUIPMENT

Figure 1: Scheme of Laboratory Heat Equipment
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Figure 2: Block diagram of a digital Smith Predictor
The general block diagram of a digital Smith Predictor
(see Hang et al. 1989; Hang et al. 1993) is shown in
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A scheme of the laboratory heat equipment (Pekař et
al.) is depicted in Fig. 1. The heat transferring fluid (e.
g. water) is transported using a continuously
controllable DC pump (6) into a flow heater (1) with
max. power of 750 W. The temperature of a fluid at the
heater output T1 is measured by a platinum
thermometer. Warmed liquid then goes through a 15
meters long insulated coiled pipeline (2) which causes
the significant delay (20 – 200 s) in the system. The
air-water heat exchanger (3) with two cooling fans (4,
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concludes the paper.
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The controlled process is given by the transfer function
in the form

Fig. 2. The function of the digital version is similar to
the classical analog version. The block GL z −1 is the

( )

transfer function of the process with time delay. The
block Gm z −1 represents process dynamics without

G p ( z −1 ) =

( )

the time-delay and is used to compute an open-loop
prediction. The difference between the output of the
process y and the model including time delay ŷ is the
predicted error êp as shown in Fig. 1, whereas e and d
are the error and the measured disturbance, w is the
reference signal. If there are no modelling errors or
disturbances, the error between the current process
output y and the model output ŷ will be null. Then the
predictor output signal ŷp will be the time-delay-free
output of the process. Under these conditions, the
controller Gc z −1 can be tuned, at least in the
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compensate for load disturbances and modelling errors.
By the reduced order model with a pure time-delay can
be approximated a number of higher order models of
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For a step-changing reference signal value, polynomial
Dw (z-1) = 1 - z-1 and S is an auxiliary polynomial which
does not enter into the controller design. Then it is
possible to derive the polynomial R from equation (6)
by substituting z = 1

u (k ) =

K ( z −1 ) P ( z −1 )

w(k ) −

Q ( z −1 )

K ( z −1 ) P ( z −1 )

y ( k ) (8)

Two primary polynomial LQ controllers are derived in
this paper using minimization of LQ criterion (Šebek
and Kučera 1982). For a minimization procedure is
used spectral factorization by means of the MATLAB
Polynomial Toolbox 3.0 (Šebek 2014).

y
Gp

transfer function of the process with time delay. The
block Gm z −1 represents process dynamics without

G p ( z −1 ) =

( )

the time-delay and is used to compute an open-loop
prediction. The difference between the output of the
process y and the model including time delay ŷ is the
predicted error êp as shown in Fig. 1, whereas e and d
are the error and the measured disturbance, w is the
reference signal. If there are no modelling errors or
disturbances, the error between the current process
output y and the model output ŷ will be null. Then the
predictor output signal ŷp will be the time-delay-free
output of the process. Under these conditions, the
controller Gc z −1 can be tuned, at least in the

( )

Gr z −1 =

Gq z

−1

−d

−1

=

(1)

( )

S ( z −1 ) Dw z −1 + B( z −1 ) R( z −1 ) = D ( z −1 )

-

1/K

u

R = r0 =

In the first case the linear quadratic control methods try
to minimize the quadratic criterion by penalization the
value of the controller output
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Asymptotic tracking of the reference signal w is
provided by the feedforward part of the controller
which is given by solution of the following polynomial
Diophantine equation

Polynomial control theory uses the apparatus and
methods of linear algebra. The design of the control
algorithm is based on a general block scheme of a
closed-loop with two degrees of freedom (2DOF)
according to Fig. 3.
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The term z-d represents the pure discrete time-delay.
The time-delay is equal to dT0 where T0 is the
sampling period.
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Fig. 2) for the second order model are introduced in
(Bobál et al. 2011; Bobál et al. 2014).
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In the first case the linear quadratic control methods try
to minimize the quadratic criterion by penalization the
value of the controller output
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where qu is the so-called penalization constant, which
gives the rate of the controller output on the value of
the criterion (where the constant at the first element of
the criterion is considered equal to one). In this paper,
criterion minimization (9) will be realized through the
spectral factorization for an input-output description of
the system
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Because (20) is the third degree polynomial whose
parameters and poles α, β and γ it is impossible to
compute by an analytical way, MATLAB Polynomial
Toolbox 3 was used for their computation using
command (12).
The characteristic polynomial is the sixth degree
polynomial in this case
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Spectral factorization (18) gives three optimal
parameters of polynomial (20) and then it is possible to
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positive power of variable z
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polynomial D4(z-1) (13) and other two poles γ, δ are
user-defined real poles. A suitable pole assignment
was designed for both types of the processes in (Bobál
et al. 2014).
Then the digital 2DOF controller (8) can be expressed
in the form
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only two parameters d21 and d22 of the second degree
polynomial D2(z-1) (11) can be computed. This
approach is applicable only for control of processes
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D6 ( z ) = z 6 + d1 z 5 + d 2 z 4 + d 3 z 3 + d 4 z 2 + d5 z + d 6 (24)

Control using primary controller (16)
1. Experiment, qu = 0.01
The poles:

α = 0.2089; β = −0.1720; γ = 0.01; δ = 0.1

The characteristic polynomial:
D4 ( z ) = z 4 − 0.1478 z 3 − 0.0309 z 2 + 0.0039 z − 3.6100e − 05

d1 = as1 − λ − μ −ν

d 2 = as 2 + ν ( λ + μ ) − as1 ( λ + μ + ν ) + λμ
d 4 = as 2 μ ( λ + μ ) − as1λμν + as 2 λμ − as 3 ( λ + μ + ν )

α = 0.7647; β = −0.1725; γ = 0.01; δ = 0.1

(25)

The characteristic polynomial:

d5 = as 3λμ − as 2 λμν + as 3ν ( λ + μ )

D4 ( z ) = z 4 − 0.7012 z 3 − 0.0667 z 2 + 0.0140 z − 1.3270e − 04

d 6 = −as 3 λμν

3. Experiment, qu = 3
The poles:

α = 0.8597; β = −0.7219; γ = 0.01; δ = 0.1

Then the 2DOF controller design consists of
determination of parameters (26) of polynomial (25)
using command (12) from the Polynomial Toolbox and
solution of the Diophantine Equation for computation
of feedback controller parameters

The characteristic polynomial:

D4 ( z ) = z − 0.2478 z − 0.6044 z + 0.0681z − 6.2060e − 04
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Figure 6: Courses of controller outputs – controller
(16)
The courses of the process outputs and controller
outputs for individual penalization factors qu are shown
in Figs. 5 and 6. From these Figs. follows that for low
value of qu the control courses oscillate. By increasing
of qu the courses of the control variables are without
overshoots.
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α = 0.8597; β = −0.7219; γ = 0.01; δ = 0.1

Then the 2DOF controller design consists of
determination of parameters (26) of polynomial (25)
using command (12) from the Polynomial Toolbox and
solution of the Diophantine Equation for computation
of feedback controller parameters
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60

The process which is described by transfer function
(30) was used in the Simulink control scheme for the
verification of the dynamical behaviour for different
penalization factors.
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The poles:

u ( k ) = r0 w ( k ) − q0 y ( k ) − q1 y ( k − 1) − q2 y ( k − 2 )
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with a sampling period T0 = 50 s was used for a
simulation verification of the designed control
algorithms in MATLAB/SIMULINK environment.
The simulation experiments have been realized using
minimization of both criterions (9) and (17). For
individual control experiments have been chosen
following control conditions.
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of qu the courses of the control variables are without
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penalization factors.

Control using primary controller (29)
1. Experiment, qu = 0.01
The poles:
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The characteristic polynomial:
D6 ( z ) = z 6 − 1.2323z 5 + 0.6149 z 4 − 0.1356 z 3

CONCLUSION

The contribution presents the use of the MATLAB
Polynomial Toolbox 3.0 for design of the polynomial
digital Smith Predictor for control of the laboratory
heat exchanger. The primary controllers of the digital
Smith Predictor are based on minimization of the LQ
criterion using spectral factorization. Two types of
minimization of LQ criterions have been designed. In
criterion (9) it is minimized a square of the controller
output u(k) – controller (16). In criterion (17) it is
minimized a square of the increment value of the
controller output Δ u(k) – controller (29). For the
design of controller (16) two poles of the characteristic
polynomial were determined using MATLAB
Polynomial Toolbox and other two poles are userdefined. For the design of controller (29) three poles of
the characteristic polynomial were determined using
MATLAB Polynomial Toolbox and other three poles
are user-defined. Simulation experiments demonstrated
the influence of penalization factor qu on the course of
control variables. From comparison of both methods it
is evident that minimization criterion (17) leads to
more slow courses of control variables with their
smaller oscillations for lower values qu. The controller
(29) is more conservative and robust than controller
(16). From comparison of control using polynomial LQ
Smith Predictor with MPC approach follows that
algorithms of the first approach are relatively simple
and are more suitable for application in industrial
practice.
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Figure 8: Courses of controller outputs – controller
(29)
The courses of the process outputs and controller
outputs for individual penalization factors qu are shown
in Figs. 7 and 8. From these Figs. it is evident that the
dynamical behaviour of the control variables is similar
as in case of controller (16). However, the transient
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α = −0.1739; β, γ = 0.2531 ± 0.2824i;
λ = 0.2; μ = 0.3; ν = 0.4

responses are slower and controller (29) is more
conservative and robust than controller (16).
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Figure 8: Courses of controller outputs – controller
(29)
The courses of the process outputs and controller
outputs for individual penalization factors qu are shown
in Figs. 7 and 8. From these Figs. it is evident that the
dynamical behaviour of the control variables is similar
as in case of controller (16). However, the transient
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delays inside which the system remains stable (Olgac et
al. 2007; Shao et al. 2013).
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Both the problems are usually studied via heavy
mathematical tools, such as Ljaponov-Krasovskii
matrices. A powerful idea is the searching of crossing
delays (or verifying their existence) that make the
system switching to stability/instability due to root
continuity property via, for instance, the so-called
Rekasius transformation (Rekasius 1980) which
represents one of practically applicable means for DDS.

ABSTRACT
This paper is aimed at the presentation and simulation
verification of a novel simple and fast delay dependent
stability (DDS) testing algorithm for linear timeinvariant time delay systems (LTI TDS). The algorithm
can be used for systems with multiple delays and/or
those with many controller parameters. Value ranges of
delays and tunable parameters decide about the
(exponential) stability of LTI TDS and the goal is to
determine such ranges that might not be convex. Our
numerical gridding iterative DDS algorithm is based on
the finite dimensional approximation of the
characteristic quasipolynomial by means of the Taylor
series expansion or a Padé-like approach followed by
the Regula-Falsi result enhancement. Stability regions
are sought through the determination of crossing delays
(or parameters) which cause the system stability
switching. Numerical simulation experiments performed
in MATLAB® environment prove a sufficient accuracy
and the practical usability of the proposed DDS
algorithm.

The goal of this paper is to investigate and present a
simple and computationally fast (by using an advanced
polynomial-root finding computer program function)
algorithm determining the crossing delays by using the
iterative polynomial approximation of the characteristic
quasipolynomial. The well-know Taylor series
expansion constitutes the main tool for this task;
furthermore, the Regula-Falsi principle, utilized
consequently, makes the estimation more accurate. The
methodology can also be applied for the determination
of controller parameters which keeps the feedback
system stable with fixed (nominal) delays.
A rather detailed simulation example performed in
MATLAB® and Simulink® environment provides the
reader with the demonstration and verification of the
algorithm and it proves a very good accuracy.

INTRODUCTION
Delays in system dynamics constitute one of decisive
factors on system stability. They can appear as a natural
consequence of plant internal retarded feedbacks (Pekař
et al. 2009; Zítek 1983), or more frequently, due to
delayed control feedback systems. During recent
decades, many approaches and methods on the decision
about stability of linear time-invariant time delay
systems (LTI TDS) with fixed parameters and delays
and have been published, see e.g. (Gu et al. 2003;
Michiels and Niculescu 2007; Richard 2003). However,
delays and/or controller parameters may vary or can be
undetermined, therefore there it emerges the task of the
decision about the possible parameters or delays ranges
which keeps a LTI TDS stable. We decide between
delay-independent stability (DIS) (Delice and Sipahi
2010; Ergenc 2010) which is satisfied if the system is
stable for any delay values vector, and delay-dependent
stability (DDS) investigating admissible ranges of

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

LTI TDS AND ITS STABILITY
The aim of this section is to briefly introduce a LTI
TDS model, its exponential stability and some spectral
properties.
LTI TDS Model
Let the system be governed by transfer function
G (s ) = b(s, τ ) / a(s, τ ) , where a(s, τ ) , b(s, τ ) are
(retarded) quasipolynomials in s ∈  of the form

(

)

q(s, τ ) = s n + ∑in=−01∑hj=1 qij s i exp − s ∑kL=1 λij ,kτ k (1)
i

where qij ∈ , λij,k ∈ 0 and τ = [τ 1 ,..τ L ] stands for
independent delays.
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determine sets Ω , {τ l } . Polynomial roots then can be
easily and quickly computed by means of a standard
software tool, e.g. in MATLAB®, for fixed delay
values. The gridding procedure ensures a sufficiently
fast yet accurate crossing delays approximation even if
the number of polynomial zeros seeking calculations is
high.

Spectral Properties and Stability
The spectrum of a such system is infinite, and if there
are no common zeros of the numerator and
denominator, roots σ : a(σ , τ ) = 0 agree with system
poles (characteristic values).
Definition 1. The spectral abscissa is

Preliminaries

α (τ ) := τ a max Re(σ : m(σ , τ ) = 0)

For a given characteristic quasipolynomial a(s, τ ) with
fixed τ let us introduce the approximate polynomial

Property 1. Isolated poles behave continuously and
smoothly with respect to τ on ; however, the function
α (τ ) may be nonsmooth or even non-Lipschitz at a
finite number of points (Vanbiervliet et al. 2008).

ˆ
aˆ (s, τ ) = ∑in=0 aˆi (τ )s i

of the appropriate order, for which it holds that

Definition 2. The system (1) is exponentially stable if
α (τ ) < 0 with a fixed τ .

∂ k a(s, τ )
∂ k aˆ (s, τ )
=
, k = 0,1,.., μ
∂s k s =s
∂s k s = s

In the light of Property 1 and Definition 2, the stability
can switch if the rightmost pole crosses the imaginary
axis
at
crossing
frequencies
Ω := {ω ∈  0+ : a( jω , τ ) = 0} for some corresponding
crossing delays τ .

0

and bounded sets τ i ∈  0L+ \ ∞ , i = 1,2,...

obtain a descending sequence

Lemma 1. A quasipolynomial q(s, τ ) has roots s = jω
if and only if the polynomial
i

0

The second leading idea stems from the successive
computation of aˆ (s, τ ) in its current leading zero s0 to

Hence, if the system is DIS, then α (0) < 0 .

i

(4)

s0 ∈ , where μ = nˆ + 1 holds for the Taylor series
expansion, and μ = n̂ with aˆ nˆ = 1 is called the Padélike approach for objectives of this paper. Note that the
set (4) can also be expressed in a linear matrix form to
find the solution directly by matrix operations. Since
a(s, τ ) is the analytic function, â(⋅) → a(⋅) for n̂ → ∞ .
With respect to (2), it can be set nˆ = n + L .

Definition 3. The system (1) is DIS if and only if
a(s, τ ) ≠ 0 for any s ∈ 0+ and τ ∈  0L+ . It is DDS if
and only if a(s, τ ) ≠ 0 for all s ∈ 0+ and some open

qˆ (s, τ ) exp (−τ s )→1−T s

(3)

{a( ) (sˆ , τ )}

kmax

k

k

k =1

, where

sˆk := {s : aˆ (s, τ ) = 0, s − sˆk −1 → min} , ideally uniformly

converging to the zero. The value of sˆk

max

then

represents the estimation of the leading system pole.

(2)

The spectrum of a such system is infinite, and if there
are no common zeros of the numerator and
denominator, roots σ : a(σ , τ ) = 0 agree with system
poles (characteristic values).
Definition 1. The spectral abscissa is

Once the imaginary axis is skipped, the value of the
crossing delay is approximated via the Regula-Falsi
linear interpolation form the last two eventual values of
sˆk .

has the same roots for some T := [T1 , T2 ,..., TL ] , Ti ∈  .
Transformation (2) is called the exact Rekasius
transformation (Rekasius 1980) and it is widely used to
determinate the set {Ω l , Tl }, l ∈ , Ω = UlΩl , and,

max

The Algorithm

consequently, Ω , {τ l } for DDS; however, such
algorithms are mostly computationally heavy (Ergenc
2010).

Input. For the given a(s, τ ) , define a L × N grid by the
discretization τ k , j +1 = τ k , j + Δτ k , j , τ k ,0 = 0 , k = 1...L ,

j = 0...N − 1 , introduce aˆ (s, τ ) as in (3) of the order
nˆ = n + L with unknown âi (τ ) , initialize the counter

DDS ALGORITHM

i = 1 and choose the admissible error ε > 0 .

Now we intent to present our novel simple iterative
gridding algorithm that estimates crossing delays by
means of a rational approximation yet without the
Rekasius transformation. The successive calculation of
the well-known Taylor series expansion (in the
neighborhood of the current leading root) followed by
the (linear) Regula-Falsi zero point estimation is used to

Step 1. Compute the initial leading pole
sˆ0,...,0 = s0,...,0 := {s → min ( Re s k ) : a(sk ,0) = 0}

of the delay-free system exactly.
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j = 0...N − 1 , introduce aˆ (s, τ ) as in (3) of the order
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i = 1 and choose the admissible error ε > 0 .

Now we intent to present our novel simple iterative
gridding algorithm that estimates crossing delays by
means of a rational approximation yet without the
Rekasius transformation. The successive calculation of
the well-known Taylor series expansion (in the
neighborhood of the current leading root) followed by
the (linear) Regula-Falsi zero point estimation is used to

Step 1. Compute the initial leading pole
sˆ0,...,0 = s0,...,0 := {s → min ( Re s k ) : a(sk ,0) = 0}

of the delay-free system exactly.
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delay vector, and finally set sˆ j ,..., j := sˆ1 . with the

Step 2. For ( j1 = 0...N , for ( j2 = 0...N , for... (for
jL = 0...N , do Steps 3-9 of this algorithm))). Hence, the
number of L inner (nested) for-loops is performed.

1

L

imaginary part (i.e. the crossing frequency) ωi ∈ Ω̂ as
the estimation of Ω .

Step 3. If not j1 = j2 = ... = jL = 0 , do the following:
Set
τ = τ 1, j ,τ 2, j ...,τ L , j ,
M = max k : jk ≠ 0 .

ˆ := sˆ
Output. Sets {τ i } , Ω̂ , Σ
j ,..., j .

Consequently set

Remarks. It is worth noting that the problem can
emerge in Steps 4, 5 and 9 of the algorithm if
sˆ1 − sˆ0 > δ for some δ > 0 and any grid step length

[

1

2

L

]

sˆold = sˆ j1 ,..., jM −1 , jM −1,0...0

[

τ old = τ 1, j ,...,τ M −1, j , τ M , j
M −1

1

{

M

−1

, τ M +1,0 ,...,τ L−1,0 , τ L ,0

]

sˆ1 := {s → min s − sˆ0 : aˆ (s, τ ) = 0} .

4.
Step 6. Set sˆnew := sˆ1 . If sgn (Re sˆnew ) = sgn (Re sˆold ) , set
L

1

M −1 , jM

, 0...0

As mentioned above, although nested loops (in Step 2)
may lead up to the number of NL leading pole
calculations, the algorithm remains fast due to a rapid
evaluation of polynomial roots e.g. in MATLAB®.

Step 7. Compute the Regula-Falsi approximation: Set
M

−1

(

− Re sˆold τ M , j − τ M , j
M

M

−1

)/ (Re sˆ

new

− Re sˆold )

and perform Step 8.
SIMULATION EXAMPLE
Let the controlled plant be governed by the transfer
function

If jk ≠ 0 , set sˆ0 := sˆnew

[

τ old = τ 1, j1 ,...,τ k , jk −1 ,τ k +1 ,...,τ M ,0,...,0
τ = τ 1, j1 ,...,τ k , jk , τ k +1 ,...,τ M ,0,...,0

]

]

GP (s ) =

Consider the
controller

τ k = τ k , j −1 − Re sˆold (τ k , j − τ k , j −1 ) / (Re sˆnew − Re sˆold )
k

Y (s ) 0.2 exp(− (τ 1 + τ 2 )s )
=
U (s ) s 2 s 2 − exp(− τ 2 s )

(

)

(5)

ˆ := sˆ
Output. Sets {τ i } , Ω̂ , Σ
j ,..., j .

Consequently set

Remarks. It is worth noting that the problem can
emerge in Steps 4, 5 and 9 of the algorithm if
sˆ1 − sˆ0 > δ for some δ > 0 and any grid step length

1

2

L

sˆold = sˆ j1 ,..., jM −1 , jM −1,0...0

[

τ old = τ 1, j ,...,τ M −1, j , τ M , j
M −1

1

{

]

M

−1

, τ M +1,0 ,...,τ L−1,0 , τ L ,0

]

When making the estimation of τ i more precise in Step
8, there might come to pass sgn (Re sˆnew ) = sgn (Re sˆold ) ;
however, it is no problem since both the roots are
considered to be sufficiently close to the imaginary axis
such that the Regula Falsi works well.

4.
Step 6. Set sˆnew := sˆ1 . If sgn (Re sˆnew ) = sgn (Re sˆold ) , set
L

1

M −1 , jM

, 0...0

An attentive reader can notice that rearranging lops of
Step 8 can lead to different points on the stability
border, but these cases have not been studied in this
paper.

:= sˆnew

and the inner loop is finished; else, i = i + 1 and go to
Step 7.

As mentioned above, although nested loops (in Step 2)
may lead up to the number of NL leading pole
calculations, the algorithm remains fast due to a rapid
evaluation of polynomial roots e.g. in MATLAB®.

Step 7. Compute the Regula-Falsi approximation: Set

τM = τM,j

M

−1

(

− Re sˆold τ M , j − τ M , j
M

M

−1

)/ (Re sˆ

new

}

an abrupt jump in the leading zeros near the imaginary
axis is very rare.

Step 5. While sˆ1 − sˆ0 > ε , set sˆ0 = sˆ1 and execute Step

1

L

Δτ , see Property 1, due to a stepwise discontinuity in

sˆ1 := {s → min s − sˆ0 : aˆ (s, τ ) = 0} .

sˆ j ,..., j = sˆ j ,..., j

1

α (τ ) . We omit it during practical computing since such

and sˆ0 := sˆold .
Step 4. Compute aˆ (s, τ ) according to (4) in ŝ0 . Define

− Re sˆold )

k

following

Step 9. Compute the leading zero ŝ1 of aˆ (s, τ i ) in the
vicinity of sˆ0 := sˆnew according Steps 4-5, where
τ i = [τ 1 ,...τ M ,0,...0] represents an estimated crossing

∑i=0 qi s i
s 3 + ∑i2=0 pi s i

linear

3

(6)

Via an pole-placement model matching tuning
algorithm (PPSA), it is possible to find suboptimal
controller parameters’ values for nominal delays as
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Let the controlled plant be governed by the transfer
function

If jk ≠ 0 , set sˆ0 := sˆnew

[

τ old = τ 1, j1 ,...,τ k , jk −1 ,τ k +1 ,...,τ M ,0,...,0

[

]
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GP (s ) =

Consider the
controller

τ k = τ k , j −1 − Re sˆold (τ k , j − τ k , j −1 ) / (Re sˆnew − Re sˆold )
k

Y (s ) 0.2 exp(− (τ 1 + τ 2 )s )
=
U (s ) s 2 s 2 − exp(− τ 2 s )

(

)

(5)

expressing the model of a skater on the swaying bow
where u (t ) is the input power and y (t ) stands for the
output angle deviation. Delays τ 1 ,τ 2 mean the skater’s
and servo latencies, respectively, the nominal values of
which read τ 1 = 0.3,τ 2 = 0.1 (Zítek et al. 2008).

and compute the leading root ŝ1 of aˆ (s, τ old ) in the
neighborhood of ŝ0 as in Steps 4-5. Update values
sˆold := sˆ1 and sˆ0 := sˆ1 . Similarly, calculate aˆ (s, τ ) in ŝ0 ,
find the leading root ŝ1 and update the value sˆnew := sˆ1 .
The Regula-Falsi then yields
k

GC (s ) =

When the loop is finished, go to Step 9.

finite-dimensional

SIMULATION EXAMPLE

Step 8. For k = M − 1,...,1 do:
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paper.
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Via an pole-placement model matching tuning
algorithm (PPSA), it is possible to find suboptimal
controller parameters’ values for nominal delays as
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The procedure can not be applied for variable τ 1 or τ 2
directly because of fixed exponential terms, see (Delice
and Sipahi 2010) for details; therefore, DIS has been
tested after the use of the well-known 1st-order Padé
approximation applied to separate delay terms. The
results for fixed nominal τ 1 ,τ 2 are the following

p0 = 35370.9, p1 = 2168.4, p2 = 1578.8, q0 = 18678.2,
q1 = 87424, q2 = 356100.4, q3 = 275080.6
(7)
see (Pekař and Prokop 2013). The values are quite large
due to the complexity of delayed plant (5). Note that it
is not possible to take a lower-degree controller due to
the 4th-order unstable plant. Stabilizing properties of
controller (6) on plant (5) with parameters (7) are
demonstrated via the step response in Figure 1.

[− 1,−1,−1,1,−1,1,−1,1,1]
[− 1,−1,−1,1,−1,1,1,−1,1]
respectively. It is, hence, reasonable to test DDS for
both delays or even a single delay value range.

The characteristic quasipolynomial, hence, reads

(

)(

a (s, [τ 1,τ 2 ]) = s 2 s 2 − exp(− τ 2 s ) s 3 + ∑i2=0 pi s i

+ 0.2 exp(− (τ 1 + τ 2 )s )(∑

3
i =0

qs )
i

) (8)

Thus, the control system is unstable for τ = [0,0] , yet
the nominal case τ = [0.3,0.1] gives the stable feedback.
The natural question now is where the stability border
line(s) lie(s). To avoid excessive computing time to
determine τ 1,max , τ 2,max , let us use the QPmR with a very

i

Since it is easy to show (e.g. by means of function roots
in MATLAB®) that polynomial a(s, [0,0]) has the
spectral abscissa α ([0,0]) = 0.1323 , the feedback system
with both variable delays can not be DIS, see Definition
3. Similarly, if the value τ 2 = 0.1 is fixed, we have
α ([0,0.1]) = 0.077 , which can be verified e.g. by using
of the QPmR – QuasiPolymial matrix Rootfinder
(Vyhlídal and Zítek 2014). It means that (8) can not be
DIS even for τ 1 = 0.1 . However, the setting τ 1 = 0.3
yields α ([0.3,0]) = −0.392 , which indicates that the
feedback control system might be DIS.

rough grid of Δτ ⋅, j = 0.05 , see Figure 2 where the
stable region is indicated by a light-coloured polygon,
whereas the dark-coloured one means the unstable
feedback system. As a conclusion, let us select two
reduced disjunctive testing regions
R1 := τ 1 × τ 2 ∈ [0.05,0.1]× [0.05,0.1]

R2 := τ 1 × τ 2 ∈ [0.25,0.3]× [0.25,0.3]

in which our novel DDS algorithm is applied with
Δτ ⋅, j = 0.01 .

To verify or deny DIS by using another test, let us apply
the methodology (Delice and Sipahi 2010). The chain of
signs of a specific discriminant is the conclusion of the
algorithm. If the system is DIS, this chain does not
include any sign change. For a(s, τ ) with both variable
delays, it is possible to obtain the resulting chain as
[1,1,1,1,1,...1,-1,1,-1,1] that clearly has some sign
changes.

Following the algorithm, let the polynomial aˆ (s, τ ) be
of the order nˆ = n + L = 7 + 2 = 9 . Consider the Padélike approach first, i.e. fix aˆ9 = 1 . The eventual
estimations of the crossing delays and corresponding
crossing frequencies for R1 are given in (9) and (10),
respectively. This result and its accuracy is graphically
verified by the comparison with the QPmR results of
the gridding Δτ ⋅, j = 0.001 in Figure 3.

Figure 1 : Step Response of the Feedback Loop with (5)
Controlled by (6) with Parameters (7)
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in which our novel DDS algorithm is applied with
Δτ ⋅, j = 0.01 .

To verify or deny DIS by using another test, let us apply
the methodology (Delice and Sipahi 2010). The chain of
signs of a specific discriminant is the conclusion of the
algorithm. If the system is DIS, this chain does not
include any sign change. For a(s, τ ) with both variable
delays, it is possible to obtain the resulting chain as
[1,1,1,1,1,...1,-1,1,-1,1] that clearly has some sign
changes.

Following the algorithm, let the polynomial aˆ (s, τ ) be
of the order nˆ = n + L = 7 + 2 = 9 . Consider the Padélike approach first, i.e. fix aˆ9 = 1 . The eventual
estimations of the crossing delays and corresponding
crossing frequencies for R1 are given in (9) and (10),
respectively. This result and its accuracy is graphically
verified by the comparison with the QPmR results of
the gridding Δτ ⋅, j = 0.001 in Figure 3.

Figure 1 : Step Response of the Feedback Loop with (5)
Controlled by (6) with Parameters (7)
Figure 2 : Stability Regions Computed by Using the
QPmR with Δτ ⋅, j = 0.05
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Figure 2 : Stability Regions Computed by Using the
QPmR with Δτ ⋅, j = 0.05
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Figure 3 : Stable (Light) and Unstable (Dark) Areas in
Region R1 via the QPmR vs. the Crossing Delays by
Means of the DDS Algorithm (Circles)
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Figure 4 : Stable (Light) and Unstable (Dark) Areas in
Region R2 via the QPmR vs. the Crossing Delays by
Means of the DDS Algorithm (Circles)
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Note that other values of n̂ have been examined as
well, and we have found out that the algorithm works
with the Padé-like rationalization for nˆ ∈ {7,8,9} in the
sense that the estimation of ŝ1 in the vicinity of ŝ0
made in Steps 4 and 5 converges.
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As second, the DDS algorithm with the Taylor series
expansion, i.e. aˆ9 ≠ 1 , has been performed to determine
the crossing delays and frequencies. Amazingly, these
sets are almost identical with (9) – (12); deviations in
τ R ,i are approximately of the order 10 −12 , those in
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⎧3.848074,3.850265,3.850279,3.852162,⎫
⎪
⎪
ˆ = ⎪⎨3.852201,3.85221,3.853773,3.853848, ⎪⎬
Ω
R
⎪3.853869,3.85387,3.855079,3.855223, ⎪
⎪⎩3.855271,3.855271,3.855262,3.855425 ⎪⎭
(10)

τ R2 ,i are even 10 −14 . Considering frequencies, errors of

the same orders have been obtained. However, the
convergence with respect to n̂ is better since the
algorithm works well for nˆ ≥ 2 .

1

Concluding the simulation example, our simple method
seems to be usable for the easy and fast estimation of
stable/unstable regions depending on delay values for
LTI TDS with multiple delays. Moreover, if the control
feedback loop includes some undetermined controller
parameters, say Κ , the characteristic quasipolynomial
a(s, Κ , τ ) can be subjected to the algorithm with
variable Κ rather than delays, which is a more
advanced and neglected task (Delice and Sipahi 2010).

For R2 , the final values returned by the algorithm read

{τ }

8
R2 ,i i =1

⎧[0.269982,0.299214], [0.279943,0.285429],⎫
⎪[0.280154,0.285125], [0.289974,0.271378], ⎪
⎪
⎪
=⎨
⎬
0.290363,0
.27081
,
0.29119,0.
269596
,
[
]
[
]
⎪
⎪
⎪⎩[0.299954,0.257242], [0.300082,0.257054] ⎪⎭
(11)

CONCLUSIONS

ˆ = ⎧⎨1.378578,1.373056,1.372952,1.367779,⎫⎬
Ω
R
⎩1.3676,1.367226,1.362806,1.36275
⎭
(12)

A simply implementable algorithm helping to decide
about the exponential stability of time delay systems
with respect to delay and/or controller parameters
values has been provided to the reader in this paper. The
leading idea stems from the gridding iterative
rationalization of the characteristic quasipolynomial, the
roots of which are computed simply by standard
software tools. The accuracy is then enhanced by the
use of the Regula-Falsi interpolation (extrapolation).

2

The estimation of crossing delays (11) calculated by
using our DDS algorithm compared with the QPmR is
displayed in Figure 4. Note that the initial estimation of
the leading root for nonzero delays has been made by
the QPmR.
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The decision about stability or the seeking of
stable/unstable regions can be performed with respect to
varying delays as well as (controller) tunable
parameters.
A simulation example presented in the second part of
the paper indicates a very good agreement of the
algorithm results with those obtained from the
quasipolynomial matrix rootfinder algorithm by which
quasipolynomial roots in a selected region can be
numerically calculated.
There are, naturally, still gaps and imperfections that
can be improved and several ways how to extend the
DDS algorithm. For instance, another (more accurate)
rationalization can be used, faster software tools and
hardware equipments may be implemented, a nonlinear
zero seeking idea can be utilized rather then RegulaFalsi, etc. A challenging task is to derive the algorithm
modification that can overcome the obstacles of neutral
LTI-TDS.
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In this contribution, a circuit laboratory heat exchanger
(Dostálek et al. 2008) serves as a controlled plant since
its mathematical model (Pekař et al. 2009) evinces
internal feedback delays. The laboratory appliance can
be considered as a small-scaled model of a real-word
system, e.g. as the cooling system in cars. Recently, it
has been utilized to perform the verification of solutions
of various engineering and scientific tasks, see e.g.
(Bobál et al. 2013; Prokop et al. 2012); however,
usually plant models with only input-output delays have
been used.

KEYWORDS
Algebraic Control Design, Controller Simplification,
MATLAB®, Robustness, Thermal Plant, Time Delay
System.
ABSTRACT
Concise complete controller design with simulations for a
laboratory circuit heating plant with feedback delays is
the aim of this contribution. The particular steps of the
design include a mathematical modelling summary of
then plant, introduction of relevant algebraic tools, robust
controller design and tuning, its discretization and rational
simplification. The plant model contains internal delays,
thus, it is infinite-dimensional. A special ring of stable
and proper quasipolynomial functions represent the main
algebraic mean for controller structure design. A possible
range of adjustable controller parameters is then limited
by using the robust stability and performance analysis.
Their eventual values are consequently obtained by
simulations of control responses. A discretization of the
resulting controller is suggested and a method for its
rational simplification is verified by simulations in
MATLAB® and Simulink®. All the obtained results are
promising for a practical implementation of the presented
approach.

Once the controller structure by means of the RMS ring is
designed, its free and adjustable controller parameters
ought to be set properly. To solve this task, possibilities
are plentiful and many various ideas can be adopted.
We decided to satisfy robust stability and robust
performance
under
unstructured
multiplicative
uncertainty (Doyle et al. 1992) that is based on the wellknown Nyquist criterion, the validity of which for
delayed systems was proved e.g. in (Pekař et al. 2011).
As the outcome of robust analysis, only possible
controller parameters’ ranges are obtained; therefore,
their values are precised via simulations in MATLAB®
and Simulink® with some integral criteria evaluation.
Presented algebraic design usually yields controllers
with delayed dynamics that is linear but far from the
conventional proportional-integral-derivative (PID)
control law. Since up to 95 % of control loops in
industry are equipped by PID controllers (Desborough
and Miller 2001), it is desirable to approximate the
eventual controller structure by the PID one. The idea
of the Padé expansion is adopted in this contribution
where the whole controller transfer function is
rationalized instead of the traditional approximation of
separate delay elements.

INTRODUCTION
Dynamical plants and processes, even linear ones, with
internal (state) delays constitute a family of systems that
are not trivial to be controlled by the use of many
traditional control design approaches, or it is even
impossible to implement them (Loiseau et al. 2009;
Richard 2003; Vyhlídal et al. 2014). Some possible
approaches, e.g. Lyapunov-Krasovskii methods, are too
complex and troublesome to be practically implemented
by engineers. Algebraic structures, in the contrary,
proved to be effective tools for delayed system
dynamics description and control design (Dostál et al.
2002; Loiseau 2000; Kučera 1991). Namely, the ring of
proper and stable quasipolynomial meromorphic
functions (RMS) (Zítek and Kučera, 2003; Pekař 2012)
as the main algebraic tool is used in this paper to
determine the controller structure. The solution of the
Bézout equation followed by the Youla-Kučera
parameterization satisfy the controller properness and
control feedback stability.

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

A simple controller discretization for digital
implementation based on delta models (Middleton and
Goodwin 1990) in input-output space finalizes the
controller design procedure. The method is easy to
handle for practitioners - in contrast to some other more
sophisticated methods operating in the state-space
domain, see e.g. pseudospectral methods (Breda et al.
2005).
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The complete mathematical model was published in
(Pekař et al. 2009). For the sake of this paper, however,
it is sufficient to consider the relationship between
Δu P (t ) and ΔϑCO (t ) governed by the transfer function

HEAT EXCHANGER MODEL
A photo and a rough scheme of the laboratory heat
exchanger to be controlled is provided to the reader in
Figures 1 and 2 (Dostálek et al. 2008). The model
works as follows: Distilled water inside the piping is
driven by a pump {6} - continuously controllable via
the voltage u P (t ) - through a flow heater {1} with
maximum power PH (t ) of 750 W. The heater output
temperature, ϑHO (t ) , is measured by a platinum
thermometer. Warmed liquid then goes through a 15
meters long insulated coiled pipeline {2} which causes
the significant delay in the system. A heat-consuming
appliance is represented by the air-water heat exchanger
(cooler) {3} equipped with a continuously adjustable
(by means of the voltage uC (t ) ) and an on/off cooling
fans {4, 5}. Input and output temperatures of the cooler,
ϑCI (t ) and ϑCO (t ) , respectively, are measured by
platinum thermometers as well. The expansion tank {7}
compensates for the expansion effect of the heat fluid.
Let the ambient temperature be ϑ A (t ) .

G (s ) =

(b exp(− τ 0 s ) + b0 ) exp(− τs )
ΔϑCO (s )
= 3 0D 2
ΔPH (s ) s + a2 s + a1s + a0 + a0 D exp(− ϑs )
(1)

where the prefix Δ means the difference from an
operating point. In particular, for the operating point

[u

p

, uc , PH , ϑHO , ϑCI , ϑCO , ϑ A

]

0

= [5 V,3 V,300 W,44.1°C, 43.8 °C, 36 °C, 24°C]
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A concise introduction of main algebraic tools and
control design steps follows.

A concise introduction of main algebraic tools and
control design steps follows.

Definition 1 (RMS ring element (Pekař 2012)).
T (s ) = n(s ) / d (s ) ∈ RMS
if
n(s ) ,
d (s )
are
quasipolynomials
(Loiseau
2000)
and
n(s ) = n~(s ) exp(− τs ) , τ ≥ 0 . The term is formally stable
and it must hold that T (s ) ∈ H ∞ (+) and
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for some for R > 0 (i.e. it is proper, see (Partington and
Bonnet 2004)).
Figure 1: Laboratory Heat Exchanger – A Photo

Consider the simple negative feedback control loop as
in Figure 3 where W (s ) is the Laplace transform of the
reference, D(s ) stands for that of the load disturbance,
E (s ) is transformed control error, U 0 (s ) expresses the
controller action, U (s ) = ΔPH (s ) represents the
manipulated input affected by a load disturbance, and
Y (s ) = ΔϑCO (s ) is the plant output controlled signal.
Note that all the presented signals are assumed to be
namely,
ratios
of
elements
from
RMS,
W (s ) = H W (s ) / FW (s ) ,
D(s ) = H D (s ) / FD (s ) where
H W (s ) , H D (s ) , FW (s ) , FD (s ) ∈ RMS. Moreover,
G (s ) = B(s ) / A(s ) , GR (s ) = Q(s ) / P(s ) are coprime
fractions for the plant and the controller, respectively,
with A(s ), B(s ), P(s ), Q(s ) ∈ RMS.

Figure 2: Laboratory Heat Exchanger – A Sketch
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For instance, the setting

For instance, the setting
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(s + m0 )3
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− 1⎟⎟ 3
2
⎝ b0 D + b0
⎠ s + a2 s + a1s + a0 + a0 D exp(− ϑs )

ensures the validity of Theorem 3 for the stepwise
reference and load disturbance, and the controller
transfer function is of a relatively simple form

Figure 3: Control Feedback System
Theorem 1 (Stabilization (Kučera 1991; Zítek and
Kučera, 2003)). Given a Bézout coprime pair
A(s ), B(s ) ∈ RMS the closed-loop system is stable (in RMS
sense) if and only if there exists a coprime pair
P(s ), Q(s ) ∈ RMS satisfying the Bézout identity
A(s )P(s ) + B(s )Q(s ) = 1

GR (s )
=

(3)

3

2

)
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Such a controller can easily be implemented by
amplifiers, integrators, delay and summing elements.

Note that the Bézout coprimeness is satisfied if
inf ( A(s ) + B(s ) ) > 0 (Partington and Bonnet 2004).
Re s ≥0

There is a double motivation for robust analysis of the
heat exchanger here. As first, some physical quantities
of the laboratory model can vary and, moreover,
measurement and identification uncertainties can
naturally appear when modelling. As second, we intend
to determine a possible range for the free parameter m0
such that the control system is robust against these
perturbations. The analysis is based on the following
two known theorems for robust stability and robust
performance, respectively (Doyle et al. 1992), for the
control system as in Figure 3.

(b0 D exp(− τ 0 s ) + b0 ) exp(− τs )
(s + m0 )3
B(s )
G (s ) = 3
=
,
2
s + a2 s + a1s + a0 + a0 D exp(− ϑs ) A(s )
(s + m0 )3
m0 > 0

A particular solution of (3) can be

Theorem 4 (Robust stability). The feedback control
system is robustly stable if and only if

(s + m0 )3 − (b0 D exp(− τ 0 s ) + b0 ) exp(− τs )
s 3 + a2 s 2 + a1s + a0 + a0 D exp(− ϑs )

WM ( jω )T0 ( jω ) ∞ < 1

Theorem 2 (Youla-Kučera parameterization (Kučera
1991; Zítek and Kučera, 2003)). A particular solution
P0 (s ), Q0 (s ) ∈ RMS of (3) can be parameterized as

(6)

where T0 (s ) = GWY (s ) = Y (s ) / W (s ) is the nominal
complementary sensitivity function with the nominal
plant transfer function G0 (s ) , WM (s ) expresses a fixed
stable weight function, and for the family of perturbed
plant it holds that

P(s ) = P0 (s ) ± B(s )Z (s ) ≠ 0, Q(s ) = Q0 (s ) m A(s )Z (s )
(4)
where Z (s ) ∈ RMS is arbitrary.

G (s ) = (1 + Δ(s )WM (s ))G0 (s ) , Δ(s ) ∞ ≤ 1

Theorem 3. If (3) holds, then
i) the reference signal
w(t ) = L−1 {W (s )} is
asymptotically tracked if and only if FW (s ) divides the
product A(s )P(s ) in RMS,

Definition 2 (Nominal performance).
performance is expressed by the condition
WP ( jω )S 0 ( jω ) ∞ < 1

ii) the load disturbance
d (t ) = L {D(s )}
is
asymptotically rejected if and only if FD (s ) divides
B(s )P(s ) in RMS.
−1

(7)

Nominal

(8)

where WP ( jω ) stands for the sensitivity weighting

function and S 0 (s ) = GWE (s ) = E (s ) / W (s ) means the
sensitivity function for the nominal plant.

Note that the conditions in Theorem 3 are achieved by
means of (4).
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Let us follow now Theorem 1 for the plant (1).
Introduce a Bézout coprime factorization e.g. as
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The weighting function WP (s ) is selected in order to

Theorem 5 (Robust performance). Robust performance
comprising both robust stability (see Theorem 4) and
performance (8) for the family of perturbed plants (7) is
satisfied if and only if
WM ( jω )T0 ( jω ) + WP ( jω )S 0 ( jω )

∞

<1

keep the condition (8) for all four values of m0 , see
Figure 6. Its possible eventual Laplace form might be
WP (s ) =

(9)

By taking year-long variations in ϑ A (t ) inside the
laboratory room and identification uncertainties of
transmission coefficients of the exchanger model into
consideration, the following estimation of WM (s ) can
be written
WM (s ) = 0.36

(350s + 1)(90s + 1) = 31500s 2 + 440s + 1
900s (40 s + 1)
36000s 2 + 900 s

where the level of conservativeness is a rather low
except for middle frequencies. Once functions WM (s )
and WP (s ) are fixed, possible values of the free
controller parameter can be benchmarked by
simulations of robust performance (9). Corresponding
results are provided to the reader in Figure 7. As can be
seen from the figure, the option m0 = 0.005 fails on
low frequencies; whereas m0 = 0.02 is unacceptable
due to (9) does not hold on middle frequencies. As a
conclusion, the range m0 ∈ [0.008, 0.016] has been
chosen as a candidate for further control response
simulations etc.

(200s + 1)(10s + 1) = 720s 2 + 75.6s + 0.36
(340s + 1)(15s + 1) 5100s 2 + 355s + 1

see Figure 4.
Let
us
select
possible
values
m0 = {0.005,0.01,0.015,0.02} and test the robust
stability condition (6) as displayed in Figure 5.
Apparently, all the four values comply with the
condition.

The weighting function WP (s ) is selected in order to

Theorem 5 (Robust performance). Robust performance
comprising both robust stability (see Theorem 4) and
performance (8) for the family of perturbed plants (7) is
satisfied if and only if
WM ( jω )T0 ( jω ) + WP ( jω )S 0 ( jω )

∞

<1

keep the condition (8) for all four values of m0 , see
Figure 6. Its possible eventual Laplace form might be
WP (s ) =

(9)

By taking year-long variations in ϑ A (t ) inside the
laboratory room and identification uncertainties of
transmission coefficients of the exchanger model into
consideration, the following estimation of WM (s ) can
be written
WM (s ) = 0.36

where the level of conservativeness is a rather low
except for middle frequencies. Once functions WM (s )
and WP (s ) are fixed, possible values of the free
controller parameter can be benchmarked by
simulations of robust performance (9). Corresponding
results are provided to the reader in Figure 7. As can be
seen from the figure, the option m0 = 0.005 fails on
low frequencies; whereas m0 = 0.02 is unacceptable
due to (9) does not hold on middle frequencies. As a
conclusion, the range m0 ∈ [0.008, 0.016] has been
chosen as a candidate for further control response
simulations etc.

(200s + 1)(10s + 1) = 720s 2 + 75.6s + 0.36
(340s + 1)(15s + 1) 5100s 2 + 355s + 1

see Figure 4.
Let
us
select
possible
values
m0 = {0.005,0.01,0.015,0.02} and test the robust
stability condition (6) as displayed in Figure 5.
Apparently, all the four values comply with the
condition.

Figure 6: Determination of WP (s )
Figure 4: Estimation of WM (s )

(350s + 1)(90s + 1) = 31500s 2 + 440s + 1
900s (40 s + 1)
36000s 2 + 900 s

Figure 6: Determination of WP (s )
Figure 4: Estimation of WM (s )

Figure 7: Robust Performance Test
Figure 5: Robust Stability Test

Figure 7: Robust Performance Test
Figure 5: Robust Stability Test

255

255

Table 1: ISE and ISTE Criteria Values for Controller (5)

CONTROL RESPONSES SIMULATIONS
Control
responses
for
particular
settings
m0 = {0.008,0.01,0.012,0.016} , where the step load
disturbance d (t ) = −10 W enters at t = 3000 , are
displayed in Figures 8 and 9. As evident from these
figures, higher values of m0 lead to faster yet higher
control actions. The option m0 = 0.016 gives
u0,max > 450 W which is not physically acceptable since

m0
0.008
0.01
0.012
0.016

in the operating point PH ,0 = 300 W, the maximum

CONTROLLER RATIONALIZATION

Linear delayed (anisochronic) controllers belong to a
wide family of infinite-dimensional systems and they
are characterized by an infinite spectrum. Due to
practical reasons, it is mostly desirable to approximate
them by a finite-dimensional control law, namely, by
the PID rule.

A quantitative benchmark comparison is given in Table
1 where the Integrated Squared Error (ISE) and the
Integrated Squared Time Error (ISTE) criteria are
evaluated. Note that these criteria are defined as

[

]

∞

[

]

J ISE = ∫ e 2 (t ) + ϕu& 2 (t ) dt , J ISTE = ∫ t e 2 (t ) + ϕu& 2 (t ) dt
0

0

ISTE
4.3583·107
9.1137·106
8.2889·106
1.0483·107

Apparently, m0 = 0.012 yields the best (minimum)
values; hence, this option is selected as the final
controller parameter value.

possible action reads 450 W. Real time steering, for
these cases, would claim the use of anti-windup control
action calculations.

∞

ISE
4.3583·104
4.0582·104
3.9875·104
4.2634·104

For controller (5), we decided to use the Padé
approximation which is usually performed in such a
way that the approximation is applied to separate
exponential terms. This technique leads to high-order
approximation models. Contrariwise, the whole transfer
function approximation based on the Maclaurin series
expansion is utilized here, which enables to control the
matching model order.

respectively. The weighting coefficient is chosen as
ϕ = 10 .
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Let the finite-dimensional approximating controller be
GR (s ) =

Q (s ) q2 s 2 + q1s + q0
=
P (s )
s (s + p0 )

Let the finite-dimensional approximating controller be
GR (s ) =

(10)

The matching rule can be expresses as
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Figure 8: Simulated Responses of u0 (t ) for Controller (5)

(11)

Conditions (11) are worth noting and discussing. Since
GR (0) → ∞ , the inversions are used in the equations.

[1 / GR (s )]s=0 = [1 / GR (s )]

Moreover,

s =0

the

identity

[1 / GR (s )]s=0 = [1 / GR (s )]

s =0

applied on (5), gives a dull solution 0 = 0 , therefore
four rather than three conditional equations are to be
set. Finally, it is possible to calculate identities (11) at a
different point from s = 0 , e.g. in the neighborhood of a
frequency where a good approximation is desired.
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Figure 9: Simulated Responses of y (t ) for Controller (5)
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− 36.873s 2 + 0.871844 s + 2.91172 ⋅ 10 −3
s s + 3.59065 ⋅ 10 −2
(12)
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GR (s ) =
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Figure 9: Simulated Responses of y (t ) for Controller (5)
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s s + 3.59065 ⋅ 10 −2
(12)

(

)

Then x(t − kTs ) → z − k X (z ) where z is the z-transform
variable associated with the shifting operator q.

The simulation comparison of original control responses
by means of controller (5) with those using the
simplified rational PID controller (12) are displayed in
Figures 10 and 11. These results prove a very good
agreement of the original and approximating responses
with the exception of the abrupt change in u0 (t ) at
t = 0 and “undershoot” of y (t ) near the zero.

The approximation of derivatives resides in the
introduction of variable γ associated with the delta
operator δ defined as

γ=

CONTROLLER DISCRETIZATION

In this section, the reader is briefly provided with the
idea of a possible controller discretization based on the
transfer function description, delta models (Middleton
and Goodwin 1990) and linear delay interpolation
(Vyhlídal and Zítek 2005).

where β ∈ [0,1] represents a weighting parameter. In
this paper, the Tustin approximation governed by the
setting β = 0.5 is used.
The eventual particular discretized control law with
Ts = 1 s is omitted because of the limited space.
Similarly, a graphical comparison of continuous-time
and discrete-time simulation control responses is useless
since both the courses are almost identical and
indistinguishable.
Nevertheless,
the
eventual
comparison of simulated and real-measured control
responses with the digital implementation of controller
(5) are finally given in Figures 12 and 13.

Delay exponential terms are subjected to the
exp(− ηs )X (s ) → x(t − η )
and
transformation
interpolated
as
x(t − η i ) ≈ (1 − α i )x(t − τ d ,i )
+ α i x(t − τ d +1,i ) + α i x(t − τ d +1,i )

τ d ,i = d iTs ,

where

τ d +1,i = (d i + 1)Ts ,

z −1
βTs z + (1 − β )Ts

d i = ⎣η i / Ts ⎦ ,

τ d ,i ≤ η i ≤ τ d +1,i ,

α i = (η i − τ d ,i ) / Ts and Ts means the sampling period.

Figure 10: Comparison of Simulated Responses of u0 (t )
for Original Controller (5) vs. Simplified One (12)

Figure 12: Real vs. Simulated Responses of u0 (t ) with
Controller (5)

Figure 11: Comparison of Simulated Responses of y (t )
for Original Controller (5) vs. Simplified One (12)

Figure 13: Real vs. Simulated Responses of y (t ) with
Controller (5)
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Because a single EMS evaluation contains optimization
of several factors, it might need even thousands of
system simulations. Thus a single simulation should be
done very rapidly. On the other hand, simulations must
yield accurate estimations of the future behaviour of the
system. These demands set contradictory requirements
for the modelling which is the reason to approach the
problem through a two-step modelling method.

KEYWORDS
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Management, Modelling, Dynamic Process Simulation.
ABSTRACT
Car manufacturing is a significant energy consumer
and it is a common practice to co-produce electricity
and heat on-site. Despite of the research and
development already conducted in the area, many
opportunities for reducing energy use exist. By
developing an intelligent Energy Management
System which utilizes precise monitoring of the
energy production and consumption as well as
predictive optimization, remarkable savings can be
achieved. Fast and appropriately accurate
prediction models are needed for the optimization of
the energy production and consumption. This paper
presents a method for developing such prediction
models through the following two steps: i) detailed
dynamic first principle models are developed, ii) the
detailed models are used to identify and parametrise
on-line prediction models. The methodology and its
application to a car factory are presented.

Firstly, a detailed dynamic mechanistic simulation
model of all sub-systems of the process was generated.
Secondly, the results and the structure of this first
principles model were used for developing fast on-line
prediction models. This two-step method was used to
obtain on-line models of the gas turbine and its
generator, the steam turbine and its generator, the gasfired boilers, an air pre-cooler and the flue gas path.
Important advances of this two-step approach are also
that a simulator provides a convenient development
environment as well as values for variables which
cannot be measured from the real process. In addition
to the energy production, the iEMS utilizes also on-line
models of the energy consumption of the manufacturing
process and the HVAC (Heating, Ventilation and Air
Conditioning) systems of the buildings. These were
developed as another task of the project and are based
solely on measurement data (Kampouropoulos et al.
2014).

INTRODUCTION
This paper covers part of a research project, where an
intelligent Energy Management System (iEMS) using
mathematical models of both energy generation and
consumption processes in a large car manufacturing
plant, was developed. The iEMS optimization
algorithm for car factory efficiently exploits the
prevailing production conditions, local weather
forecasts, and the planned changes in the car
production.

This paper describes the design and implementation of
the energy generation models. Chapter 2 presents the
development of the detailed dynamic simulation model
of the energy production system, and examples of its
validation. Chapter 3 illustrates through an example
how the accurate model was simplified into on-line
models. Chapter 4 briefly describes how the on-line
models are integrated into the iEMS. Finally, Chapter 5
discusses the methodology used, draws conclusions,
and gives some future implications.

Typically Energy Management Systems (EMS) either
monitor and control energy generation and
transmission (Thollander and Ottosson 2010) or they
focus on the energy consumption side (Boshell and
Veloza 2008) (Palensky and Dietrich 2011). However,
a system capable of optimizing both of these roles
simultaneously would be more productive. Typically
such a system covers several process areas with large
number of single devices.

This work was conducted in the EuroEnergest project
(www.euroenergest.eu), funded by the European
Union’s 7th Framework Programme. The main goal of
the project is to reduce energy consumption in car
industry through exact and predictive control of on-site
energy production processes (Ruuska et al., 2014). The
pilot version of the system is under work at the SEAT’s

Every time an EMS receives new data, it should
evaluate a good solution within a reasonable time.
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factory at Martorell, located on the outskirts of
Barcelona, in Spain.

As the first step of the modelling methodology, we
analysed the co-generation process and built a detailed
dynamic simulation model of it. This section describes
the modelling and simulation platform, illustrates the
modelling and gives examples of the model’s
validation.

concentrations and pressures in the system. Equipment
such as pumps and valves affect these equations
through the source terms. A more detailed description
of the models can be found in (Silvennoinen et al.,
1989) and on www.apros.fi. The fact that the
simulation is based on first principles of physics also
allows extending the analysis beyond the original
measurement data’s range. We utilized these
characteristics of the simulation models in order to
generate source data for the development of the final
on-line models.
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dynamic simulation model of it. This section describes
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Modelling Procedure
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Modelling Procedure

The first phase of the model development was executed
with commercial dynamic simulation software Apros
(www.apros.fi). Apros simulator was chosen as the tool
after a review of 15 different simulators which were
assessed on 30 criteria. Apros enables full-scale and
detailed modelling of industrial processes. It has been
used for almost 30 years to simulate nuclear and
combustion power plants (Näveri et al., 2010), as well
as other industrial processes, such as pulp and paper
plants (Lappalainen et al. 2005). Apros provides many
specific features, such as modelling of power grids, and
taking into account weather conditions in the
simulations. This kind of plant scale dynamic process
simulation is typically utilized in evaluation of process
design, analysis of the system operation, development
and testing of the controls, or training of operators.
Apros models typically include also automation and the
electrical systems. The model libraries have been
comprehensively validated against data from physical
process experiments.

The modelling of the co-generation plant was based
mainly on process flow sheets, control display printouts
and discussions with plant engineers. Figure 1 and
Figure 2 show example views of the model
configuration from the Apros user’s interface. In Figure
1 ambient air flowing in from left is cooled and
compressed. It is mixed with natural gas as combustion
takes place. The hot flue gases are used to produce
electricity with a turbine and generator. In Figure 2 the
flue gas goes from left to right through a heater, postcombustion
chamber,
superheater,
evaporator,
economizer and then upwards and to the stack through
a recovery heat exchanger. The feed water tank and
flow line is shown on the bottom right corner. The
water-steam part of the gas turbine and steam turbine
process was modelled using a two-phase flow model (so
called 6 equation model) while air inlet, the flue gas
path, heat recovery system’s and boilers’ water side,
and superheated water system were modelled with the
homogenous flow model (so called 3 equation model).
The major dynamics in the model come from the
volumes of pipes, ducts, tanks as well as heat
structures, such as heat exchangers and metal walls of
the various flow channels. All major lines of the cogeneration process were modelled with appropriate
piping equipment, such as valves, pumps and others .
The model includes also 25 separate main control loops
making the model operation closely similar to real
plant operation.
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factory at Martorell, located on the outskirts of
Barcelona, in Spain.
DETAILED DYNAMIC MODELS

Input data for the modelling are mostly derived from
P&I (Piping and Instrumentaion) diagrams presenting
the process connections, from physical dimensions of
process equipment and pipelines, as well as equipmentspecific parameters. The model is configured
graphically. The process was modelled using a dynamic
one-dimensional pressure-flow model which utilizes
dynamic conservation equations of mass, energy and
momentum to calculate flows, temperatures,
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Figure 1: The Gas Turbine Process as Apros Displays it
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Figure 2: The Flue Gas Path as Shown by Apros
time used in this project, and evidently needs further
development. Generally, however, the results obtained
proved the simulation model’s capability to predict the
dynamic behaviour of the system and it was concluded
that the model was ready for use as a virtual
development and test bench for the final on-line
models.

Model Adjustment
After the model buiding phase, the next steps are
tuning of its parameters and the model’s validation.
When the simulation results are compared with
measured data, the simulation model’s accuracy can be
estimated, and consequently, needed improvements in
the model structure and parameters are done.
Sometimes this procedure also reveals errors in the
actual measurements which may bring substantial
additional benefits for the project. Through an iterative
process the model parameters can be adjusted and
finally the simulations can predict the real system’s
behaviourwith required accuracy..

Unfortunately, for practical reasons, we did not have
opportunity to make any final, independent validation
of the model with data that was not used for the
parameter tuning.
ON–LINE MODELS
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The co-generation model was tested with two
measurement data sets, and consequently, the process
and control model’s parameters were adjusted to
improve the model. The final, detailed model includes a
single model configuration and two initial states. The
initial states correspond to the conditions in the
beginning of the two validation periods.

The on-line nature put forth certain requirements for
the models employed in the iEMS. Firstly, their
computational load should be low. Secondly, they
should utilize measured data from the plant, if possible.
Thirdly, and most importantly, they should calculate
the crucial variables which the optimization algorithm
requires.
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Figure 3 and Figure 4 show the main outputs of the cogeneration simulation: the temperature in the hot water
stream and the generated electric powers. In these
figures, solid lines are measured values and dotted lines
are the corresponding simulated values. Figure 3 shows
some discrepancies between the simulated and
measured values in the first case (see times 8 h and 33
h in upper graph). After an analysis we concluded that
this is caused by switching off the absorption chiller,
which offers an option to use part of the produced hot
water for cooling down the gas turbine inlet air. The
absoption chiller model was developed and for the first

As described above a comprehensive simulator model
of the energy production system was constructed using
the Apros simulator. Full scale mechanistic simulation
was known right from the start of the project to be too
computationally heavy to be directly used in on-line
optimization.Thus, Apros modelling was used as an
additional data source for constructing the on-line
models. The rationale was that, if and when, actual
measurements are not enough, the Apros model, which
stems from the first principles of physics, could be used
in addition.
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Figure 3:Calculated and Measured Temperatures of the Hot Water Flow from the Steam Condenser (solid =
measured, dotted = simulated)
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Figure 4: Calculated and Measured Electric Power Production Rates (solid = measured, dotted = simulated). Power
production rate of Gas turbine varies typically from 13 to 15 MW.
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[tout, y, cout, xout] = fk(u, m, d, cin, tin, Dt, xin)

The on-line models were designed to be modular i.e.
one sub-model described one limited part of the whole
energy production system. Still, all of the sub-models
were implemented with a similar function interface
shown in Equation (1).

(1)

where
k
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calculates three outputs. The model structure for each
of these is a Hammerstein model consisting of a static
non-linear and dynamic linear part. The model
estimates the future values of the electricity production
rate and of the flue gas mass flow and its temperature.

tout

is a vector of time instance at which the
outputs are evaluated

y

is a time series matrix of model outputs
to the optimizer

cout

is a time series matrix of model outputs
to other sub-models

xout

is a vector of the model’s state variables
evaluated at tout’s last time instant

u

is a time series matrix of the future
inputs from the optimizer to the model

m’NG = [0.4, 1.2] kgs-1

m

is a time series matrix of the predicted
future measurements to the model

Tair = [5, 40] °C

d

is a vector of constant parameters

cin

is a time series matrix of inputs from
other sub-models

tin

is a vector of time instants at which the
function’s inputs have been evaluated

Dt

is the internal time step, s

xin

is a vector of the model’s state variables
evaluated during the previous execution
cycle.

The model was developed by generating 60 data points
with Apros by altering the natural gas feed mass flow
m’NG and outside air temperature Tair between the
predefined bounds:

The results were achieved from 60 simulation runs,
each lasting 30 minutes (simulator clock time). At the
end of each simulation run, three stabilized output
variables were recorded, namely the electrical power P,
the flue gas mass flow m’FG and the flue gas
temperature TFG.
To the obtained data, three static polynomial models
were fitted. Of the 60 simulations 50 were used for
parameter estimation while the remaining 10 were used
for model validation. The actual equations are written
in terms of the turbine part load ratio:

The input arguments are values into the future, either
predicted by the optimizer or other online models. As
the measurements, m, cannot be known into the future
a zero-order hold of the current value is used. The inner
structure of the functions fk differs from sub-model to
sub-model. For example, if the dynamics of the submodel were fast compared to the evaluation cycle of the
iEMS (15 minutes) the model was a static one. On the
other hand, the sub-systems with slower dynamics were
modelled with dynamic models.

PLR = P ⁄ Pnominal

(2)

and the temperature difference:
∆T = Tair – Tnominal

(3)

where the subscript ‘nominal’ denotes the
dimensioning point of the turbine. These are user given
parameters for the model (d in Equation (1)).

The set of on-line models is run by the iEMS once
every evaluation cycle, ∆tcycle = 15 minutes. In each
evaluation cycle all the sub-models are called according
to Equation (1) several times with a smaller, internal
time step. In this case the internal time step was set to.
∆t = 1 second, although this is a configurable
parameter of the iEMS. This configurability is in place
in order to fine tune the system. The functional
interface of Equation (1) does not impose the zeroorder hold restriction nor does it enforce any choice of
dynamic/static model. The current choices are the first
approximation and can be changed if needed. For
example, the balance between the evaluation cycle and
the internal time step may change as well as the
modelling approach (dynamic/static) if results are not
satisfactory.

For the electrical power we utilize the energy flow
(q’FUEL) into the turbine by the natural gas fuel:
q’FUEL = m’FG LHV = a1 + b1PLR + c1∆T (4)
where LHV is the lower heating value of natural gas
(MW/kg) while a1, b1 and c1 are adjustable parameters.
From Equations (2) and (4) we get the equation for the
electrical power:
P = Pnominal ((q’FUEL – a1 – c1∆T) / b1)

(5)

For flue gas mass flow and temperature we have:
m’FG = a2 + b2PLR + c2∆T

Example: Gas Turbine

(6)

TFG = a3+b3PLR+c3∆T+d3PLR2+e3PLR∆T (7)

As an example we present the model for the gas turbine
and its generator. The dynamic on-line model
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The parameters ai , bi , ci , d3 and e3 were identified from
the Apros data with MATLAB giving the values listed
in Table 1. This table also lists the RMSE (Root Mean
Square Error) and R2 (Coefficient of Determination) of
the fitting procedure.

have been used but this accuracy was deemed sufficient
for the time being. Figure 5 shows the relative errors
between the APROS data and the obtained equations
for the 10 validation data points. As can be seen the
relative errors were typically less than 5% which was
considered adequate for the iEMS system.

Table 1: Parameters for the iEMS Gas Turbine’s Model

a
b
c
d
e
RMSE
R2

P
i=1
16.58
28.69
-0.0868
0.657
0.998

m’FG
i=2
2233
38.65
-0.117
0.881
0.998

UTILIZATION OF THE ON-LINE MODELS
Altogether nine different on-line models of the various
energy production systems were implemented with
MATLAB and subsequently converted into Java .jarfiles. Simultaneously, the energy consumption of two
workshops, the painting workshop and the body
assembling, which are also in the scope of the iEMS,
were analysed and modelled. All these on-line models
were integrated into a prototype of the iEMS. The
iEMS system uses the production models to calculate
the current and predicted energy conversion factors
(COPs or efficiencies) for the equipment. These are in
turn used by an optimization algorithm to produce
suggested operational actions to the plant’s operators.
The overall structure is detailed in (Kampouropoulos et
al. 2014). The system is currently under testing at the
car manufacturing plant. Its full effect to the energy
consumption and to the CO2 footprint will be shown
after these consecutive tests.

The static polynomial models of equations (5) - (7)
were followed by a linear first order dynamic block:

Yi

is the output i of the static models:
Y = {P, m’FG, TFG}

ti

is a time constant for output i, s.

∆t

is an internal time step, s

yi (t – ∆t)
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Table 1: Parameters for the iEMS Gas Turbine’s Model
In the iEMS, three outputs of this gas turbine model are
used for different purposes. The electrical power P is
used by the optimizer whereas m’FG and TFG are used by
a subsequent model of the flue gas path.

TFG
i=3
579.4
-200.8
0.3678
46.9
-0.025
3.177
0.996

yi (t) = (1 – (ti /(ti +∆t)))Yi +ti yi (t – ∆t) /(ti +∆t)
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the fitting procedure.

(8)

is the output i from previous time step

Default values for the user definable time constants
were identified visually from Apros simulation data as
t = [1.0, 5.0, 15.0]Ts. A more accurate estimation could
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CONCLUSIONS
The paper described a method and its application to a
case study, where a mechanistic dynamic simulator
model was developed and simulation experiments were
used as an intermediate phase to create on-line
prediction models for an intelligent energy
management system.
Configuration of the simulator model is an effort of its
own and thus necessitates a careful evaluation when
this approach is usable. This indeed is the case when
long measurement collection campaings are infeasible,
when experimentation on the process is not possible or
when measurements are scarce. The use of a simulator
based of first priciples of physics helps in these cases
since it combines the laws of physics with actual
dimensions of the process. Furthermore, performing
experiments such as step tests and abnormal situations,
is safe and fast using a simulator. This opens up a way
for producing good on-line models.
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Our results show that the selected approach is capable
of providing adequate on-line prediction models of
energy production processes. To generalize this
finding, we may argue as follows: Firstly, the simulator
models are based on the laws of physics, not solely on
measurements data. Secondly, the simulator used has
been extensively validated and verified previously. And
thirdly, the process under study is not an uncommon
one. Thus, it follows that this approach is probably
applicable in other cases too. When these models are
integrated to an innovative version of an intelligent
Energy Management System, energy saving in largescale manufacturing processes is expected to be
remarkable.
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controlled variable, and, the reactant temperature as the
secondary controlled variable. The coolant flow rate
represents a common control input.
The primary control variable is measured in discrete
time intervals. The primary controller determining the
set point for the secondary (inner) control-loop is a
discrete nonlinear proportional controller derived on the
basis of steady-state characteristics of the reactor. Since
the controlled process is nonlinear, a continuous-time
adaptive controller is used as the secondary controller.
The procedure for the adaptive control design in the
inner control-loop is based on approximation of the
nonlinear model of the CSTR by a continuous-time
external linear model (CT ELM) with recursively
estimated parameters. In the process of parameter
estimation, the direct method by (Rao and Unbehauen
2006); Garnier and Wang 2008) is used. The control
loop with two feedback adaptive controllers is used, see,
e.g. (Dostál et al. 2007). The resulting controllers are
derived by the pole placement method, see, e.g.
(Grimble 1993; Kučera 1993; Brogan 1991; Franklin et
al. 2006).
The cascade control is verified by simulations on the
nonlinear model of the CSTR.

KEYWORDS
Adaptive control, cascade control, continuous stirred tank
reactor, control simulation.

ABSTRACT
The paper presents simulation results of the cascade
control of a continuous stirred tank reactor. The control
is performed in primary and secondary control-loops
where the primary controlled output of the reactor is the
concentration of a desired reaction product, and, the
secondary output is the reactant temperature. A common
control input is the coolant flow rate. The controller in
the primary control-loop is a P-controller with the gain
calculated using simulated or measured steady-state
characteristics of the reactor. The controller in the
secondary control-loop is an adaptive controller. The
proposed method is verified by control simulations
INTRODUCTION
The cascade control method allows the control of
processes with a main and secondary controlled variable
and with a single control input. The method is especially
useful when a main controlled output can be measured
only in longer time intervals and with an additional
output measurable in shorter time periods. Principles of
the cascade control are described e.g. in (Bequette 2006;
Mahoney et al. 2006; Seborg et al. 1989; Smuts 2011).
Chemical reactors are typical processes suitable for a
use of the cascade control. In cases of non-isothermal
reactions, concentrations of the reaction products mostly
depend on a temperature of the reactant. Further, it is
known that while the reactant temperature can be
measured almost continuously, concentrations are
usually measured in longer time intervals. Then, the
application of the cascade control method can lead to
good results. In this paper, the cascade control
description of a continuous stirred tank reactor (CSTR)
with results of control simulations is presented.
CSTRS are apparatus widely used in chemical industry,
biotechnologies, polymer manufacturing, and many
others. From the system theory point of view, CSTRs
belong to a class of nonlinear systems with
mathematical models described by sets of nonlinear
differential equations as it can be seen e.g. in (Smith
2005; Corriou 2004).
Here, in the cascade control-loop, the concentration of a
desired product of reactions is considered as the primary
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NONLINEAR MODEL OF THE CSTR
Consider a CSTR with exothermic reactions according
k1

k2

to the scheme A → B , 2 B → C and with a perfectly
mixed cooling jacket. The desired product is the
component B. Using usual simplifications, the model of
the CSTR is described by four nonlinear differential
equations
dcA

= rA +

qr

(c A f − c A )

(1)

d cB
q
= rB + r (cB f − cB )
dt
Vr

(2)

Ah U
dTr
hr
q
(Tc − Tr )
=
+ r (Tr f − Tr ) +
(ρc p ) r Vr
dt
Vr (ρc p ) r

(3)

dTc qc
Ah U
= (Tcf − Tc ) +
(Tr − Tc )
dt Vc
Vc (ρc p )c

(4)

dt

Vr

where

r1 = k1 c A
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r2 =

k2 cB2

(5)
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r2 = k2 cB2

(5)

⎞
⎟ , j = 1, 2
⎟
⎠

hr = h1 r1 + h2 r2

3

(7)

s

⎛− Ej
k j =k 0 j exp ⎜⎜
⎝ RTr

cB (kmol/m )

for concentraations, T for temperatures, V for volume s, ρ
for densitiess, cp for speecific heat capacities,
c
q for
volumetric fllow rates, r foor reaction rattes, Ah is the hheat
exchange suurface area and U is th
he heat tran sfer
coefficient. S
Subscripts deenoted r describe the reacttant
mixture, c the coolant, f the inlet values and the
superscript s steady-state values.
v
The reactionn rates and thhe reaction heeat are expresssed
as

(8)

where k0 aree pre-exponenntial factors, E are activattion
energies andd h are reactionn enthalpies. The values off all
parameters, iinlet values annd their steady
y-state values are
given in Tablle 1.
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cpc = 4.18 kJ
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Ah = 5.65 m2
U = 43.5 kJJ m-2min-1K-1
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500 K
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400 K
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04 kJ kmol-1
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cBf
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Tcfs = 293 K
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w
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he steady-staate characterristics with transformedd
reaactant temperaature can be seeen in Fig. 3.
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A basic sccheme of the cascade
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contro
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c (σ ) y f (t ) = y (t )

(19)

Now, a difference of the desired value of the reactant
temperature in the output of the PC can be computed for
each cB as

where σ = d d t is the derivative operator, c(σ) is a
stable polynomial in σ that fulfills the condition
deg c (σ ) ≥ deg a (σ ) .
Note that the filter time constants must be smaller than
the time constants of the process. Since the latter are
unknown at the beginning of the estimation procedure,
it is necessary to make the filter time constants, selected
a priori, sufficiently small.
With regard to (17), the polynomial a takes the concrete
form a (σ ) = σ 2 + a1σ + a0 , and, the polynomial c can

⎛ dξ ⎞
ΔTr w = Gw (TrU − TrL ) ⎜
⎟ Δ cB w
⎝ d cB ⎠ cB

(14)

where Gw is a selectable gain coefficient.
The derivative in (14) is calculated from inversion of
(11) and (13).
ADAPTIVE CONTROLLER DESIGN

be chosen as c(σ ) = σ 2 + c1σ + c0 . Subsequently, the
values of the filtered variables can be computed during
the control by a solution of (18) and (19) using some
standard integration method.
It can be easily proved that the transfer behavior among

The steady-state dependence of the reactant temperature
on the coolant flow rate can be seen in Fig. 6. Its
nonlinearity is evident.
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The derivative in (14) is calculated from inversion of
(11) and (13).
ADAPTIVE CONTROLLER DESIGN

be chosen as c(σ ) = σ 2 + c1σ + c0 . Subsequently, the
values of the filtered variables can be computed during
the control by a solution of (18) and (19) using some
standard integration method.
It can be easily proved that the transfer behavior among

The steady-state dependence of the reactant temperature
on the coolant flow rate can be seen in Fig. 6. Its
nonlinearity is evident.
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T

((21)
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he transfer funnctions (24) taake forms
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p( s)

(29))

i
method w
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that thhe degrees of polynomials
p
q
and
d r must fulfill inequalities

Controller D
Design

No
ow, the polyno
omial t can bee rewritten to the
t form

deg q ≤ deg p , deeg r ≤ deg p + 1 .

t ( s) = r (s) + s q(s) .

The control system withh two feedbacck controllerss is
Fig.7.
depicted in F

(30))
(31))

Subsequently, th
he degrees off polynomialss in (27) andd
(29
9) can be easilly derived as
deg t = deg r = deg a, deg q = deg a − 1
.
(32))
deg p ≥ deg a − 1, degg d ≥ 2 deg a

and
d substituting (26) into (25)), the polynom
mials p and t
aree given by a so
olution of the polynomial equation
(27))
a( s ) p ( s ) + b( s ) t ( s ) = d ( s )

filtered and aamong unfilterred variables are equivalentt.
Filtered variiables including their derrivatives can be
sampled from filters (188) and (19) in discrete tiime
intervals tk = k TS , k = 0,1,2, ... where TS is the
sampling perriod. Now, thhe regression vector
v
is defiined
as

(

)

Φ (ttk ) = − y f (tk ) − y f (tk ) u f (tk ) 1

((20)

witth a stable pollynomial d onn the right sidee.
Wiith regard to
o the transforrms (23), th
he asymptoticc
tracking is prov
vided for polyynomials p and
a
q havingg
forrms
p ( s ) = s p( s ) , q ( s ) = s q ( s ) .
(28))

((21)

Subsequently, th
he transfer funnctions (24) taake forms

and, the vecttor of parametters

ΘT (tk ) = ( a0 a1 b0 )
can be estimaated from the ARX model


y f (tk ) = ΘT (tk ) Φ (tk ) + e(tk ) .

Q( s ) =

((22)

n

Figure 7: Control
C
System.

i =0

s

.

q ( s )
r (s )
, R( s) =
p (s )
p ( s )

((23)

∑

qi s i −1

It can
c be easily proved
p
that thhe degrees of polynomials
p
q
and
d r must fulfill inequalities

Controller D
Design

No
ow, the polyno
omial t can bee rewritten to the
t form

deg q ≤ deg p , deeg r ≤ deg p + 1 .

t ( s) = r (s) + s q(s) .

The control system withh two feedbacck controllerss is
Fig.7.
depicted in F

Th
he coefficientts βi distriibute a weiight betweenn
num
merators of transfer functioons Q and R.
For the second order modeel (17) with deg
d a = 2 , thee
con
ntroller's transsfer functions take specific forms
q ( s ) q22 s + q1
Q(s ) =
=
p( s)
s + p0
.
(36))
r2 s 2 + r1 s + r0
r ( s)
R (s ) =
=
s ( s + p0 )
s p( s)

((24)

wh
here

r0 = t0 , r1 = β1 t1 , r2 = β 2 t2
q1 = (1 − β1 ) t1 , q22 = (1 − β 2 ) t2

((25)

where d is a characteristic polynomiaal with rootss as
poles of the cclosed-loop.
Establishing the polynomiial t as
t ( s ) = r ( s ) + q ( s )
((26)

.

(37))

Th
he controller parameters
p
theen result from
m a solution off
thee polynomiall equation (27) and depend
d
uponn
coeefficients of th
he polynomiaal d. The next problem heree
is to find a stab
ble polynomiaal d that enab
bles to obtainn
accceptable stabillizing controlllers.
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In this paper, the polynomial d with roots determining
the closed-loop poles is chosen as

In this paper, the polynomial d with roots determining
the closed-loop poles is chosen as

control quality can be improved just by a suitable option
of parameters β.

10

d ( s ) = n( s ) ( s + α ) 2

(38)

10

where n is a stable polynomial obtained by spectral
factorization

8

where n is a stable polynomial obtained by spectral
factorization

8

a ∗ ( s ) a ( s ) = n∗ ( s ) n ( s )

6

a ∗ ( s ) a ( s ) = n∗ ( s ) n ( s )

6

and, the controller parameters p0 and t can be obtained
from solution of the matrix equation
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×
=
0 ⎟ ⎜ t1 ⎟ ⎜ d1 ⎟
⎟
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Figure 9: Effect of Gw: Reactant Temperature
Responses (ts = 10, α = 0.1, β1 = β2 = 1).
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The goal of simulations is to show the effect of
selectable parameters on the control courses. In this
paper, the control simulations were performed only in
the first operating interval.
The simulations started at the starting point
cAs = 1.6677 kmol/m3, cBs = 1.1311 kmol/m3,
Trs = 323.4 K, Tcs = 300.5 K and qcs = 0.18 m3/min. In
all simulations, the desired value cBw = 1.6 kmol/m3 has
been chosen. For the start (the adaptation phase), the P
controller with a small gain was used in all simulations.
An effect of the parameter Gw on the control is evident
from Figs. 8 – 10. An increasing Gw accelerates all
signals in the control loop. However, its value is not
unrestricted and its convenient value should be found
experimentally.
An effect of the period ts in the same operating interval
can be seen in Figs. 11 – 13. Although shortening ts
leads to faster control responses, its length is determined
by measurement possibilities. The tendency to
overshoots at small measurement periods can be
suppressed by selecting a lower gain Gw.
An influence of the closed- loop pole α on the control
responses can be seen in Figs. 14 – 16. Choosing a
higher α values can lead to oscillations.
The last group of simulations in Figs. 17 - 19 shows an
influence of the parameter β2 on the control courses.
Here were chosen only by his extreme values. It can be
seen that in an favorable choice of other parameters, the

0

d3 = n1 + 2α , d 2 = 2α n1 + n0 + α
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Now, it follows from the above introduced procedure
that tuning of controllers can be performed by a suitable
choice of selectable parameters β and α.
The controller parameters r and q can then be obtained
from (37).
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CONCLUSIONS

The paper deals with the cascade control of a
continuous stirred tank reactor. A necessary condition
for a use of the presented method is measurement of a
main product of the reaction taking place in the reactor.
The control is performed in the external and inner
closed-loop where the concentration of a main product
is the primary and the reactant temperature the
secondary controlled variable. A common control input
is the coolant flow rate.
The controller in the external control-loop is a discrete
nonlinear P-controller derived on the basis of steadystate characteristics of the reactor. The inner controlloop consists of two adaptive feedback controllers. For
their derivation, the recursive parameter estimation, the
polynomial approach and the pole placement method
are applied.
The paper contains numerous simulations documenting
the influence of each selectable controller parameters on
the control.
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two degrees-of-freedom (2DOF) structure (Grimble
1994), where one part of the controller lies in the
feedback and the second part is in the feedforward part.
This control configuration could improve control results
especially at the beginning of the control.
The controlled system and also the controller act in the
1DOF and 2DOF control schemes in the form of the
continuous-time transfer function. Relations for
computation of the controller’s parameters uses
polynomial approach (Kucera 1993) together with Poleplacement method and Spectral factorization. These
methods satisfy basic control requirements such as
stability, reference signal tracking and disturbance
attenuation. Moreover, the polynomial synthesis
produces not only the structure of the controller but also
relations for controller’s parameters computing.
The system under the consideration is the real model of
the water tank which is one part of the Process Control
Teaching system PCT40 from Armfield (Armfield
2005). This four-liter model offers various types for
control including continuous control of the water tank.
All experiments in this work are based on the modelling
and simulation techniques which are often used
nowadays because of time and mainly cost savings
(Ingham et al. 2000). The mathematical model of the
controlled water tank is described by the one nonlinear
ordinary differential equation which is then solved
numerically.
The paper is divided into four main parts. The adaptive
approach is introduced in the first chapter. Then, the
model of the controlled water tank is introduced
together with the mathematical model and simulation
results of the steady-state and dynamic analyses. The
third part presents simulation results of control for both
1DOF and 2DOF control configurations and compares
these two controllers. The last part is conclusion which
summarizes main results and form recommendations for
controlling of the real process.
All simulations were done in the mathematical software
Matlab, version 7.0.1 which is suitable for this task and
also widely used (Honc and Dusek, 2013a).

KEYWORDS
Modelling, Simulation, Mathematical Model, Adaptive
control, Recursive Identification, Water Tank.
ABSTRACT
The water tank is a typical nonlinear system
representing several types of systems like barrels,
reservoirs, tanks etc. for liquid. The simulation,
similarly as in other cases, can help with the
understanding of the system’s static and dynamic
behavior and it is starting point for the controller
design. The adaptive control in this work is based on the
choice of the external linear model of the nonlinear
system, parameters of which are identified recursively
and the controller’s parameters are also recomputed
recursively according to the identified system. Basic
control requirements are satisfied with the use of
polynomial approach together with the Pole-placement
method and spectral factorization. The resulting
controller has also one tuning parameter which affects
mainly the speed of the control and overshoots. Two
control schemes with one degree-of-freedom and two
degrees-of-freedom are tested and compared in the
work.
INTRODUCTION
The adaptive control belongs to relatively new control
strategies (Dusek and Honc, 2009), (Honc and Dusek,
2013b) which can be used for controlling of wide range
of technological processes like heat exchangers,
chemical reactors, flow control, water level in the tank
etc.
The big advantage of this method can be found in
strong theoretical background (Åström 1989) and a
number of improvements. This control strategy comes
from the feature known from the nature where animals
and plants “adopt” their behavior to the actual living
environment. Adaptation in the control field is done
mainly by the change of the structure, parameters of the
controller etc.
One way how we can also influence the result of the
control is the choice of the control structure (Bobal et
al. 2005). The most common control scheme is one
degree-of-freedom (1DOF) control configuration, which
has controller only in the feedback part (Grimble 1994).
Better results can be sometimes obtained with the use of

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

ADAPTIVE CONTROL
The adaptivity in the control strategy here is satisfied by
the recursive estimation of the External Linear Model
(ELM) as a linear representation of originally nonlinear
system parameters of which are estimated recursively
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a (s) ⋅ s ⋅ p (s) + b(s) ⋅ q (s) = d (s)

during the control and parameters of the controller are
recomputed in each step according to identified
parameters too (Bobal et al. 2005). The ELM is usually
in the form of continuous-time (CT) or discrete-time
(DT) transfer functions, where CT models are more
accurate. On the other hand, DT models are better for
online identification.
Two CT control system configurations were tested for
this model – the one degree-of-freedom (1DOF) and the
two degrees-of-freedom (2DOF) control configurations.

(3)

by the Method of uncertain coefficients which compares
coefficients of individual s-powers.
Degrees of the polynomials p ( s ) and q(s) are
deg p ( s ) = deg a ( s ) − 1
deg q ( s ) = deg a ( s )

.

(4)

The polynomial d(s) on the right side of equation (3) is
stable optional polynomial and the degree of this
polynomial is

Control System Synthesis
The first control structure with one degree-of-freedom
has controller only in the feedback part – see Figure 1.

deg d ( s ) = deg a ( s ) + deg p ( s ) + 1

(5)
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Two CT control system configurations were tested for
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coefficients of individual s-powers.
Degrees of the polynomials p ( s ) and q(s) are
deg p ( s ) = deg a ( s ) − 1
deg q ( s ) = deg a ( s )

d (s) = (s + α )

b (s)

a (s)

n* ( s ) ⋅ n ( s ) = a * ( s ) ⋅ a ( s )

(1)

d (s) = n (s) ⋅(s + α )

p (s)

deg d − deg n

(8)

The second control configuration with two degrees-offreedom (2DOF) has the controller divided into
feedback part Q(s) and feedforward part R(s) – see
Figure 2.

and the transfer function of the controller is
q (s)

(7)

The polynomial d(s) in (6) is then divided into two parts
– the first, n(s), is computed from the spectral
factorization (7) and the second from the Poleplacement method in (6), i.e.

where deg b ( s ) ≤ deg a ( s ) due to properness condition

Q (s) =

(6)

with α as a tuning constant with condition α > 0.
Disadvantage of this method is that there is no general
rule how to choose α. Our experiments (Vojtesek and
Dostal 2012) have shown that it is good to connect the
choice of the polynomial d(s) with the parameters of the
controlled system, for example with the use of spectral
factorization of the polynomial a(s) in the numerator of
G(s) in (1) known from the recursive identification

The block G(s) represents the transfer function of the
controlled system, in our case ELM chosen for example
from the dynamic analysis. The second block Q(s) is
feedback controller again in the form of the transfer
function. Signal w is reference signal, e.g. wanted value
of the output variable y and e denotes control error,
e = w – y. The computed output signal u from the
controller is action value and v is random error.
The polynomial approach together with the Poleplacement method and spectral factorization are
employed in the controller design.
The transfer function of the controlled system is then
with the use of polynomial approach
G(s) =

deg d

(2)

Control System Synthesis
The first control structure with one degree-of-freedom
has controller only in the feedback part – see Figure 1.

deg d ( s ) = deg a ( s ) + deg p ( s ) + 1

d (s) = (s + α )

Figure 1: 1DOF control configuration

G(s) =

b (s)

a (s)

p (s)
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q (s)

p (s)
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q (s)

s ⋅ p (s)

; R (s) =

r (s)

p (s)
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r (s)

s ⋅ p (s)

(9)

(7)

deg d − deg n

(8)

The second control configuration with two degrees-offreedom (2DOF) has the controller divided into
feedback part Q(s) and feedforward part R(s) – see
Figure 2.

(2)

asymptotic tracking of the reference signal is satisfied if
the polynomial p(s) include the least common divisor of
the Laplace transform of the reference signal w and the
random error v. If we consider these signals from the
ring of step functions, the least common divisor is s and
polynomial p(s) in the denominator of (2) is
p (s) = s ⋅ p (s) .

Q (s) =

d (s) = n (s) ⋅(s + α )

and the transfer function of the controller is
q (s)
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where deg b ( s ) ≤ deg a ( s ) due to properness condition

Q (s) =

deg d

n* ( s ) ⋅ n ( s ) = a * ( s ) ⋅ a ( s )
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the polynomial p(s) include the least common divisor of
the Laplace transform of the reference signal w and the
random error v. If we consider these signals from the
ring of step functions, the least common divisor is s and
polynomial p(s) in the denominator of (2) is
p (s) = s ⋅ p (s) .
Polynomials a(s) and b(s) are known in each step from
the recursive identification and the task of the controller
is to compute parameters of polynomials p(s) and q(s).
These parameters are computed from the so called
Diophantic equation (Kucera 1993)
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The transfer function of the controlled system is then
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and deg q ( s ) ≤ deg p ( s ) again due to properness. The

The main benefit of this control configuration can be
found in the better reference signal tracking which is
satisfied by the feedforward part of the controller R(s).
Transfer functions of the controller are generally

(4)

The simplest way how to choose this polynomial is to
use the Pole-placement method which defines this
polynomial with several poles, number of which
depends on the degree of this polynomial, i.e.

and deg q ( s ) ≤ deg p ( s ) again due to properness. The

Figure 2: 2DOF control configuration
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The main benefit of this control configuration can be
found in the better reference signal tracking which is
satisfied by the feedforward part of the controller R(s).
Transfer functions of the controller are generally

Polynomials a(s) and b(s) are known in each step from
the recursive identification and the task of the controller
is to compute parameters of polynomials p(s) and q(s).
These parameters are computed from the so called
Diophantic equation (Kucera 1993)
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q (s)

p (s)

=

q (s)

s ⋅ p (s)

; R (s) =

r (s)

p (s)

=

r (s)

s ⋅ p (s)

(9)

polynomials p ( s ) , q(s) and r(s) are computed from
Diophantine equations
a (s) ⋅ s ⋅ p (s) + b (s) ⋅ q (s) = d (s)
t (s) ⋅ s + b (s) ⋅ r (s) = d (s)

(10)

with the same stable polynomial d(s) on the right side
which is again constructed by the Pole-placement
method and the spectral factorization described above.
Polynomial t(s) in the second Diophantine equation is
an auxiliary stable polynomial. Coefficients of this
polynomial are not used for computing of coefficients
of the polynomial r(s).

Water
tank

CSTR

Recursive Identification

Important part of the adaptive approach here is the online recursive identification of the ELM. The simple
Recursive Least-Squares (RLS) method (Fikar and
Mikles 1999) is used in this work for this task. The big
advantage of this method is that it can be easily
expanded by the additional “forgetting” techniques and
also programmable in standard program languages. The
RLS method used for estimation of the vector of
parameters θˆδΤ could be described by the set of
equations:

PSV

Figure 3: Multifunctional process control teaching
system PCT40
The water tank model itself is plastic transparent
cylinder with inner radius r1 = 0.087 m. The model has
due to quicker dynamics and reduction of the water
consumption also another transparent cylinder inside
with outer diameter r2 = 0.057 m. The maximal water
level in the tank is hmax = 0.3 m which means that the
maximal volume of the tank is Vmax = 4.1 l.

ε ( k ) = y ( k ) − ϕ T ( k ) ⋅ θˆ ( k − 1)
γ ( k ) = ⎡⎣1 + ϕ T ( k ) ⋅ P ( k − 1) ⋅ ϕ ( k ) ⎤⎦

−1

Heat
exchanger

(11)
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parameters θˆδΤ could be described by the set of
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⎡
⎤
⎢
⎥
P ( k − 1) ⋅ ϕ ( k ) ⋅ ϕ T ( k ) ⋅ P ( k − 1) ⎥
1
⎢
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P ( k − 1) −
⎥
λ1 ( k − 1)
λ1 ( k − 1) ⎢
+ ϕ T ( k ) ⋅ P ( k − 1) ⋅ ϕ ( k ) ⎥
⎢
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θˆ ( k ) = θˆ ( k − 1) + L ( k ) ε ( k )

qin
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where K is a very small value (e.g. K = 0.001).
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Figure 4: Scheme of the water tank model
The model offers three various types of control – the
maximal level on/off control, the difference water level
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The water tank model itself is plastic transparent
cylinder with inner radius r1 = 0.087 m. The model has
due to quicker dynamics and reduction of the water
consumption also another transparent cylinder inside
with outer diameter r2 = 0.057 m. The maximal water
level in the tank is hmax = 0.3 m which means that the
maximal volume of the tank is Vmax = 4.1 l.

(11)

λ1 ( k ) = 1 − K ⋅ γ ( k ) ⋅ ε 2 ( k )

r2

Figure 3: Multifunctional process control teaching
system PCT40

L ( k ) = γ ( k ) ⋅ P ( k − 1) ⋅ ϕ ( k )

where K is a very small value (e.g. K = 0.001).

Heat
exchanger
PSV

ε ( k ) = y ( k ) − ϕ T ( k ) ⋅ θˆ ( k − 1)

Where φ is regression vector, ε denotes a prediction
error, P is a covariance matrix and λ1 and λ2 are
forgetting factors. For example constant exponential
forgetting (Fikar and Mikles 1999) uses λ2 = 1 and

The model under the consideration is real model of the
water tank as a small representation of usually big tank
or reservoir for the water or other liquids. Real models
offers to make experiments with lower time demands
and mainly costs for experiments than on the real
system and we expect that results obtained on the real
model are similar to those which can be obtained on the
real system.

Water
tank

CSTR

Recursive Identification

Where φ is regression vector, ε denotes a prediction
error, P is a covariance matrix and λ1 and λ2 are
forgetting factors. For example constant exponential
forgetting (Fikar and Mikles 1999) uses λ2 = 1 and
(12)

The real model here is part of the Process Control
Teaching system PCT40 from Armfield which has
various models that can work separately or even better
they can be connected and used together. The main
parts are a heat exchanger, a water tank and a
continuous stirred-tank reactor (CSTR) but it could be
expanded by the electronic console for connection of
the commercial PID controller, PLC etc. or by a
pneumatic valve accessory. The scheme of PCT40 is
shown in Figure 3 (Armfield 2005).
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The mathematical model comes from the material
balance inside the tank. The input variable is volumetric
flow rate, qin, and the state variable is the water level, h.
The differential equation describing the mathematical
model of the water tank is then

u (t ) =

qs
h s + hv

(14)
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Figure 6: Dynamic characteristic
The dynamic analyses in Figure 6 show that the input
variable is limited in the range approximately
u(t) = <-40%; +30%> for this operating point qin,op.
Lower or higher values result in very small or too high
volumetric flow rates which are useless from the
practical point of view.

(16)

Steady-state Analysis

The simulated steady-state characteristic together with
verified steady-state values measured on the real model
are shown in Figure 5.
Computed steady-state values show expected
nonlinearity of the system and the main result of the
steady-state analysis is the limitation of the input
volumetric flow rate, qin, which is qin = <8.86·10-6;
1.98·10-5> m3.s-1.

SIMULATION OF ADAPTIVE CONTROL

As it is written in the theoretical part, the adaptive
approach is based on the recursive identification of the
ELM. The choice of the ELM could be based on results
from the dynamic analysis displayed in Figure 6.
Proposed control strategies were tested by the
simulation on the mathematical model of the water tank
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Several changes u(t) were performed and results are in
Figure 6.
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There were done several reference measurements due to
accuracy of the model and the mean value of k used in
this work is
k = 3.2282 ⋅10−5 m5/ 2 .s −1

qin,op

1.5
-1

The dynamic analysis observes the behavior of the
system after the step change of the input volumetric
flow rate, Δqin. The operating volumetric flow rate was
set in the middle of the working interval in Figure 5,
qin,op = 1.5·10-5 m3.s-1. Input and output variables are
then

where we know qin and steady-state water level hs. It
was proofed, that also the height of the output valve
hv = 0.076 m must be included into the computation,
e.g.
k=

1.0

Dynamic Analysis
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where k is a valve constant and F is the area of the base,
in this case
F = π ⋅ r12 − π ⋅ r22 = 1.36 ⋅10−2 m 2
This model was derived and discussed in (Vojtesek et
al. 2014) and it was shown, that there was a small
problem with the computation of the valve constant k.
This constant was computed from the steady-state,
where dh/dt = 0 in (13) which means that
q s = k ⋅ hs ⇒ k =

qin,min
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dh qin − k ⋅ h
=
dt
F

qin,min
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control between the lower and the upper bound and
direct continuous water level control to the set value.
The third control option is used here – the input into the
system is water with input volumetric flow rate qin, and
comes out through the output valve with volumetric
flow rate q. The water level, h, is measured by the
pressure level sensor. Figure 4 shows schematic
representation of the water tank model.
The input volumetric flow rate qin could be set and
controlled by the Proportional Solenoid Valve (PSV) in
the range qin = <0; 2.5·10-5> m3.s-1 which is also for
better imagination qin = <0; 1.5> l.min-1.
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variable is limited in the range approximately
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Lower or higher values result in very small or too high
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practical point of view.
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The simulated steady-state characteristic together with
verified steady-state values measured on the real model
are shown in Figure 5.
Computed steady-state values show expected
nonlinearity of the system and the main result of the
steady-state analysis is the limitation of the input
volumetric flow rate, qin, which is qin = <8.86·10-6;
1.98·10-5> m3.s-1.

SIMULATION OF ADAPTIVE CONTROL

As it is written in the theoretical part, the adaptive
approach is based on the recursive identification of the
ELM. The choice of the ELM could be based on results
from the dynamic analysis displayed in Figure 6.
Proposed control strategies were tested by the
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G (s) =

b (s)

a (s)

=

b1 s + b0
s + a1 s + a0

u ( t ) = qin ⎡⎣ m3 .s −1 ⎤⎦ ;

(18)

2

z −1
Tv

deg p ( s ) = deg a ( s ) − 1 = 1

The transfer function of the feedback controller (2) is
then
Q(s) =

… − a0 yδ ( k − 1) − a1 yδ ( k − 2 )
δ

y (k − 1) − y ( k − 2)
u (k − 1) − u (k − 2)
uδ (k − 1) =
Tv
Tv
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2
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Obtained simulation results clearly show, that
increasing value of the parameter α results in quicker
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deg p ( s ) = deg a ( s ) − 1 = 1

The transfer function of the feedback controller (2) is
then
Q(s) =

s ⋅ p (s)

=

q2 s 2 + q1 s + q0
s ⋅ ( s + p0 )

(26)

p ( s ) and q(s) are

computed from the Diophantine equation (3) where the
polynomial d(s) is of fourth degree and (8) is

d (s) = n (s) ⋅(s + α )

2

(27)

Parameters of all simulations were the same due to
comparability – the simulation time was 2 700 s (45
min), the sampling period was 1 s and several different
step changes of the reference signal were done. There
were done three simulation studies for the tuning
parameter α = 0.02, 0.04 and 0.4 and the results are
shown in Figure 7 and Figure 8.

(20)

where b0δ, b1δ , a0δ, a1δ are δ-parameters similar to those
in (18) and delta values of input and output variables in
Equation (20) can be computed as
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The differential equation (20) has then vector form
yδ ( k ) = θ δT ( k ) ⋅ ϕδ ( k − 1) + e ( k )

q (s)

and parameters of polynomials

δ

θ δ ( k ) = ⎡⎣ a1δ , a0δ , b1δ , b0δ ⎤⎦

(25)

deg q ( s ) = deg a ( s ) = 2
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… − a0δ yδ ( k − 1) − a1δ yδ ( k − 2 )

(24)

The first control simulation study is done for the 1DOF
control configuration described above. As the ELM is
of the second order, the degrees of polynomials of the
controller‘s transfer functions are

T

Figure 7: The course of the reference signal, w(t), and
the output variable, y(t), for different α, 1DOF
configuration

where e(k) is a general random immeasurable
component and the task of the identification is to
estimate the vector of parameters θδ from known data
vector ϕδ.
The input variable u(t) is the input volumetric flow rate
qin of the water which could be adjustable by the
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ϕδ and the vector of parameters θδ are then

0.08

0.00

(23)

(18)

yδ ( k ) = b0 uδ ( k − 1) + b1 uδ ( k − 2 ) − …
δ

yδ (k − 2) = y (k − 2)

0.04

The differential equation (20) has then vector form

b1 s + b0
s + a1 s + a0
2

and the differential equation derived from concrete
ELM in (18) will be

yδ (k − 1) =

0.12

a (s)

=

γδ =

yδ (k ) =

0.16

Where Tv is sampling period and the regression vector
ϕδ and the vector of parameters θδ are then

yδ ( k ) = θ δT ( k ) ⋅ ϕδ ( k − 1) + e ( k )

p ( s ) and q(s) are

Parameters of all simulations were the same due to
comparability – the simulation time was 2 700 s (45
min), the sampling period was 1 s and several different
step changes of the reference signal were done. There
were done three simulation studies for the tuning
parameter α = 0.02, 0.04 and 0.4 and the results are
shown in Figure 7 and Figure 8.
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The on-line identification of CT ELM (18) could cause
a problem. It is solvable for example with the use of
differential filters as it is shown for example in
(Vojtesek and Dostal 2005). The second way is to apply
so called δ-models (Middleton and Goodwin 2004)
which belong to the class of discrete-time models, but
input and output variables are related to the sampling
period which makes them more similar to those
parameters in CT model (18) (Stericker and Sinha
1993). On-line identification of the discrete model is
much easier from the mathematical point of view – we
can read input and output variables only in the time
intervals defined by the sampling period.
The δ–model introduces a new complex variable γδ
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polynomial d(s) is of fourth degree and (8) is

where b0δ, b1δ , a0δ, a1δ are δ-parameters similar to those
in (18) and delta values of input and output variables in
Equation (20) can be computed as
yδ (k ) =

q (s)

and parameters of polynomials

δ

δ

(25)

deg q ( s ) = deg a ( s ) = 2

(19)

yδ ( k ) = b0 uδ ( k − 1) + b1 uδ ( k − 2 ) − …

G (s) =

The first control simulation study is done for the 1DOF
control configuration described above. As the ELM is
of the second order, the degrees of polynomials of the
controller‘s transfer functions are

and the differential equation derived from concrete
ELM in (18) will be
δ

(24)

1DOF Control Results

The on-line identification of CT ELM (18) could cause
a problem. It is solvable for example with the use of
differential filters as it is shown for example in
(Vojtesek and Dostal 2005). The second way is to apply
so called δ-models (Middleton and Goodwin 2004)
which belong to the class of discrete-time models, but
input and output variables are related to the sampling
period which makes them more similar to those
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Proportional Solenoid Valve (PSV) in Armfield’s
PCT40 model. On the other hand, the output variable
y(t) is the water level inside the tank measured by the
pressure sensor, e.g.

described by equations (13)-(15). The output responses
are then described by the first or the second order
transfer functions. Although we have tested the first
order transfer function in (Vojtesek et al. 2014), the
second order transfer function was used here because it
is more accurate and can cover bigger range of systems
and different states of systems. The CT ELM (1) is then
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where e(k) is a general random immeasurable
component and the task of the identification is to
estimate the vector of parameters θδ from known data
vector ϕδ.
The input variable u(t) is the input volumetric flow rate
qin of the water which could be adjustable by the
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Figure 9: The course of the reference signal w(t) and the
output variable, y(t), for different α, 2DOF
configuration
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The effect of the choice of the parameter α is the same
as in previous control strategy – increasing value of this
parameter results in the quicker output response in
Figure 9. Courses of the input volumetric flow rate in
Figure 10 are in this case very similar and comparable.
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Figure 12: Comparison of the output response of 1DOF
and 2DOF control configurations for α = 0.04
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The goal of the second simulation experiment is to
apply 2DOF control configuration to this type of
system. The same simulation parameters, step changes
and even tuning parameters α = 0.02, 0.04 and 0.4 were
used. The simulation results are displayed in Figure 9
and Figure 10.
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The goal of the second simulation experiment is to
apply 2DOF control configuration to this type of
system. The same simulation parameters, step changes
and even tuning parameters α = 0.02, 0.04 and 0.4 were
used. The simulation results are displayed in Figure 9
and Figure 10.
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and 2DOF control configurations for α = 0.04
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On the other hand, the same choice of the parameter α
produces slower course of the output variable in 2DOF
control configuration than in the 1DOF configuration.
The choice of the optimal control configuration then
depends on what is important for us – a quicker output
response or a bit slower response but without the
overshoots.
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CONCLUSIONS

The paper shows simulation results of the adaptive
control with two control configurations applied on the
mathematical model of the water tank as a typical
nonlinear system. The adaptivity is fullfiled by the
recursive identification of the external linear model as a
linear representation of the originally nonlinear system.
The controller is constructed with the use of the
polynomial approach and Pole-placement method that
satisfy basic control requirements such as stability,
reference signal tracking and disturbance attenuation.
The control response could be tuned by the choice of
the position of the root in the Pole-placement method
and it was shown, that increasing value of this
parameter results in the quicker response but overshoots
of the output. The main difference between 1DOF and
2DOF control configurations can be found in the
suppression of these overshoots of the output variable in
the use of the 2DOF configuration which has controller
in the feedback and also in the feedforward part of the
control scheme. The advantage of 2DOF is also in the
reduction of the control input demands which is
important from the practical point of view. On the other
hand, 2DOF output response has slower output response
compared with the 1DOF configuration with the same
settings. The future work will be focused on the
verification of obtained results by measurements on the
real model of the water tank.
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control based on transfer function models. Surveys of
practical applications of predictive control are
presented in (Quinn and Bandgwell 1996, Quinn and
Bandgwell 2000, Quinn and Bandgwell 2003). It is
commonly considered as a design parameter because it
has direct effects on closed loop performance. A
computation of predictions for the case with the
colouring polynomial is introduced. The computation
is based on a particular model of the controlled system
in the form of transfer function which is commonly
used for description of a range of processes.The
filtering of variables is the equivalent of the colouring
polynomial in the noise model. It is practically very
difficult to estimate the coefficients of the colouring
polynomial. A model with the C-polynomial is then
utilized as an example with filtering of input and
output variables when the polynomial C is a tuning
parameter. In the paper are derived prediction
equations for an input output model in the form of
transfer function both for the case with the C-filter and
without the C-filter. Performance of closed loop system
with and without the colouring polynomial in the
disturbance model was compared.

KEYWORDS
predictive control, disturbance modelling, colouring
polynomial, filtering of variables, transfer function
models
ABSTRACT
The paper is focused on an implementation of a
predictive controller with a colouring filter C in a
disturbance model. The filter is often essential for
practical applications of predictive control based on
transfer function models. It is commonly considered as
a design parameter because it has direct effects on
closed loop performance. In this paper a computation
of predictions for the case with the colouring
polynomial is introduced. The computation is based on
a particular model of the controlled system in the form
of transfer function which is commonly used for
description of a range of processes. Performance of
closed loop system with and without the colouring
polynomial in the disturbance model was compared.
INTRODUCTION
Model Predictive Control (MPC) or only Predictive
Control (Camacho and Bordons 2004, Morari and Lee
1999, Mikleš and Fikar 2008) is one of the control
methods which have developed considerably over a
few past years. Predictive control is essentially based
on discrete or sampled models of processes.
Computation of appropriate control algorithms is then
realized especially in the discrete domain. The basic
idea of the generalized predictive control (Clarke and
Mohtadi 1987, Clarke and Mohtadi 1987) is to use a
model of a controlled process to predict a number of
future outputs of the process. A trajectory of future
manipulated variables is given by solving an
optimization problem incorporating a suitable cost
function and constraints. Only the first element of the
obtained control sequence is applied. The whole
procedure is repeated in following sampling period.
This principle is known as the receding horizon
strategy.
An implementation of a predictive controller based on
a transfer function model with a colouring filter C in a
disturbance model is described in this paper. The filter
is often essential for practical applications of predictive
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Grisha Spasov, Galidiya Petrova (Editors)
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MODEL OF THE CONTROLLED SYSTEM
A model of the second order which is widely used in
practice and has proved to be effective for control of a
range of various processes was applied. It can be
expressed by following transfer function
G(z ) =

b z −1 + b z −2
B (z −1 )
= 1 −1 2 −2
−1
A(z ) 1 + a1 z + a2 z

(1)

A widely used model in general model predictive
control is the CARIMA (controller autoregressive
integrated moving average) model which we can obtain
by adding a disturbance model as

( )

( )

A z −1 y (k ) = B z −1 u (k ) +

( )

C z −1
n(k )
Δ

(2)

where n is a non-measurable random disturbance that
is assumed to have zero mean value and constant
covariance and Δ = 1 − z −1 . C is the colouring
polynomial. For purpose of simplification it is often
supposed to be equal to 1 (Camacho and Bordons
2004). In Model Predictive Control it is also common
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to treat C as a design parameter (Clarke and Mohtadi
1987, Clarke and Mohtadi 1987, Yoon and Clarke
1995). In this paper will be compared cases when C=1
and when C is supposed as the design parameter.

As it was mentioned handling of constraints is one of
main advantages of predictive control. General
formulation of predictive control with constraints is
then as follows
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The basic idea of MPC is to use a model of a
controlled process to predict N future outputs of the
process. A trajectory of future manipulated variables is
given by solving an optimization problem
incorporating a suitable cost function and constraints.
Only the first element of the obtained control sequence
is applied. The whole procedure is repeated in
following sampling period. This principle is known as
the receding horizon strategy. The computation of a
control law of MPC is based on minimization of the
following criterion
N

Nu

j =1

j =1

J (k ) = ∑ e (k + j )2 + λ ∑ Δu(k + j )2

owing to

The inequality (11) expresses the constraints in a
compact form.
COMPUTATION OF PREDICTIONS C=1

An important task in predictive control is computation
of predictions for arbitrary prediction and control
horizons.
The difference equation of the CARIMA model
without the unknown term can be expressed as:

(3)

y(k ) = (1 − a1 ) y(k − 1) + (a1 − a2 ) y(k − 2) +

+ a2 y(k − 3) + b1Δu(k − 1) + b2 Δu(k − 2)
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yˆ (k + 3) = (1 − a1 ) yˆ (k + 2 ) + (a1 − a 2 ) yˆ (k + 1) + a 2 y (k ) +

The predictions after modification can be written in a
matrix form

(5)
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where w is a vector of the reference trajectory. The
criterion can be modified using the expression (6) to
J = 2 g T Δu + Δu T HΔu

⎡ yˆ(k + 1)⎤
⎡ y(k) ⎤
Δu(k ) ⎤
⎡
⎢yˆ(k + 2)⎥ = G
+ PΔu(k − 1) + Q⎢ y(k − 1)⎥
⎢⎣yˆ(k + 3)⎥⎦ ⎢⎣Δu(k + 1)⎥⎦
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(7)

where the gradient g and the Hess matrix H are defined
by following expressions
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The criterion (4) can be written in a general vector
form
T

(12)

It was necessary to directly compute three steps-ahead
predictions in a straightforward way by establishing of
previous predictions to later predictions. The model
order defines that computation of one step-ahead
prediction is based on the three past values of the
system output.

where ŷ is a vector of system predictions along the
horizon of the length N, Δu is a vector of control
increments, y0 is the free response vector. G is a matrix
which contains values of the step sequence. It is given
as
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where e(k+j) is a vector of predicted control errors,
Δu(k+j) is a vector of future increments of the
manipulated variable, N is a length of the prediction
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⎢⎣yˆ(k + 3)⎥⎦ ⎢⎣Δu(k + 1)⎥⎦
⎢⎣y(k − 2)⎥⎦

(7)

g T = G T ( y0 − w)

0⎤

⎡q
⎡p ⎤
⎢ 11
⎢ 1⎥
+ p Δu(k − 1) + q
⎢ 21
⎢ 2⎥
⎢⎣q31
⎢⎣ p3 ⎥⎦

where w is a vector of the reference trajectory. The
criterion can be modified using the expression (6) to
J = 2 g T Δu + Δu T HΔu

(13)

+ b1Δu (k + 2) + b2 Δu (k + 1)

The criterion (4) can be written in a general vector
form
T

(12)

It was necessary to directly compute three steps-ahead
predictions in a straightforward way by establishing of
previous predictions to later predictions. The model
order defines that computation of one step-ahead
prediction is based on the three past values of the
system output.

where ŷ is a vector of system predictions along the
horizon of the length N, Δu is a vector of control
increments, y0 is the free response vector. G is a matrix
which contains values of the step sequence. It is given
as
0
g1
g2
#
g N −1

(11)

AΔu ≤ b

where e(k+j) is a vector of predicted control errors,
Δu(k+j) is a vector of future increments of the
manipulated variable, N is a length of the prediction
horizon, Nu is a length of the control horizon and λ is a
weighting factor of control increments.
A predictor in a vector form is given by

⎡ g1
⎢g
⎢ 2
G = ⎢ g3
⎢
⎢ #
⎢g N
⎣

(10)

Δu

where
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(14)

(15)

(16)

⎡
b1
Δu(k ) ⎤ ⎢
⎡
=
b1(1 − a1 ) + b2
G
⎢⎣Δu(k + 1)⎥⎦ ⎢
2
⎢⎣(a1 − a2 )b1 + (1 − a1) b1 + (1 − a1)b2

⎤
⎥⎡ Δu(k) ⎤
b1
⎥⎢Δu(k + 1)⎥⎦
(1 − a1)b1 + b2 ⎥⎦⎣
(17)
0

⎡
⎤
b
⎢
⎥
2
⎢
⎥Δu(k − 1)
⎛
⎞
PΔu(k − 1) =
⎜1 − a ⎟b
1⎠ 2
⎝
⎢
⎥
2
⎢⎛
⎞
⎛
⎞ ⎥
⎢⎣⎜⎝1 − a1 ⎟⎠ b2 + ⎜⎝ a1 − a2 ⎟⎠b2 ⎥⎦

(18)

⎤
⎥⎡ y(k ) ⎤
⎥⎢ y(k − 1)⎥
⎛
⎞
a ⎜1 − a ⎟
2⎝
1⎠
⎥⎢
⎣y(k − 2)⎥⎦
⎛
⎞2 ⎛
⎞ ⎥
a ⎜1 − a ⎟ + ⎜ a − a ⎟a ⎥
2⎝
1⎠
⎝ 1 2 ⎠ 2⎦

(19)
The coefficients of the matrices G, P and Q for further
predictions are computed recursively. Based on the
three previous predictions it is repeatedly computed the
next row of the matrices P and Q in the following way:
p4 = (1 − a1 ) p3 + (a1 − a2 ) p2 + a2 p1
q42 = (1 − a1 )q32 + (a1 − a2 )q22 + a2 q12

q43 = (1 − a1 )q33 + (a1 − a2 )q23 + a2 q13

g 4 = (1 − a1 ) g3 + ( a1 − a2 ) g 2 + a2 g1

(20)

(21)

y f (k ) =

( ) Cy((zk ) ) = B(z )CΔu(z(k )) + n(k )
−1

−1

−1

+ c2 z

(27)

y (k )
1 + c1 z −1 + c2 z −2

(29)
(30)

For three step ahead predictions
yˆ (k + 1) = y f (k + 1) + c1 y f (k ) + c2 y f (k − 1)

yˆ (k + 2) = y f (k + 2) + c1 y f (k + 1) + c2 y f (k )

(31)

yˆ (k + 3) = y f (k + 3) + c1 y f (k + 2) + c2 y f (k + 1)

(22)

⎛ yˆ (k + 1) ⎞ ⎛ 1
⎜
⎟ ⎜
⎜ yˆ (k + 2 )⎟ = ⎜ c1
⎜ yˆ (k + 3) ⎟ ⎜ c
⎝
⎠ ⎝ 2

(23)

⎛ c1
⎜
+ ⎜ c2
⎜0
⎝

(24)

c2
0
0

0
1
c1

0 ⎞⎛ y f (k + 1) ⎞
⎟
⎟⎜
0 ⎟⎜ y f (k + 2)⎟ +
⎜
⎟
1 ⎟⎠⎝ y f (k + 3) ⎠

0 ⎞⎛ y f (k ) ⎞
⎟
⎟⎜
0 ⎟⎜ y f (k − 1) ⎟
⎜
⎟
0 ⎟⎠⎝ y f (k − 2)⎠
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⎤
⎥⎡ Δu(k) ⎤
b1
⎥⎢Δu(k + 1)⎥⎦
(1 − a1)b1 + b2 ⎥⎦⎣
(17)
0

⎡
⎤
b
⎢
⎥
2
⎢
⎥Δu(k − 1)
⎛
⎞
PΔu(k − 1) =
⎜1 − a ⎟b
1⎠ 2
⎝
⎢
⎥
2
⎢⎛
⎞
⎛
⎞ ⎥
⎢⎣⎜⎝1 − a1 ⎟⎠ b2 + ⎜⎝ a1 − a2 ⎟⎠b2 ⎥⎦

(18)

⎤
a
2
⎥⎡ y k ⎤
⎥⎢ y k − 1 ⎥
⎛
⎞
a ⎜1 − a ⎟
2⎝
1⎠
⎥⎢
⎣y k − 2 ⎥⎦
⎛
⎞2 ⎛
⎞
⎛
⎞ ⎛
⎞2
⎛
⎞2 ⎛
⎞ ⎥
⎜1 − a ⎟ ⎜ a − a ⎟ + a ⎜1 − a ⎟ + ⎜ a − a ⎟ a ⎜1 − a ⎟ + ⎜ a − a ⎟a ⎥
1 ⎠ ⎝ 1 2 ⎠ 2⎝
1⎠ ⎝ 1 2 ⎠
2⎝
1⎠
⎝
⎝ 1 2 ⎠ 2⎦

()
( )
( )

(19)
The coefficients of the matrices G, P and Q for further
predictions are computed recursively. Based on the
three previous predictions it is repeatedly computed the
next row of the matrices P and Q in the following way:
p4 = (1 − a1 ) p3 + (a1 − a2 ) p2 + a2 p1
q42 = (1 − a1 )q32 + (a1 − a2 )q22 + a2 q12

(32)

( )

( )

(20)

(21)

y f (k ) =

( ) Cy((zk ) ) = B(z )CΔu(z(k )) + n(k )

yˆ (k + j ) = C C y f (k + j ) + H C y f (k − j + 1)

(33)

Δu(k + j ) = C C Δu f (k + j ) + H C Δu f (k − j + 1)

(34)

−1

−1

−1

y (k )
1 + c1 z −1 + c2 z −2

y (k ) = y f (k ) + c1 y f (k − 1) + c2 y f (k − 2)

(29)
(30)

For three step ahead predictions
yˆ (k + 1) = y f (k + 1) + c1 y f (k ) + c2 y f (k − 1)

yˆ (k + 2) = y f (k + 2) + c1 y f (k + 1) + c2 y f (k )

(31)

yˆ (k + 3) = y f (k + 3) + c1 y f (k + 2) + c2 y f (k + 1)

(22)

In a matrix form the equations (31) can be expressed as
follows
⎛ yˆ (k + 1) ⎞ ⎛ 1
⎜
⎟ ⎜
⎜ yˆ (k + 2 )⎟ = ⎜ c1
⎜ yˆ (k + 3) ⎟ ⎜ c
⎝
⎠ ⎝ 2

(23)

⎛ c1
⎜
+ ⎜ c2
⎜0
⎝

Equation (23) can be modified to
ΔA z −1

(27)

(28)
For practical application the equation (28) is
inapplicable. Prediction of the unfiltered output must
be expressed by means of future control increments.
The relationship between filtered and unfiltered
variables can be expressed as follows

COMPUTATION OF PREDICTIONS C≠1

( )

(26)

( )

j≤N

The recursion of the matrix G is similar. The next
element of the first column is repeatedly computed and
the remaining columns are shifted. This procedure is
performed repeatedly until the prediction horizon is
achieved. If the control horizon is lower than the
prediction horizon a number of columns in the matrix
is reduced. Computation of a new element is performed
as follows:

ΔA z −1 y (k ) = B z −1 Δu (k ) + C z −1 n(k )

u (k )
C z −1

yˆ f (k + j ) = GΔu f (k + j − 1) + PΔu f (k − 1) + Qy f (k − j + 1)

q41 = (1 − a1 )q31 + (a1 − a2 )q21 + a2 q11

q43 = (1 − a1 )q33 + (a1 − a2 )q23 + a2 q13

u f (k ) =

The input and output data are filtered before
prediction. 1/C is a low-pass filter which reduces high
frequency noise. It is easy to prove by simulation that
the cases when the noise is coloured (23) and when the
noise is white and the input and output variables are
filtered (24) are equal.
The prediction equation for filtered variables takes the
following form

( )
( )

⎛
⎞⎛
⎞
⎜1 − a ⎟⎜ a − a ⎟ + a
1 ⎠⎝ 1 2 ⎠ 2
⎝

(25)

( )

( )

()

⎛
⎞
⎜a − a ⎟
⎝ 1 2⎠

y (k )
C z −1

C z −1 = 1 + c1 z −1 + c2 z −2

⎡ yk ⎤
Q⎢ y k − 1 ⎥ =
⎣⎢y k − 2 ⎦⎥
⎛
⎞
⎡
⎜1 − a ⎟
1⎠
⎝
⎢
2
⎢
⎛
⎞
⎛
⎞
=
⎜1 − a ⎟ + ⎜ a − a ⎟
1⎠
⎝
⎝ 1 2⎠
⎢
⎢⎛
⎞3 ⎛
⎞⎛
⎞
⎢⎣⎜⎝1 − a1⎟⎠ + 2⎜⎝1 − a1 ⎟⎠⎜⎝ a1 − a2 ⎟⎠ + a2

y f (k ) =

In this case the polynomial C is a design parameter. It
is a stable polynomial. In case of the system (1) it was
chosen to be of the second order as

Computation of predictions for C≠1 is solved for
example in (Rossitter 2003). Including the C-filter the
CARIMA model takes the form

The relationship between filtered and unfiltered control
increments can be expressed similarly. Using matrix
notation we can define following equations

Where the unknown term is supposed to be the white
noise and the input and output variables are filtered.
Using of (24) for prediction improves prediction
accuracy.
The filtered variables are defined as

⎡
b1
Δu(k ) ⎤ ⎢
⎡
=
b1(1 − a1 ) + b2
G
⎢⎣Δu(k + 1)⎥⎦ ⎢
2
⎢⎣(a1 − a2 )b1 + (1 − a1) b1 + (1 − a1)b2

g 4 = (1 − a1 ) g3 + ( a1 − a2 ) g 2 + a2 g1

In a matrix form the equations (31) can be expressed as
follows

Equation (23) can be modified to
ΔA z −1

1

−2

y (k ) = y f (k ) + c1 y f (k − 1) + c2 y f (k − 2)

Computation of predictions for C≠1 is solved for
example in (Rossitter 2003). Including the C-filter the
CARIMA model takes the form

( )

−1

(28)
For practical application the equation (28) is
inapplicable. Prediction of the unfiltered output must
be expressed by means of future control increments.
The relationship between filtered and unfiltered
variables can be expressed as follows

COMPUTATION OF PREDICTIONS C≠1

( )

−1

j≤N

The recursion of the matrix G is similar. The next
element of the first column is repeatedly computed and
the remaining columns are shifted. This procedure is
performed repeatedly until the prediction horizon is
achieved. If the control horizon is lower than the
prediction horizon a number of columns in the matrix
is reduced. Computation of a new element is performed
as follows:

( )

(26)

( )

yˆ f (k + j ) = GΔu f (k + j − 1) + PΔu f (k − 1) + Qy f (k − j + 1)

q41 = (1 − a1 )q31 + (a1 − a2 )q21 + a2 q11

ΔA z −1 y (k ) = B z −1 Δu (k ) + C z −1 n(k )

u (k )
C z −1

The input and output data are filtered before
prediction. 1/C is a low-pass filter which reduces high
frequency noise. It is easy to prove by simulation that
the cases when the noise is coloured (23) and when the
noise is white and the input and output variables are
filtered (24) are equal.
The prediction equation for filtered variables takes the
following form

a
2

⎛
⎞2 ⎛
⎞
⎛
⎞ ⎛
⎞2
⎜1 − a ⎟ ⎜ a − a ⎟ + a ⎜1 − a ⎟ + ⎜ a − a ⎟
1 ⎠ ⎝ 1 2 ⎠ 2⎝
1⎠ ⎝ 1 2 ⎠
⎝

u f (k ) =

( )

( )=1+ c z

( )
( )

⎛
⎞⎛
⎞
⎜1 − a ⎟⎜ a − a ⎟ + a
1 ⎠⎝ 1 2 ⎠ 2
⎝

(25)

Cz

()

⎛
⎞
⎜a − a ⎟
⎝ 1 2⎠

y (k )
C z −1

In this case the polynomial C is a design parameter. It
is a stable polynomial. In case of the system (1) it was
chosen to be of the second order as

⎡ yk ⎤
Q⎢ y k − 1 ⎥ =
⎣⎢y k − 2 ⎦⎥
⎛
⎞
⎡
⎜1 − a ⎟
1⎠
⎝
⎢
2
⎢
⎛
⎞
⎛
⎞
=
⎜1 − a ⎟ + ⎜ a − a ⎟
1⎠
⎝
⎝ 1 2⎠
⎢
⎢⎛
⎞3 ⎛
⎞⎛
⎞
⎢⎣⎜⎝1 − a1⎟⎠ + 2⎜⎝1 − a1 ⎟⎠⎜⎝ a1 − a2 ⎟⎠ + a2

y f (k ) =

(24)

c2
0
0

0
1
c1

0 ⎞⎛ y f (k + 1) ⎞
⎟
⎟⎜
0 ⎟⎜ y f (k + 2)⎟ +
⎜
⎟
1 ⎟⎠⎝ y f (k + 3) ⎠

0 ⎞⎛ y f (k ) ⎞
⎟
⎟⎜
0 ⎟⎜ y f (k − 1) ⎟
⎜
⎟
0 ⎟⎠⎝ y f (k − 2)⎠

(32)

The relationship between filtered and unfiltered control
increments can be expressed similarly. Using matrix
notation we can define following equations

Where the unknown term is supposed to be the white
noise and the input and output variables are filtered.
Using of (24) for prediction improves prediction
accuracy.
The filtered variables are defined as

282

yˆ (k + j ) = C C y f (k + j ) + H C y f (k − j + 1)

(33)

Δu(k + j ) = C C Δu f (k + j ) + H C Δu f (k − j + 1)

(34)

and 6 show time responses of the control with the
filtering of variables described in section 5.
In figures 1 and 2 there is the response of the
controlled variable taken by 0,1 s. It means with the
same sampling period as the simulation noise.
Simulation results in this figure are the closest to the
reality. In figures 3 and 4 there is the controlled
variable taken by 2 s. It means with the same sampling
period which is used for the control. The data then
simulates measured values. In figures 5 and 6 is the
manipulated variable.
The tuning parameters that are lengths of the prediction
and control horizons and the weighting coefficient λ
were tuned experimentally. There is a lack of clear
theory relating to the closed loop behavior to design
parameters. The length of the prediction horizon,
which should cover the important part of the step
response, was set to N = 5. The length of the control
horizon was also set to Nu = 5. The coefficient λ was
taken as equal to 0,1.
It is necessary to emphasize that the displayed inputs
and outputs in the graphs are not filtered. The filtered
values are used only for computation of systems output
predictions and consequently for computation of the
control law. The displayed inputs and outputs are real
unfiltered values.

Where matrices Cc and Hc are defined as follows
⎛1
⎜
C C = ⎜ c1
⎜c
⎝ 2

⎛ c1
⎜
H C = ⎜ c2
⎜0
⎝

0
1
c1

0⎞
⎟
0⎟
1 ⎟⎠

(35)

0⎞
⎟
0⎟
0 ⎟⎠

c2
0
0

(36)

From equations (33) and (34) we can express the
filtered variables
y f (k + j ) = C C

−1

Δu f (k + j ) = C C

( yˆ (k + j ) − H y (k − j + 1))
(Δu(k + j ) − H Δu (k − j + 1))
C

f

−1

C

f

(37)
(38)

After substitution of equations (37) and (38) to
equation (28) we obtain
CC

−1

GC C

( yˆ (k + j ) − H y (k − j + 1)) =
(Δu(k + j − 1) − H Δu (k − 1)) +
C

f

−1

C

f

(39)

+ PΔu f (k − 1) + Qy f (k − j + 1)

After modification we obtain resulting equation of the
predictor
yˆ (k + j ) = GΔu(k + j − 1) + [C C P − GH C ]Δu f (k − 1) +

+ [H C + C C Q ]y f (k − j + 1)

⎛1
⎜
C C = ⎜ c1
⎜c
⎝ 2

⎛ c1
⎜
H C = ⎜ c2
⎜0
⎝

0
1
c1

0⎞
⎟
0⎟
1 ⎟⎠

(35)

0⎞
⎟
0⎟
0 ⎟⎠

c2
0
0

(36)

From equations (33) and (34) we can express the
filtered variables
y f (k + j ) = C C

−1

Δu f (k + j ) = C C

( yˆ (k + j ) − H y (k − j + 1))
(Δu(k + j ) − H Δu (k − j + 1))
C

f

−1

C

f

CC

−1

GC C

( yˆ (k + j ) − H y (k − j + 1)) =
(Δu(k + j − 1) − H Δu (k − 1)) +
C

(38)

f

−1

C

f

(39)

+ PΔu f (k − 1) + Qy f (k − j + 1)

After modification we obtain resulting equation of the
predictor
+ [H C + C C Q ]y f (k − j + 1)

We can establish following substitutions
~
(41)
P = [C C P − GH C ]
~
(42)
Q = [H C + C C Q ]
The prediction equation then can be written in the form
~
~
yˆ (k + j ) = GΔu(k + j − 1) + PΔu f (k − 1) + Qy f (k − j + 1)

(37)

After substitution of equations (37) and (38) to
equation (28) we obtain

yˆ (k + j ) = GΔu(k + j − 1) + [C C P − GH C ]Δu f (k − 1) +

(40)

(40)

We can establish following substitutions
~
(41)
P = [C C P − GH C ]
~
(42)
Q = [H C + C C Q ]
The prediction equation then can be written in the form
~
~
yˆ (k + j ) = GΔu(k + j − 1) + PΔu f (k − 1) + Qy f (k − j + 1)

(43)

(43)

SIMULATION VERIFICATION

SIMULATION VERIFICATION

Verification by simulation was carried out on a range
of plants with various dynamics. The control of the
model below is given here as an example.

Verification by simulation was carried out on a range
of plants with various dynamics. The control of the
model below is given here as an example.

G (s ) =

3
5s 2 + 6 s + 1

(44)

Figure 1: Controlled variable sampled by 0,1s – case
without filtering of variables

It does not exist a systematic way for selection of the
filter C. Its selection is mostly based on intuition. In
our example the filter was chosen as

( )

C z −1 = 1 + 0,8 z −1 + 0,05 z −2

and 6 show time responses of the control with the
filtering of variables described in section 5.
In figures 1 and 2 there is the response of the
controlled variable taken by 0,1 s. It means with the
same sampling period as the simulation noise.
Simulation results in this figure are the closest to the
reality. In figures 3 and 4 there is the controlled
variable taken by 2 s. It means with the same sampling
period which is used for the control. The data then
simulates measured values. In figures 5 and 6 is the
manipulated variable.
The tuning parameters that are lengths of the prediction
and control horizons and the weighting coefficient λ
were tuned experimentally. There is a lack of clear
theory relating to the closed loop behavior to design
parameters. The length of the prediction horizon,
which should cover the important part of the step
response, was set to N = 5. The length of the control
horizon was also set to Nu = 5. The coefficient λ was
taken as equal to 0,1.
It is necessary to emphasize that the displayed inputs
and outputs in the graphs are not filtered. The filtered
values are used only for computation of systems output
predictions and consequently for computation of the
control law. The displayed inputs and outputs are real
unfiltered values.

Where matrices Cc and Hc are defined as follows

G (s ) =

3
5s 2 + 6 s + 1

(44)

Figure 1: Controlled variable sampled by 0,1s – case
without filtering of variables

It does not exist a systematic way for selection of the
filter C. Its selection is mostly based on intuition. In
our example the filter was chosen as

( )

C z −1 = 1 + 0,8 z −1 + 0,05 z −2

(45)

The sampling period was tuned experimentally and the
best value was T0 = 2 s. The controlled variable was
affected by a noise with zero mean value and constant
covariance. Simulation sampling of noise was 0,1 s.
In figures 1-6 are simulation results. Figures 1,3 and 5
show time responses of the control without the filtering
of the variables introduced in section 4. Figures 2, 4

(45)

The sampling period was tuned experimentally and the
best value was T0 = 2 s. The controlled variable was
affected by a noise with zero mean value and constant
covariance. Simulation sampling of noise was 0,1 s.
In figures 1-6 are simulation results. Figures 1,3 and 5
show time responses of the control without the filtering
of the variables introduced in section 4. Figures 2, 4
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Figure 2: Controlled variable sampled by 0,1s – case
with filtering of variables

Figure 5: Manipulated variable – case without filtering
of variables

Figure 2: Controlled variable sampled by 0,1s – case
with filtering of variables

Figure 5: Manipulated variable – case without filtering
of variables

Figure 3: Controlled variable sampled by 2s – case
without filtering of variables

Figure 6: Manipulated variable – case with filtering of
variables

Figure 3: Controlled variable sampled by 2s – case
without filtering of variables

Figure 6: Manipulated variable – case with filtering of
variables

Figure 4: Controlled variable sampled by 2s – case
with filtering of variables
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CONCLUSIONS

CONCLUSIONS

Specific self-contained prediction equations for the
input-output model in the form of transfer function
were derived for the case with filtering of the input and
output variables. Simulations, where the filtered
variables are used for computation of the control law
and the manipulated variable, were performed. In the
simulation results are displayed real unfiltered
variables. By simulation control of a range of systems
were compared control results of cases with and
without the C-filter. In the paper there is introduced
one simulation example. The best achieved results are
shown. The C-filter is a tuning parameter for which
setting we do not have available any exact
methodology. The filter was designed by try it and see
approach as a low pass filter. Slightly better results
were achieved in case with the C-filter particularly
regarding rate of oscillations of the input and output
variables. It is obvious that the variables are more

Specific self-contained prediction equations for the
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output variables. Simulations, where the filtered
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one simulation example. The best achieved results are
shown. The C-filter is a tuning parameter for which
setting we do not have available any exact
methodology. The filter was designed by try it and see
approach as a low pass filter. Slightly better results
were achieved in case with the C-filter particularly
regarding rate of oscillations of the input and output
variables. It is obvious that the variables are more

Figure 4: Controlled variable sampled by 2s – case
with filtering of variables
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settled in case with the C-filter. The filter reduces
sensitivity of the closed loop system to high frequency
noise. Cost for this improvement is a relatively difficult
setting of the C-filter as a parameter.
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A major challenge for the successful application of ICT
on an industrial scale is the control of the flavor profile
during fermentation, as many parameters can have an
influence on flavor formation (Willaert and Nedovic
2006). Therefore, the aim of this study is the
development of dependences for the management of
continuous alcoholic fermentation with immobilized
bottom-fermenting yeast.

KEYWORDS
Continuous beer fermentation, modeling, degree of
fermentation, dilution rate, transitional mode
ABSTRACT
An integrated approach for the management of
continuous beer fermentation with immobilized cells was
developed. Experimental results for continuous
fermentation were used for the development of
dependencies for the calculation of real extract and
ethanol at different degrees of fermentation and dilution
rates. For this purpose, mathematical relationships
describing the fermentation with high accuracy were
used.

MATERIALS AND METHODS
Yeast strain and immobilization procedure
The fermentations were carried out with bottomfermenting yeast strain Saccharomyces pastorianus
Saflager S-23. The immobilization procedure was
previously reported in (Parcunev et al., 2012).

INTRODUCTION

Packed-bed reactor
The system used for the continuous beer fermentation is
shown in Figure 1. It consisted of a column (6) having
the following dimensions: total height = 1000 mm,
working height = 800 mm and inside diameter = 30 mm.
The fermentation temperature was maintained by means
of the column water jacket and a water bath (4). The 1
mm thick grid (10) was placed inside the column. Thus,
some space was formed between the column wall and the
grid, which allowed the CO2 formed during the
fermentation to leave the packed bed without destroying
it The immobilized cells were placed on a drainage bed
(5) set at the bottom of the column. Sterile wort was
charged into a tank (1), and the “green” beer was
collected in another tank (9). The liquid level in the
column was maintained by means of an overflow (7), and
the pressure in the column could be controlled via a
connection (8). The column was operated at a slight
overpressure determined by the partial pressure of CO2.
When necessary, the pressure in the column was lowered
using a small valve, thereby regulating the rate of CO2
removal from the capsules. It could also be regulated
through the clamping force of the plug in the top of the
column. The liquid was fed into the column by a
peristaltic pump (2) and pipes (3).

Fermentation and maturation are the most timeconsuming steps in the entire beer production process. In
view of the highly competitive market, the potential time
saving involved in immobilized cell technology (ICT)
needs to be taken into account. ICT allows beer
production to be accomplished in as little as 2-3 days
(Branyik et al, 2005).
One of the ICT major advantages is the increased
volumetric productivity due to the high volumetric cell
densities in the reactor. Consequently, the fermentation
can be performed in a smaller bioreactor (decreased
capital costs) with shorter residence times (Willaert,
2007).
The first ICT process for beer production was developed
in 1971. Yeast cells were immobilized in kieselguhr
(which is widely used in the brewing industry as a filter
aid), and a kieselguhr filter was employed as the
bioreactor (called the “bio-brew bioreactor”). The serious
problem of this system was the high amount of aacetolactate in the green beer (Narziss and Hellich, 1972;
Narziss, 1997). Nevertheless, over the last 30 years,
immobilized cell technology (ICT) has been extensively
examined and some designs have already reached
commercial exploitation (Nedovic et al., 2005; Willaert,
2007). The main differences between the commercial
systems are the carrier materials, the bioreactor type and
the fermentation control (Van de Winkel et al., 1995;
Andries et al., 1995; Andries et al., 1996; LeskosecCucalovic and Nedovic, 2005).
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Starting and operating a packed bed reactor
The column was sterilized using disinfectants and
washed with sterile water before operation. The drainage
bed and the grid (10) previously sterilized in a boiling
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fermentation. The fermenting wort amount in the column
was adjusted to 400 cm3. The fermentation temperature
was maintained in the range of 16 °C. The column was
supplied with wort from tank (1) by means of a peristaltic
pump at a flow rate that ensured the appropriate dilution
rate. The dilution rate was determined on the basis of the
volume of the fermenting wort in the column: 400 cm3.
The “green” beer leaked through the outflow and was
collected in the ”green” beer tank (10). The residence
time in the column was inversely proportional to the
dilution rate.

water bath were placed at the bottom of the column, Prior
to inoculation of the reactor, the immobilized cells were
placed in 400 cm3 sterile wort in a sterile tank for 3-4
hours. It was necessary for the fermentation rapid start
which resulted in reduction of the transitional mode time.
The reactor was aseptically filled with the immobilized
cells and the fermenting medium. Thus, a layer with a
height of approximately 20 cm was formed. The height
corresponded to 1/3 of the working height of the column
after the drainage bed and the grid had been placed. The
immobilized cells mass was 48 g, which was 4 times as
high as the optimal mass determined for batch beer

Figure 1. System for continuous beer fermentation with immobilized cells
1: wort tank; 2: peristaltic pump; 3: pipes; 4: water bath; 5: packed bed; 6: column; 7: overflow; 8:pressure control
connection; 9: “green” beer tank; 10: grid
a continuous mode and then the dilution rate had to be
optimized.
Therefore, three continuous fermentations were made
with the following dilution rates: 0.0825 h-1; 0.163 h-1 and
0.25 h-1. These dilution rates corresponded to a main
fermentation time of 12, 6 and 4 h, respectively. The
fermentation times were much shorter than the optimal
main fermentation time of 72 h during batch
fermentation. Meanwhile, the results showed that the
beers produced in batch and continuous modes were
within the commercial product range (Naydenova, 2014).
Figure 2 presents the data on the dynamics of one of the
continuous fermentations. The results showed that the
continuous fermentation system studied worked in two
modes: transitional and stationary. The transitional mode
varied between 60 and 72 h, which corresponded to the
optimal main fermentation time during the batch
fermentation. If the transitional mode was considered
dimensionless, it was within the range of 3/D-8/D, which
corresponded to the data cited in (Malek and Fenel,
1966). This mode was necessary for the immobilized

Analytical methods
The characterization of wort, green beer and beer
(original extract, degree of fermentation, extract, and
alcohol) was conducted according to the current methods
recommended by the European Brewery Convention
(Analytica-EBC, 2004).
RESULTS AND DISCUSSION
Development of models for continuous fermentation
management
In our previous studies (Parcunev et al., 2012; Vassilev,
2013; Naydenova, 2014; Naydenova et al, 2014), it was
found that for batch beer fermentation there was a zone
of optimum values of some of the operational parameters,
which resulted in minimal fermentation time. The
optimal batch fermentation parameters were as follows:
original extract: 9.72 °P; immobilized cell mass: 12.71 g;
main fermentation temperature: 16 °C; maturation
temperature: 20 °C (Naydenova, 2014; Naydenova et al,
2014). The batch fermentation could be transferred into
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cells to reach a certain physiological state. Therefore, for
industrial scale-up, it is necessary to carry out batch main
fermentation, which will replace the transitional mode.
During the stationary mode, the continuous fermentation
system worked steadily with reproducible characteristics.
The trends for the other two continuous fermentations
were similar (see Figure 3). In summary, the apparent
degree of fermentation in the stationary mode varied
between 40% and 64%, and decreased with the increase
in dilution rate. The prolonged residence time led to an
increase in extract consumption and ethanol production.
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a) extract

a) extract
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a) extract

b) alcohol
Figure 3. The dynamics of extract consumption and
ethanol production at dilution rate D=0.25 h-1
The data on the model constants are presented in Table 1.
They were determined from the equations for real extract
and alcohol. With regard to real extract, the sum of
coefficients a and b was practically equal to the original
wort extract. The value of coefficient a was similar to the
value of the average real extract in the stationary mode
and coefficient b coincided with the amount of fermented
extract in the stationary mode of the system. With regard
to alcohol, the value of coefficient a was equal to the
average alcohol concentration in stationary mode.
Interestingly, the absolute value of coefficient b was also
similar to the average alcohol concentration in the
stationary mode.
The relationship between the constants in equation (1) is
represented by the fermentation degree, which is well
known in brewing. The degree of fermentation represents
the percentage of extract, which has been transformed to
ethanol (Kunze, 2003). It can be concluded that there
was a relationship between the values of coefficients a
and b. In brewing, it is determined by the Balling
equation which was studied in our previous publication
(Parcunev et al., 2012):
(2a)
2, 0665 g  1, 0000 g  0, 9565 g  0, 11 g

b) alcohol
Figure 2. The dynamics of extract consumption and
ethanol production at dilution rate D=0.0825 h-1
A simple exponential dependence was selected for the
description of the fermentation dynamics in the
continuous mode:
y  a  be  x

(1)

The non-dimensional fermentation time - n/D was chosen
as a parameter in the equation . Thus, calculations of the
operational parameters could be made more easily for
each fermentation stage.
This model type was chosen because of the experimental
curve form. In the transitional mode, the extract
decreased exponentially to a certain fixed value
determined by the degree of fermentation. On the other
hand, the alcohol increased exponentially. It is known
that the simplest way of describing the fermentation
process is by using a simple exponential equation (Malek
and Fenel, 1966).

extract

alcohol

CO2

biomass

which could be written in the following way:
100 * (2, 0665 * AW /W  RE )
OE 
100  1, 0665 * AW /W 
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By means of the Balling equation and the theoretical
ethanol yield from glucose the following two equations
summarizing the relationship between coefficients a and
b for real extract and ethanol could be written:

RE  1  f  OE  fOEe  n / D

Alc  0.51fOE 0.51fOEen/D  0.51fOE1en/D 

(4)

where: OE: original wort extract, °Р; f: degree of
fermentation; D: dilution rate, h-1; n: constant which takes
values 1,2,…n.; 0.51: theoretical ethanol yield from glucose

(3)

where: RE: real beer extract, °Р; OE: original wort extract, °Р;
f: degree of fermentation; D: dilution rate, h-1; n: constant
which takes values 1,2,…n.
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where: RE: real beer extract, °Р; OE: original wort extract, °Р;
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Table 1
Dilution rate D, h-1
0.0825
0.163
0.25

Values of the coefficients in equation 1
Real extract
a
b
R2
a
5.39
5.039
0.835
2.37
6.336
3.903
0.764
2.25
7.894
2.319
0.691
1.25

Alcohol
b
-2.504
-2.025
-1.25

R2
0.746
0.744
0.644

fermentations were simulated at dilution rate 0.1 h-1 and
degree of fermentation 60%, 70% and 75%, respectively.
The results are shown in Figure 7 to Figure 9.

The main parameters in equations (3) and (4) were the
degree of fermentation and constant n. The degree of
fermentation depended on the type of beer produced. The
constant n took positive integers and did not depend on
the selected fermentation mode. The third parameter in
the equations (3) and (4) was dilution rate. It defined the
degree of fermentation but on the other hand, it depended
on this parameter. Therefore, the management of a
continuous fermentation system can be performed at a set
value of D and defined degree of fermentation and
original wort extract.
Comparative study of different modes of continuous
beer fermentation
Equations (3) and (4) were used for a simulation study on
the influence of the degree of fermentation and dilution
rate on several modes of continuous beer fermentation.
In the transitional mode, the degree of fermentation
constantly grew to the preset one. The dilution rate
affected the transitional regime duration at the same
degree of fermentation (Figure 4 and Figure 5). The
transitional mode duration varied between 6 at D = 0.1 h1
(Figure 4) and 10 at D=0.2 h-1 (Figure 5). According to
(Malek and Fenel, 1966), the transitional mode had to
continue for 3/D. It was not confirmed by the results on
the simulated fermentations, which was probably due to
the influence of the degree of fermentation. The time
when the transition to stationary mode occurred has been
represented by vertical dash lines (Figure 4 and Figure 5).
The effect of the dilution rate on the transitional mode
duration has been summarized in Figure 6. The increase
in the dilution rate resulted in a prolonged non-stationary
phase. The results indicated that equations (3) and (4)
could be used for the selection of modes for the
production of low-alcohol and non-alcoholic beers. The
modes appropriate for the production of these beer types
had dilution rates over 0.35 h-1 and were characterized by
a relatively long non-stationary phase. The beers
produced during the transitional mode would be similar
to the beers produced in the stationary mode.
To prove the hypothesis that the degree of fermentation
affected the transitional regime duration, three

Figure 4. Fermentation dynamics at dilution rate
0.1 h-1 and degree of fermentation 55%

Figure 5. Fermentation dynamics at dilution rate
0.2 h-1 and degree of fermentation 55%
All the data on the effect of the degree of fermentation on
the transitional mode duration have been summarized in
Figure 10. The results showed that the non-stationary
phase duration depended on the selected degree of
fermentation. The increase in the degree of fermentation
led to an increase in the transitional mode duration and
the production of beer of non-permanent quality.
Therefore, the main prerequisite for the reduction of the
transitional mode time and the stable work of the system
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(4)
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in the stationary phase should be the decrease in the
degree of fermentation and the dilution rate. Moreover,
the changes in these two parameters had to be connected
with the beer flavor profile and amount of the extract
which had to ferment during the beer maturation.

CONCLUSION
A simplified method for the calculation of the main
parameters of continuous beer fermentation with
immobilized yeasts was developed. The method was
based on the data for continuous fermentation in a packed
bed column bioreactor. The selected exponential
equations allowed the description of the transitional and
stationary mode of the system. Regression analysis was
used for the development of dependencies which could
be used for the calculations of the real extract and alcohol
at various degrees of fermentation and dilution rates. The
equations developed were used for the determination of
the effect of the degree of fermentation and dilution rate
on the non-stationary phase duration, and for the efficient
management of the continuous fermentation system.

Figure 6. Effect of the dilution rate on the nonstationary phase duration at degree of
fermentation 60%
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Figure 9. Fermentation dynamics at dilution rate
0.1 h-1 and degree of fermentation 75%

Figure 7. Fermentation dynamics at dilution rate
0.1 h-1 and degree of fermentation 60%
The data in Figure 7 to Figure 9 show that the influence
of the degree of fermentation on the continuous beer
fermentation was stronger than the effect of the dilution
rate. It can be hypothesized that the increase in the
original wort extract, especially in high-gravity beer
production, will lead to an increase in the effect of the
degree of fermentation. Therefore, it is necessary to seek
a compromise between the choice of the fermentation
mode and the type of the beer produced.

Figure 10. The effect of the degree of fermentation
on the non-stationary phase duration

Figure 8. Fermentation dynamics at dilution rate
0.1 h-1 and degree of fermentation 70%
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Figure 9. Fermentation dynamics at dilution rate
0.1 h-1 and degree of fermentation 75%

Figure 7. Fermentation dynamics at dilution rate
0.1 h-1 and degree of fermentation 60%
The data in Figure 7 to Figure 9 show that the influence
of the degree of fermentation on the continuous beer
fermentation was stronger than the effect of the dilution
rate. It can be hypothesized that the increase in the
original wort extract, especially in high-gravity beer
production, will lead to an increase in the effect of the
degree of fermentation. Therefore, it is necessary to seek
a compromise between the choice of the fermentation
mode and the type of the beer produced.

Figure 10. The effect of the degree of fermentation
on the non-stationary phase duration
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of the flowing fluid on a hot body (the increase of
heating power with constant heater temperature, the
decrease of heater temperature with constant heating
power). They are usually called hot – wire, hot – film
sensors or hot – element sensors. The resistive element
is used both as heater and as sensor simultaneously.
The temperature can be obtained from its electrical
resistance. The second class group thermal mass
flowmeters that measure the displacement of
temperature profile around the heater which is
modulated by the fluid flow. These sensors are called
calorimetric sensors. The special type of thermal mass
flowmeters in the class mentioned above is thermal
mass flowmeter that measure the heat pulse passage
time over a known distance. They are usually called
time – of – flight sensors [1].
Many of the microflow sensors use a thermopile as a
temperature sensor; however, the thermoelectric
coefficient of the standard elements used in the
integrated circuit is smaller than that of conventional
thermocouples. Thus, a resulting output signal may be
very small which requires amplifiers integrated directly
into the sensor [2].
Up to now, very few of nowadays commercially
offered flow sensors are equipped with the features
mentioned above. One of possible method of liquid
flow measuring is presented in this paper. The
properties of a time – of – flight sensor are studied.
The FEMLAB program was used for the study of flow
sensor properties.

KEYWORDS
flow measurement, calorimetric sensor, time – of –
flight, heating power, mass and heat transfer,
modelling, Femlab, flow tube, flow range
ABSTRACT
The paper presents the design and experimental
experience with the gas flow measurement instrument
for the range of (5 – 25) ml/hr. The aimed application
area is in a biochemical laboratory for the study of
reaction kinetic of sediments decomposition in waste
water. The time – of – flight type of sensor with one
upstream and one downstream temperature sensor has
been chosen for the study. We explain the basic
operation principles of the tiny flow measurement and
the sensor structure. In the numerical model paragraph,
we are describing the basic configuration model and
the modelling results. As the three – dimensional
simulation would be very time consuming process, we
have simplified the simulation for only two –
dimensional task. The presented diagrams are derived
for different gases (air, nitrogen, carbon oxide and
chlorine) and sensor tube materials, namely steel,
copper, and plexi-glass. We present also the
experimental set – up including the design and sensor
parameters. The paragraph with experimental results
and discussion on them illustrates the good
correspondence with expected values. The paper
concludes with the employment of designed gas
flowmeter in the biochemical laboratory.
INTRODUCTION

SENSOR
STRUCTURE
OPERATING PRINCIPLE

The accurate measurement and control of tiny liquid
flows in the amount of nanoliters up to milliliters per
minute is becoming more and more important for a lot
of applications in the life science. In some applications,
such as process control in precise semiconductor
manufacturing, chemical and pharmaceutical industries
and biochemical engineering, miniaturized liquid flow
sensors are more and more encountered. Most of them
operate on the method of thermal transport and are
fabricated from a silicon crystal by using
micromachining technology.
The thermal devices for flow measurement may be
grouped in two different classes. The first class groups
thermal mass flowmeters that are measuring the effect

The flow sensor consists of a heater and one or more
downstream temperature sensors, as shown in the
Figure 1a. The heater is activated by current pulses.
The transport of the generated heat is a combination of
diffusion and forced convection. The resulting
temperature field can be detected by temperature
sensors located downstream. The detected temperature
output signal of the temperature sensor is a function of
time and flow velocity. The sensor output is the time
difference between the starting point of the generated
heat pulse and the point in time at which a maximum
temperature at the downstream sensor is reached,
Figure 1b. This type of sensor has the same constraints
as the intrusive type of calorimetric sensors: corrosion,
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erosion and leakage [3]. Since the signal processing
needs some time to measure the time difference, this
sensor type is not suitable for dynamic measurement.
On the other side, the advantage of this type of flow
sensor is the independence on the fluid temperature in
the wider flow range. The influence of fluid properties
on the mass flow sensor output is described in [4].
Heater

temperature T. They all are interrelated through
bidirectional multiphysics couplings.
The equations are:
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the sensor requires in excess of 105 cells and therefore
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investigate several configurations in two dimensions at
first.
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The two dimensional configuration assumed in the
presented work is illustrated in Figure 2.
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In the presented work, the properties of the time – of –
flight sensor were investigated using commercially
available program FEMLAB. Femlab is an interactive
environment for modelling and solving problems based
on partial differential equations. This program applies
the finite element method (FEM) for the PDEs system
solving [6].
The simulated time – of – flight sensor is a
multiphysics model which means that it involves more
than one kind of physics. In this case, there are NavierStokes equations from fluid dynamics together with a
heat transfer equation that is essentially a convectiondiffusion equation. There are three unknown field
variables: the velocity u, the pressure p and the
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c is the specific heat at the constant pressure,
ρ is the density,
λ is the thermal conductivity,
q is the amount of heat per unit of volume and time.
The analytical solution of this differential equation for
a pulse signal with input strength q (Wm-1) is given in
[5] as
⎧ ⎡( x − ut )2 ⎤ ⎫
⎪ ⎣
⎛ q ⎞
⎦⎪
T ( x, y , t ) = ⎜
⎬
⎟ exp ⎨−
4
at
⎝ 4πλt ⎠
⎪⎩
⎪⎭

(5)

where η is the dynamic viscosity.
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erosion and leakage [3]. Since the signal processing
needs some time to measure the time difference, this
sensor type is not suitable for dynamic measurement.
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sensor is the independence on the fluid temperature in
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on the mass flow sensor output is described in [4].
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The simulated time – of – flight sensor is a
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A structured computational grid consisting of more
than 23000 cells was generated. Close attention was
paid to the grid resolution in critical areas such as
boundary layers and the surroundings of the heater. A
part of the grid for the basic configuration is displayed
in Figure 3. Even in the two dimensional case, the
convergence to a correct solution required several
computational hours on a 2,2 GHz PC.
The properties of the time – of – flight sensor were
investigated at the relatively very low flow rates. In
table 1, there are some inlet gas velocities v used in the
sensor model and the corresponding flow rate Q (the
inner diameter of sensor tube is 1 mm).
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The properties of the time – of – flight sensor were
simulated and verified for different constructive
materials and different flowing gases, Table 2 and
Table 3.

where h is the heat transfer coefficient, α1 is the
coefficient of heat transfer by convection (from sensor
tube to constructive material), k is the thermal
conductivity of the constructive material, α2 is the
coefficient of heat transfer by convection (from
constructive material to ambient) and δ is the thickness
of the constructive material.
The coefficient of heat transfer by convection from
sensor tube to constructive material α1 was derived
(forced convection) with the help of Nusselt number
expressed as [7]:
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Figure 4: Boundary settings in the model of the time –
of – flight sensor
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The effects of the sensor output tube constructive
material were investigated at the same time, too. The
boundary conditions of the sensor model and the heat
coefficients can be found in Figure 4. The transport of
the heat from the sensor tube to the ambient is
expressed as:
1

α2

Heat transmission

Table 1. Inlet speeds of fluent gas.
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MODELLING RESULTS
The functionality ΔT (Figure 1) on the flow rate Q at
downstream sensor RD are shown in Figure 5, 6, 7; the
temperature TMAX was measured in the distance of
1,25mm from the heater (in the middle of temperature
sensor) in the models. The mentioned temperature
functionalities at the upstream sensor RU are depicted
in Figure 8, 9, 10. Figure 11 shows the functionality of
time difference Δt on the flow velocity u. As can be
seen in Figure 1, Δt is the difference between the time
of the heat pulse and the time of TMAX.

(7)

where Pe is Peclet number, η is dynamic
viscosity, ηW is dynamic viscosity at wall temperature,
l is length of heat transfer surface and d is inner
diameter of the heat exchanger shell. The coefficient of
heat transfer by convection from constructive material
to ambient α2 was calculated (natural convection) with
the help of Nusselt number expressed as [7]:
Nu = 1,18.(Gr.Pr )1/ 8
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where Pe is Peclet number, η is dynamic
viscosity, ηW is dynamic viscosity at wall temperature,
l is length of heat transfer surface and d is inner
diameter of the heat exchanger shell. The coefficient of
heat transfer by convection from constructive material
to ambient α2 was calculated (natural convection) with
the help of Nusselt number expressed as [7]:
(8)
where Gr is Grashof number and Pr is Prandtl number.
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The modelling results had set the inspiration data for a
construction variant of the flow tube. Several gas flow
sensors have been built, with flow tubes made out of
stainless steel and cooper, and with internal diameters
varying between 0,5 and 1,5 mm. The corresponding
internal volumes of the flow sensor tubes are 9,8 μl
and 39,3 μl, respectively.
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Figure 8: The functionality ΔT on flow rate Q at
upstream sensor RU, constructive material plexi – glass
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ELECTRONIC CIRCUIT
The mass flow controller implementation was built of
two sensors working according to the time – of – flight
measurement principle. Both temperature sensors need
their own specific electronic circuitry which is based
upon a Wheatstone bridge configuration. The
electronic circuitry converts the output signals, namely
ΔT of each temperature sensor into an output voltage.
The items to be specified in Figure 16 are:
UIH
supply voltage of heater
UCC
supply voltage of Wheatstone bridge
UOL
output
voltage
of
upstream
temperature sensor
UOR
output sensor of downstream
temperature sensor
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Figure 16: Electronic circuitry
The heater is activated periodically; the pulse heating is
used in flow tube according to the time – of – flight
measurement principle. A length of the heating pulses
is 0,2 s, a period of heating pulses is 3 s.

Figure 13: Sensor element
RR temperature element

RESULTS AND DISCUSSION

RL temperature element

The output signal of the flow sensors was measured for
flow ranges varying between 5 – 25 ml/hr in the
downstream and upstream sensor. The mass flow
controller was used for measurements of the dynamic
behaviour. The following two variations in set point
were stepwise performed:
• 0% ⇒ 100% ⇒ 0%
• 20% ⇒ 40% ⇒ 60% ⇒ 80% ⇒ 100%
The resulting response of the mass flow sensor was
measured with a digital oscilloscope.
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There was used the product of Swiss company Flow –
Sens, FS2 as sensor element. The FS2 is the result of
continuous development of IST AG quality products.
This new element consists of three temperature
depending platinum – resistors, all deposited on one
substrate. The low-ohm resistor with a small area is
used as a heater, whereas the two high-ohm resistors
on the right and on the left side are for measuring the
mass flow and the direction. As a result of the little
thermal mass, this flow sensor has fast heating and
cooling response times. Technical specifications of the
mentioned sensor are [8]:
• Response time: < 0.5 s
• Temperature range: -20 ... + 60 °C
• Temperature sensitivity: < 0.1 %/K
• Permissible pressure: 100 bar (depending on
the sensors incorporation, higher pressure
upon requests)
• Permissible humidity: 0 ... 95% rH (no
condensation)
• Electrical
connection
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compatible with ZIF connector
• Heater: RH(0°C) = 25 Ω
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• Substrate material: ceramic 0.15mm
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The resulting response of the mass flow sensor was
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The measured curves, as displayed in Figures 17
through 19, correspond well with the theoretically
expected values as calculated with equations (3), (4)
and (5). However, some deviations between theory and
measurements have occurred. They can be explained as
follows:
• real dimensions, real temperatures and pressures
differed from the values used in the calculations.
• not all boundary conditions for equations (3), (4)
and (5) were fully fulfilled, so that the heat transfer
had a somewhat different behaviour than expected.
The measured response times, as shown in Figure 19,
are all within the value of t98% = 6 s.
The above mentioned flow sensor structures and
operating principles have the following innovative
features and advantages:
• The flow sensor comprises a short straight
flow tube, with an internal diameter varying
between 0,5 and 1,5 mm, thus having a small
internal volume, varying between 9,8 μl and
39,3 μl.
• The measurable flow range is 5 to 25 ml/h, the
response time t98% is 6 second.
• The measurable flow range can easily be
adjusted by varying the internal diameter,
material and wall thickness of the flow tube.
• The material of the flow tube can be either
stainless steel or cooper or plastic glass; other
materials may also prove to be feasible.
• The length of the flow sensor tube is the same
for all flow ranges. This enables a modular
set-up and exchangeability of instruments.
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Figure 17: Measurement results obtained with gas flow
sensor (downstream sensor) with flow range 25 ml/h
≡100 % according to the time – of – flight
measurement principle and its working range; the flow
tube is made of stainless steel and have an internal
diameter of 1 mm.
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Figure 18: Measurement results obtained with gas flow
sensor (upstream sensor) with flow range 25 ml/h ≡100
% according to the time – of – flight measurement
principle and its working range; the flow tube is made
of stainless steel and have an internal diameter of 1
mm.
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sensor (downstream sensor) with flow range 25 ml/h
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tube is made of stainless steel and have an internal
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Figure 18: Measurement results obtained with gas flow
sensor (upstream sensor) with flow range 25 ml/h ≡100
% according to the time – of – flight measurement
principle and its working range; the flow tube is made
of stainless steel and have an internal diameter of 1
mm.
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Figure 20: Employment of designed flowmeter in a
biochemical laboratory

Figure 19: Measured response times of a gas flow
sensor adjusted for air: 25 ml/h ≡ 5 V; the X - axis
represents the time [s] with 2 s / div., the Y - axis
displays the output voltage [V] with 1 V / div.; the flow
tube is made of stainless steel and has an internal
diameter of 1 mm; the sensor is working according to
the time – of – flight measurement principle.

CONCLUSIONS
In this article, the measurement method of small gas
flow called as time – of – flight method is presented.
The measurement results exhibit that the designed flow

297

Stirrer magnetic

Figure 20: Employment of designed flowmeter in a
biochemical laboratory

Figure 19: Measured response times of a gas flow
sensor adjusted for air: 25 ml/h ≡ 5 V; the X - axis
represents the time [s] with 2 s / div., the Y - axis
displays the output voltage [V] with 1 V / div.; the flow
tube is made of stainless steel and has an internal
diameter of 1 mm; the sensor is working according to
the time – of – flight measurement principle.
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sensor is acceptable for slow processes with reference
to response time of t98% = 6 s.
The designed flowmeter has been used in a
biochemical laboratory for study of reaction kinetic of
sediments decomposition in the waste water; the
decomposition takes about 36 hours. A basic set-up is
illustrated in Figure 20 which demonstrates the
employment of designed flowmeter in a biochemical
laboratory.
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In the effort to enable a faster control (Johansen & Granacharova, 2003) developed a search tree based realtime computation algorithm decreasing the computational complexity with a guarantee of stability and
achievement of constraints. As with many functional
simplifications, even in the case of EMPC a loss of
certain functions occurred. The main reason lies in the
fact that the extern optimization can compute with a
limited amount of parameters. This prevents the involvement of a change in a desired trajectory, a measurable disturbance and so on. To overcome limitations of
each individual approach (Zeilinger et al., 2008) proposed a combination of implicit and explicit methods
aiming to satisfy needs of performance and computation
time. As a result a hybrid control method was developed
claiming suitability for most of general cases of systems. Despite getting increased attention due to its suitability to control fast processes, the necessary simplifications caused losing of several important aspect of online computed predictive control. Considering a potential loss of quality by using the explicit form due to its
missing attributes a question arises whether its benefits
still outnumber attached disadvantages.
This paper demonstrates differences between the implicit and the explicit form of the MPC control in case of a
time-delayed system. Additionally a comparison of
aspects aims to discuss preferable types of systems to
control in the explicit way. The first section describes an
example of both implicit and explicit control approaches
intended to control a system with time-delay. The next
segment contains simulated outcomes of a control process. The last part studies conditions determining a
preferable version of the predictive control.

KEYWORDS
Model Predictive Control, Explicit Predictive Control,
State-Space Model, Time-Delay, Heat Exchanger,
MATLAB/SIMULINK.
ABSTRACT
This paper studies simulations of a possible appliance of
an explicit form of the model predictive control method.
Targeted system is a heat exchanger burdened with a
time-delay. An approach is formulated within the
MATLAB/SIMULINK development environment as
well as the resulting simulation. The conclusion evaluates resulting system behaviour with focus on conditions in areas of practice benefiting from its use.
INTRODUCTION
Efforts to maximize the control precision of the industrial processes lead to an increased use of advanced
control methods. The ability to optimize the control
under the given circumstances and work with prediction
of system behaviour has brought a significant attention
towards the Model Predictive Control (MPC) methods.
With efforts to implement control algorithms into a
maximum number of systems appeared a requirement to
decrease high computing demands necessarily connected with optimization procedures (Qin & Badgwell,
2003), (Xi et al., 2013). In order to allow an expansion
to fast processes a number of modifications was presented. A radical course was set with an explicit form of
the MPC (EMPC) presented by (Bemporad et al., 2000).
The essential principle was to solve the optimization
task outside of the control process.
This was extended in (Bemporad et al., 2002) for case
of linear systems with constraints leading to multiparametric linear programming where were also discussed
some issues connected with certain optimization methods. The explicit approach has been applied to control
electrical drives (Linder & Kennel, 2005) experimentally proving applicability of this method. (Mariéthoz &
Morari, 2008) proposed and experimentally tested a
control strategy for a PWM inverter with attention to a
switched behaviour of a converter. Results provided a
good dynamic performance. Furthermore (Bolognani et
al., 2011) tested controlling a synchronous motor drive
with attention to possible modifications improving the
performance.
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MODEL PREDICTIVE CONTROL
The principle of the model based predictive control lies
in using an internal model which estimates a controlled
system future development based on a current control
input. The control approach is computed by an optimization task nearing a system output to a desired value.
With the predicted outputs involved in the computations
this technique is a suitable way of controlling systems
with time-delay as the predicted output replaces the
control feedback. Therefore the controller is able to
compute with outputs before they have even happened.
The resulting quality of the control process highly de-
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pends on the precision of the internal model. Another
benefit of this approach is a possibility to include a
future development of the desired trajectory and therefore optimize a transition of the output value (NormeyRico & Camacho, 2007).
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Figure 2: Receding Horizon Strategy
Figure 1: Structure of the Model Predictive Control

The estimation of the future output values is based on a
combination of free and forced response with the superposition principle. The free response f is given by a
prediction with a constant input. The forced response
calculated from a series of control input values and
system parameters.

The optimization task itself is realized by minimizing an
objective function containing the essential parameters of
the control process. These parameters are so mathematically formulated that minimization of the objective
function results in the best possible outcome. The general form of the objective function includes a difference
between the estimated output values and the future desired trajectory on one hand, on the other differences in
the future control input. The balance between these
parts is determined by weighting values and their ratio.
The general expression of the objective function is
J

N2
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The optimal series of control inputs is then gained from
searching for the minimal value of the objective function (1) while the output estimation is received from (2).
The following section describes a predictive control
approach based on state-space internal model (Haber et
al., 2011).
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State-space model based predictive control
The implementation of the state-space internal model
into the predictive control requires a state observer
which increases the computation demands. Nonetheless,
benefits of this approach are an easier application to
multi-input multi-output (MIMO) systems and a possibility to include conditions regarding system states into
the optimization.
In order to apply this internal model it needs to be transformed from the traditional structure into an incremental
form, which enables using the aforementioned objective
function (1).
While the generic discrete state-space system is given as
x(k  1)  Ax(k )  Bu (k )
y(k )  Cx(k )  Du (k )

(3)

then with the definition of the control input increment
u(k )  u(k )  u(k  1)

(4)

is the new version written as
x(k  1)  Ax(k )  Bu (k )  Bu (k  1)
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State-space model based predictive control

where δ(i) and λ(i) are weighting values.
The number of estimated steps and naturally the complexity of calculation are determined by horizons N1 and
N2 called minimal and maximal horizon while Nu as a
control horizon limits the calculation of control input
changes (Camacho & Bordons, 2004).
The optimization task produces a series of control input
values from which only the first one is applied into the
control process. In the next sampling step the whole
procedure is repeated based on new updated information
about the system states. Due to involvement of the future desired trajectory development the system is able to
optimize the control for changes that are about to happen; therefore the process does not have to wait for the
time of change in the desired value and it can start adjusting several sampling steps ahead. This enables a
fluent transition during sudden changes in the desired
trajectory. The concept of applying the first control
value and repeating the optimization at each sampling
step is called a receding horizon strategy which is illustrated in Figure 2.
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while the effect of matrix D is neglected.
By extending the vector of states by a previous control
input an incremental structure is received
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This can be rewritten into a shorter version
~
~
~
x (k  1)  A  ~
x (k )  B  u (k )
~
y (k )  C  ~
x (k )

based on constant coefficients, therefore the final computation of the input requires only basic relation between the state and the corresponding constant.
Before the start of the control process the optimization
task of the objective function (1) is performed for determined range of values of system states creating a
function dependant on states as coordinates. With sufficient amount of calculations an estimation of the function can be made. The whole function shape is split into
regions determined either by an approximating algorithm further increasing computation demands, or fixed
borders often unable to capture essential shapes of the
function. The control phase in ideal case needs only
current values of process states emphasizing the need of
state identifier. Received values represent coordinates
determining region of approximation where the controller is currently located. Based on the parameters gained
in the starting phase from the optimization task the
control input value for the current step is calculated.
In order to regulate the output value not towards zero,
but in the direction of the desired trajectory, there needs
to be involved a difference between the estimated and
the desired output. The control law is therefore directed
to minimize the control deviation instead of the pure
value of the state. A procedure of including the timedelay compensation into the control law requires a calculation of a system free response for a sufficient number of steps into the future. This method applies an F
matrix from equations (8) and (9), where similarly to the
implicit control approach the focus is towards the value
in position d + 1 estimating the output after the delay.
Furthermore, with the knowledge of the desired trajectory and by including its future value instead of the current one, the negative effect of the delay can be partially
eliminated. Due to the computation with only a single
value of output deviation given by the principle of
EMPC, the controller is unable to prepare for a future
change in the desired trajectory without still remaining
near to its present value.

(6)

(7)

The future outputs estimation is derived from new versions of the system matrices while the equation (2) is
computed using matrices
~~
~~
 CB
 CA 
0  0 
 ~~~ ~~

~~2 
(8)
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when the free response is received from
f  F~
x (k )

(9)

resulting in series of output values for case of constant
control input. Here should be noted that in case of timedelayed system the content of the matrix F is shifted by
a number of delayed sampling steps d ahead.
The series of control inputs is then calculated by finding
the minimum of the objective function (1). The search
for the extreme could be simplified to a derivation of the
task by the control input while neglecting constrains in
the following equation

u  (G T QG  R) 1 G T Q(f  w)
Where matrices Q and R represent weighting parameters (Shields et al., 2006).
Explicit form of predictive control
In order to decrease the significant computation demands that are present in the above described implicit
version of predictive control, a transformation of the
computing process has been made. The struggle aims to
transfer the complex computations from each sampling
step of the control process out into the preparatory
phase. Mainly the optimization task as the most demanding area needs to be solved before the start of the
control process. As state of the process can obviously
vary during the control phase, the optimization needs to
be performed for as much cases as possible. The result
is a function depending on the current state of the process giving the key element for the control input computation (Bemporad et al., 2002).
In order to keep the number of computations in the
preparatory phase reasonably small and the complexity
of control phase low, an amount of simplifying variations was presented. As a reasonable approximation
designated areas restricted to intervals of state values
were created. Determining the proper region can have
fixed rules or be based on a specialized algorithm. In
each of these areas the control input computation is

EXPERIMENTAL LABORATORY HEAT
EQUIPMENT
A scheme of the laboratory heat equipment (Pekař et al.,
2009) is described in Figure 3. The heat transferring
fluid (e. g. water) is transported using a continuously
controllable DC pump (F) into a flow heater (A) with
max. power of 750 W. The temperature of a fluid at the
heater output T1 is measured by a platinum thermometer. Warmed liquid then goes through a 15 meters long
insulated coiled pipeline (B) which causes the significant delay (20 – 200 s) in the system. The air-water heat
exchanger (C) with two cooling fans (D, E) represents a
heat-consuming appliance. The speed of the first fan can
be continuously adjusted, whereas the second one is of
on/off type. Input and output temperatures of the cooler
are measured again by platinum thermometers as T2,
respective T3. The platinum thermometer T4 is dedicated
for measurement of the outdoor-air temperature. The
laboratory heat equipment is connected to a standard PC
via technological multifunction I/O card MF 624. This
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control input. Here should be noted that in case of timedelayed system the content of the matrix F is shifted by
a number of delayed sampling steps d ahead.
The series of control inputs is then calculated by finding
the minimum of the objective function (1). The search
for the extreme could be simplified to a derivation of the
task by the control input while neglecting constrains in
the following equation

u  (G T QG  R) 1 G T Q(f  w)
Where matrices Q and R represent weighting parameters (Shields et al., 2006).
Explicit form of predictive control
In order to decrease the significant computation demands that are present in the above described implicit
version of predictive control, a transformation of the
computing process has been made. The struggle aims to
transfer the complex computations from each sampling
step of the control process out into the preparatory
phase. Mainly the optimization task as the most demanding area needs to be solved before the start of the
control process. As state of the process can obviously
vary during the control phase, the optimization needs to
be performed for as much cases as possible. The result
is a function depending on the current state of the process giving the key element for the control input computation (Bemporad et al., 2002).
In order to keep the number of computations in the
preparatory phase reasonably small and the complexity
of control phase low, an amount of simplifying variations was presented. As a reasonable approximation
designated areas restricted to intervals of state values
were created. Determining the proper region can have
fixed rules or be based on a specialized algorithm. In
each of these areas the control input computation is

EXPERIMENTAL LABORATORY HEAT
EQUIPMENT
A scheme of the laboratory heat equipment (Pekař et al.,
2009) is described in Figure 3. The heat transferring
fluid (e. g. water) is transported using a continuously
controllable DC pump (F) into a flow heater (A) with
max. power of 750 W. The temperature of a fluid at the
heater output T1 is measured by a platinum thermometer. Warmed liquid then goes through a 15 meters long
insulated coiled pipeline (B) which causes the significant delay (20 – 200 s) in the system. The air-water heat
exchanger (C) with two cooling fans (D, E) represents a
heat-consuming appliance. The speed of the first fan can
be continuously adjusted, whereas the second one is of
on/off type. Input and output temperatures of the cooler
are measured again by platinum thermometers as T2,
respective T3. The platinum thermometer T4 is dedicated
for measurement of the outdoor-air temperature. The
laboratory heat equipment is connected to a standard PC
via technological multifunction I/O card MF 624. This
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card is designed for the need of connecting PC compatible computers to real world signals. The card is designed for standard data acquisition, control applications
and optimized for use with Real Time Toolbox for
SIMULINK. The MATLAB/SIMULINK environment
was used for all monitoring and control functions.

In state-space expression

A
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C  0 0.5, D  0
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In the following section will be described simulations of
applying the control algorithms to a simple stable nonoscillatory system first and then the above mentioned
heat exchanger.
Values of horizons specifying the predictive control
computations were set based on the system step response to hold most of the function. Values of the maximal and control horizons were in both cases established
to 50 sampling steps and for the heat system the minimal horizon was moved to 2 due to the time-delay effect. Weighting values were both set to 1 to equally
distribute optimization calculations.
System states were periodically estimated by a state
observer as a part of the control process.
A shape of the desired trajectory was designed to
demonstrate various difficulties of a regulation. The first
stage has a shape of step change up followed by a step
change down. The next part has similar form but with
ramp shaped changes providing a constant increase of
the desired trajectory. The trajectory ends with a stage
of constant value to stabilize the output.
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Figure 5: Explicit MPC Process with Time-Delay
Figures 4 and 5 reveal some small differences in the
control procedure. The most obvious one is the response
to the desired trajectory where in case of the explicit
control the reaction is delayed up to the time of the
current change in the desired value. This is caused by its
inability to compute with the further future changes of
the desired trajectory as it would immensely increase
computation demands. Therefore the controller is unable to perform a smooth preparation for the step change
unlike the implicit control method. Furthermore, in the
stage of ramp shaped desired trajectory is a noticeable
gap creating an extended control error. The cause of this
pattern originates in the estimation of the constant desired value as the controller can operate only with one.
Nevertheless, this particular effect could be negated by
providing the algorithm a desired trajectory shifted
more towards the future, specifically in the area of
ramps.

Testing system
System parameters were selected to provide a simple
stable process with a significant time-delay of 5 sampling steps in order to demonstrate variations in use of
implicit and explicit approaches.
The system transfer function is

G( z) 

In state-space expression

Heat exchanger
The laboratory heat model was identified with the recursive least square method giving the discrete result as a
stable second order non-oscillatory system described by
the following transfer function

0.4728 z  1  0.2076 z  2  5
z
1  0.7419 z  1  0.0821z  2

0.1619 z  1  0.0957 z  2  2
G( z) 
z
1  0.7948 z  1  0.0754 z  2

with sampling step 2 seconds long.
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0.1619 z  1  0.0957 z  2  2
z
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with a sampling period of 60 seconds.
In state-space expression

A

Table 1: ISE Criterion Comparison
Method
Implicit
Explicit

 0.1398  0.0011
 27.1 
27.0833 0.9569 , B  1058.6

C  0.0016 0, D  0

with a sampling period of 60 seconds.
In state-space expression

ISE criterion value
3,35·104
5,52·104

A

As can be seen in Table 1 the implicit version provides
a better quality due to above mentioned properties.
Considering the computation complexity of both methods it is safe to assume the significantly easier on-line
computation of the explicit version as it replaces the
optimization task with a few multiplication operations.
To verify this times of computations occurring in simulations were measured.

The duration of the time-delay with the current setting
was measured to be approximately 120 seconds which is
fitting to two sampling intervals.
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Table 2: Times of Computations
Method
Implicit
Explicit

Control - 467 steps
136,07s
1,77s

Table 2: Times of Computations
1 step
0,2914s
0,0038s

Table 2 describes how much time was required to perform computations for each method. The implicit approach calculates optimal constrained control series
directly during the control phase consisting of 467 sampling steps. The explicit one is divided to the preparatory phase creating necessary optimizations and the control phase. Demands of the preparatory computations
creating variations of regions dependent on system
states highly rely on the applied optimization and mapping algorithms therefore offering a vast range of possibilities to decrease this particular time.
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Figure 7: Explicit MPC Process of the Heat System

The paper compares an application of two strategies of a
predictive control method to a laboratory heat system
burdened with time-delay. Outcomes of simulations
prove both methods to be feasible solutions for a timedelayed system.
However differences in control processes suggest significantly contrasting areas of application.
A much lower computing complexity of the explicit
method during the control process offer an approach to
control fast processes with lower needs of computing
hardware.
The presence of time-delay is successfully compensated
in both strategies and brings an equal vulnerability to
unexpected effects for each of them. The case of large
number of delay steps tends to be more disadvantageous
for the explicit form as can increase computing demands
above expected amounts.
Without the knowledge of the future desired value development the process loses a significant amount of
precision which is especially disadvantageous in a timedelayed system control. The use of implicit optimizing
strategy would then lose a great benefit of optimizing
the process with attention to the future development and
consequently degrade the overall quality to computation
demand ratio.
The explicit approach, however, does not enable expansion of the control process with an adaptation function

Results of simulated control process are illustrated in
Figure 6 for an implicit MPC and on Figure 7 for an
explicit method. The effect of the time-delay is decreased by computing with future values of the desired
trajectory, consequently the controller reacts in the actual moment of the required change.
Aside from the differences mentioned in the evaluation
of the previous simulation the explicit version displays
overshoots after step changes of the desired trajectory.
Unlike the implicit optimizing approach, the explicit
form is unable to compute with the whole past and future system dynamic. This would require too high computing power which would be in conflict with the original purpose of the explicit strategy. As an easier solution, the end of a transition between distant desired
levels can be smoothed by modifying weighting parameters of the optimization task to prioritize the control
precision.
In order to numerically evaluate the quality of both
control method ISE criterion was selected

ISE 

Preparatory
60,20s

2
0 e(t ) dt


This criterion was applied on simulations of the heat
model visualized in Figures 6 and 7.

303

ISE criterion value
3,35·104
5,52·104

Method
Implicit
Explicit

1 step
0,2914s
0,0038s

CONCLUSION

Figure 7: Explicit MPC Process of the Heat System

The paper compares an application of two strategies of a
predictive control method to a laboratory heat system
burdened with time-delay. Outcomes of simulations
prove both methods to be feasible solutions for a timedelayed system.
However differences in control processes suggest significantly contrasting areas of application.
A much lower computing complexity of the explicit
method during the control process offer an approach to
control fast processes with lower needs of computing
hardware.
The presence of time-delay is successfully compensated
in both strategies and brings an equal vulnerability to
unexpected effects for each of them. The case of large
number of delay steps tends to be more disadvantageous
for the explicit form as can increase computing demands
above expected amounts.
Without the knowledge of the future desired value development the process loses a significant amount of
precision which is especially disadvantageous in a timedelayed system control. The use of implicit optimizing
strategy would then lose a great benefit of optimizing
the process with attention to the future development and
consequently degrade the overall quality to computation
demand ratio.
The explicit approach, however, does not enable expansion of the control process with an adaptation function

Results of simulated control process are illustrated in
Figure 6 for an implicit MPC and on Figure 7 for an
explicit method. The effect of the time-delay is decreased by computing with future values of the desired
trajectory, consequently the controller reacts in the actual moment of the required change.
Aside from the differences mentioned in the evaluation
of the previous simulation the explicit version displays
overshoots after step changes of the desired trajectory.
Unlike the implicit optimizing approach, the explicit
form is unable to compute with the whole past and future system dynamic. This would require too high computing power which would be in conflict with the original purpose of the explicit strategy. As an easier solution, the end of a transition between distant desired
levels can be smoothed by modifying weighting parameters of the optimization task to prioritize the control
precision.
In order to numerically evaluate the quality of both
control method ISE criterion was selected

 e(t ) dt


Control - 467 steps
136,07s
1,77s

Table 2 describes how much time was required to perform computations for each method. The implicit approach calculates optimal constrained control series
directly during the control phase consisting of 467 sampling steps. The explicit one is divided to the preparatory phase creating necessary optimizations and the control phase. Demands of the preparatory computations
creating variations of regions dependent on system
states highly rely on the applied optimization and mapping algorithms therefore offering a vast range of possibilities to decrease this particular time.

Figure 6: Implicit MPC Process of the Heat System

ISE 

Preparatory
60,20s

2

0

This criterion was applied on simulations of the heat
model visualized in Figures 6 and 7.

303

as it would require repeating the whole initial computations. This repetition would dramatically increase computational complexity during the regulation making the
explicit principle contra productive and ultimately
pointless. Therefore the use of the explicit form is limited to cases estimated during the algorithm design.
The future research work will focus on expanding the
precision of the explicit form and its flexibility under
external conditions.
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use of MPC for processes with time-delay with
possibility of measuring disturbance compensation.
Strategy of MPC presents a series of advantages over
other methods. The MPC can be used to control a great
variety of processes, ranging from those with relatively
simple dynamics to other more complex ones, including
systems with long time-delay, unstable ones or
non-minimum phase. The multivariable case can easily
be dealt with. The additional advantage is that extension
to the treatment of constraints is conceptually simple
and these can be systematically included during the
design process. This approach of control is a totally
open methodology based on certain basic principles that
is allowed for future extensions.
The MPC was mainly deployed on slower processes in
its early days. It was caused by the large computational
complexity of control algorithms. Over the years trends
have expanded towards modifications of predictive
control, which can control very fast processes in
milliseconds (e.g. explicit approach of MPC can be
used). In practice, MPC has proven to be a reasonable
strategy for industrial control, and several reports
indicate that it is the most used advanced control
technology in industry.
Extended version of Generalized Predictive Control
(GPC) algorithm is used for design of predictive
controller in this paper.
The paper is organized in the following way. The
general principle of the MPC is described in first
section. Next section is devoted to explain the extended
GPC algorithm. Cost function for GPC and computation
of control law are introduced in following section. The
identification
with
example
identification
of
experimental laboratory heat equipment containing the
heat exchanger is described in the next section.
Verification of control method for different types of
systems is shown next. Results evaluation is described
in following section and last section concludes the
paper.

ABSTRACT
Many processes in industry exhibit time-delay in their
dynamic behavior. Time-delay is mainly caused by the
time required to transport energy, information or mass,
but it can be caused by processing time as well. There
are also many cases when compensation of measurable
disturbance is required. In light of these facts, the goal
of this paper is to design predictive algorithm for
control of time-delayed systems with the possibility of
measurable disturbance compensation. Basically this
paper deals with the essential principles of model
predictive control (MPC), design process of the
predictive controller, calculation of control law and
identification of control process. Identification of
control process is also an important part of MPC. The
next section describes simulation and also real-time
verification of designed regulator which was verified in
MATLAB/SIMULINK.
INTRODUCTION
Processes with time-delay are difficult to control using
standard feedback controllers. When a high
performance of the control process is desired or the
relative time-delay is very large, we can choose another
approach. One of the most known methods for control
of processes with time-delay is Smith predictor. Another
negative aspect is effect of measurable disturbance on
the process output which is a very important issue that
needs to be analyzed and considered in control problems
where it is possible to be measured. Disturbances drive
the system away from its desired operating point and
require more sophisticated control strategies to
minimize their influences. The most known solution to
eliminate this problem is classical feedforward control
of measurable disturbances. These types of
compensators provide a possibility to take control
actions before the disturbance affects the process output.
On the other hand, for simple processes, where effect of
disturbance is not too significant, using of classical
feedforward control is sufficient. For more complex
processes exhibit time-delay and with possibility of
measuring disturbance, Model Predictive Control
(MPC) strategy can be used. This paper deals with the

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

MODEL PREDICTIVE CONTROL PRINCIPLES
The term MPC does not describe a specific control
strategy but a very extensive range of control methods
that make explicit use of a model of the process to
obtain the control signal by minimizing an objective
function. The essential ideas of the predictive control
family are (Camacho and Normey-Rico 2007; Rossiter
2003):
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complexity of control algorithms. Over the years trends
have expanded towards modifications of predictive
control, which can control very fast processes in
milliseconds (e.g. explicit approach of MPC can be
used). In practice, MPC has proven to be a reasonable
strategy for industrial control, and several reports
indicate that it is the most used advanced control
technology in industry.
Extended version of Generalized Predictive Control
(GPC) algorithm is used for design of predictive
controller in this paper.
The paper is organized in the following way. The
general principle of the MPC is described in first
section. Next section is devoted to explain the extended
GPC algorithm. Cost function for GPC and computation
of control law are introduced in following section. The
identification
with
example
identification
of
experimental laboratory heat equipment containing the
heat exchanger is described in the next section.
Verification of control method for different types of
systems is shown next. Results evaluation is described
in following section and last section concludes the
paper.

ABSTRACT
Many processes in industry exhibit time-delay in their
dynamic behavior. Time-delay is mainly caused by the
time required to transport energy, information or mass,
but it can be caused by processing time as well. There
are also many cases when compensation of measurable
disturbance is required. In light of these facts, the goal
of this paper is to design predictive algorithm for
control of time-delayed systems with the possibility of
measurable disturbance compensation. Basically this
paper deals with the essential principles of model
predictive control (MPC), design process of the
predictive controller, calculation of control law and
identification of control process. Identification of
control process is also an important part of MPC. The
next section describes simulation and also real-time
verification of designed regulator which was verified in
MATLAB/SIMULINK.
INTRODUCTION
Processes with time-delay are difficult to control using
standard feedback controllers. When a high
performance of the control process is desired or the
relative time-delay is very large, we can choose another
approach. One of the most known methods for control
of processes with time-delay is Smith predictor. Another
negative aspect is effect of measurable disturbance on
the process output which is a very important issue that
needs to be analyzed and considered in control problems
where it is possible to be measured. Disturbances drive
the system away from its desired operating point and
require more sophisticated control strategies to
minimize their influences. The most known solution to
eliminate this problem is classical feedforward control
of measurable disturbances. These types of
compensators provide a possibility to take control
actions before the disturbance affects the process output.
On the other hand, for simple processes, where effect of
disturbance is not too significant, using of classical
feedforward control is sufficient. For more complex
processes exhibit time-delay and with possibility of
measuring disturbance, Model Predictive Control
(MPC) strategy can be used. This paper deals with the
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MODEL PREDICTIVE CONTROL PRINCIPLES
The term MPC does not describe a specific control
strategy but a very extensive range of control methods
that make explicit use of a model of the process to
obtain the control signal by minimizing an objective
function. The essential ideas of the predictive control
family are (Camacho and Normey-Rico 2007; Rossiter
2003):
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After application of following
multiplication equation (2) by Δ
~
A( z −1 ) = (1 − z −1 ) A( z −1 ) = 1 − a~1 z −1

= 1 − (1 − a1 ) z −1 − (a1 − a 2 ) z −2

equation
− a~na +1 z − na −1 =

− a na +1 z −na −1

and

Forced response of system is represented by next
equation
(9)
f r = Gu + H V2 v 2
Based on equation mentioned above (8) and (9), overall
response of system is computed as sum of free and
forced response.
(10)
yˆ = f + f r

(3)

model should be represented in following way, where
output should be predicted as
na +1

yˆ (k + 1) =

nb

∑ a~ y(k + 1 − i) + ∑ b Δu(k − d − i) +
i

i =1

i =1

nd

+

(4)

i

i =1

where na, nb, nc a nd are degrees of polynomials
A( z −1 ) , B( z −1 ) , C ( z −1 ) and D( z −1 ) . The white noise

J = (Gu + Hu 1 + Sy 1 − w) T Q δ (Gu + Hu 1 + Sy 1 − w) +
+ uT Q λ u

eS (k ) and its future values are considered to be equal
to zero for the prediction of the future output values.
In case where time-delay is present, following equation
should be used when equation (4) is applied recursively
for i = 1, 2, ..., Nu

(11)

where Q δ and Q λ are the diagonal weighting matrices
of size N u × N u with elements δ ( j ) and λ ( j ) ,
respectively. Although, in practice, the most common
choice is to set δ ( j ) and λ ( j ) constants on the horizon.
In practice, the values of these weighting factors must
be normalized in order to obtain a correct weighting of
the different errors and controller outputs.
After some manipulations J is written as

Δu ( k )
⎡ yˆ (k + d + 1) ⎤
⎡
⎤
⎡ Δu (k − 1) ⎤
⎢ ˆ
⎥
⎢
⎥
⎥
⎢
⎢ y (k + d + 2) ⎥ = G ⎢ Δu ( k + 1) ⎥ + H ⎢ Δu ( k − 2) ⎥ +
⎢
⎥
⎢
⎥
⎥
⎢
⎥
⎢
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⎢
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+
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u
k
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(
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⎣
⎣
⎦
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⎡ yˆ ( k + d ) ⎤
⎡ Δv (k − 1) ⎤
⎢ ˆ
⎥
⎢ Δv ( k − 2) ⎥
(5)
y ( k + d − 1) ⎥
⎥+
+ S⎢
+ H V1 ⎢
⎢
⎥
⎥
⎢
⎢
⎥
⎥
⎢
ˆ
⎣Δv(k − nd + 1)⎦
⎣ y (k + d − na )⎦
Δv ( k )
⎡
⎤
⎢ Δv(k + 1) ⎥
⎥
+ H V2 ⎢
⎢
⎥
⎢
⎥
⎣ Δv(k + N u − 1) ⎦

J = u T (Q λ + G T Q δ G )u + 2( Hu 1 + Sy 1 − w ) T Q δ Gu +
+ ( Hu 1 + Sy 1 − w ) T Q δ ( Hu 1 + Sy 1 − w )

Minimizing J with respect to u, it means

(12)

∂J
=0,
∂u

leads to
(13)

Mu = P0 y 1 + P1u 1 + P2 w

where M = G Q δ G + Q λ is of dimension N u × N u ,
T

T

P0 = −G Q δ S

of

dimension

N u × (na + 1) ,

P1 = −G Qδ H of dimension N u × nb and P2 = G Qδ of
T

Equation (5) should be written as

T

dimension N u × N u , therefore

(6)
Matrices G, H and S are constant matrices of
dimensions N u × N u , N u × nb and N u × ( na + 1) .
Matrices HV1 and HV2 are of dimensions N u × (nd − 1)
yˆ = Gu + Hu 1 + Sy 1 + H V1 v 1 + H V2 v 2
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and N u × N u . Matrix HV1 can be used only in case
−1

when degree of polynomial D( z ) is equal to 2 or
higher.
Vectors from equation (6) are defined as
Δu ( k )
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⎢
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⎢
⎥
⎢
⎥
⎣Δv( k − nd + 1) ⎦
⎣Δv( k + N u − 1)⎦

(14)

(15)
Δu (k ) = mP0 y 1 + mP1u 1 + mP2 w
In case when compensation of measurable disturbance
is required, Δu (k ) is given by extended form of control
law
Δu (k ) = mP0 y 1 + mP1u 1 + mP2 w + mPV1 v 1 + mPV2 v 2 (16)
where PV1 = −G T Qδ H V1 is of dimension N u × (nd − 1)
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COST FUNCTION AND CONTROL LAW
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If ŷ is introduced in equation (1), is evident that J is a
cost function of y1, u and u1. Function should be written
as

∑ d Δv(k + 1 − dv − i)
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Matrices G, H and S are constant matrices of
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Matrices HV1 and HV2 are of dimensions N u × (nd − 1)

M −1 , then Δu (k ) is given by

and PV2 = −G T Q δ H V2 of dimension N u × N u .

equation

yˆ = Gu + Hu 1 + Sy 1 + H V1 v 1 + H V2 v 2

In a receding horizon algorithm only the actual value
Δu (k ) is computed, so if m is the first row of matrix

Following equation corresponds to the free response of
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the control and disturbance signals were kept constant.
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when degree of polynomial D( z ) is equal to 2 or
higher.
Vectors from equation (6) are defined as
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In a receding horizon algorithm only the actual value
Δu (k ) is computed, so if m is the first row of matrix
M −1 , then Δu (k ) is given by

(15)
Δu (k ) = mP0 y 1 + mP1u 1 + mP2 w
In case when compensation of measurable disturbance
is required, Δu (k ) is given by extended form of control
law
Δu (k ) = mP0 y 1 + mP1u 1 + mP2 w + mPV1 v 1 + mPV2 v 2 (16)

Following equation corresponds to the free response of
the system that is the output that would be obtained if
the control and disturbance signals were kept constant.
(8)
f = H u 1 + S y 1 + H V1 v 1

where PV1 = −G T Qδ H V1 is of dimension N u × (nd − 1)
and PV2 = −G T Q δ H V2 of dimension N u × N u .
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After introducing vectors y1, u1, w, v1 and v2, final
control law is defined as

where hi are the coefficients of HV1 and HV2 matrices
obtained from the delay free disturbance response
shifted in accordance with ρ (Pawlowskaa et al. 2012).
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Since MPC is based on an internal model of the system,
a sufficient model is necessary therefore system
identification is an important factor in MPC strategy.
Identification of control processes can be divided into
two groups that are used most often. The first group is
one-time (offline) methods and the second is ongoing
(online) methods. Online identification methods can be
used for self-tuning controllers (STC).
Both types of identification can be used for estimation
of the model parameters of the system. Online
identification, offline identification and comparison
with estimation by MATLAB function fminsearch are
shown in following subsections.
Offline identification methods
The most used method for the identification of the
parameters of discrete transfer function models is the
least squares estimator (LSE) based on the idea of linear
regression. These identification algorithms can be
carried out in an online manner as well.
The least squares estimator is defined as the vector Θ̂
that minimizes the quadratic error

( )

ρ = d − dv

ˆ = FT F
Θ

(18)
This leads to three different structures for matrices HV1
and HV2 based on the sign of ρ :
ρ<0
•
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Notice that Θ̂ is a vector of estimated model
parameters of dimension 2n, F is a matrix of dimension
N − n − d × 2n , y is a data vector of dimension
N − n − d , where N is a number of measured data, n is
an order of system and d is a number of steps of timedelay (Camacho and Normey-Rico 2007).
MATLAB function fminsearch can finds the minimum
of a scalar function of several variables as well, starting
at an initial estimate. This function uses the simplex
search method for finding the minimum of a function.
(23)
x = fminsearch ( fun , x0 , options )

(19)

Online identification methods
One of the advantages of the identification procedure
based on the LSM is that it can be used recursively
because the parameter vector estimated at time t can be
computed as a function of the parameter vector
estimated at t − 1 .
The recursive least squares method (RLSM) is the most
known method. This method uses ARX model (Bobál et
al. 2012).
(24)
y ( k ) = Θ T ( k )Φ ( k ) + e s ( k )
where Θ is a vector of model parameters
(25)
Θ T (k ) = [a1 a 2 … a n b1 b2 …bn ]
Φ
is a regression vector
and

(20)
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Φ T (k ) = [− y (k − 1) − y (k − 2)… − y (k − n)
(26)
u (k − d − 1) u (k − d − 2)…u (k − d − n)]
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where hi are the coefficients of HV1 and HV2 matrices
obtained from the delay free disturbance response
shifted in accordance with ρ (Pawlowskaa et al. 2012).
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IDENTIFICATION

HV1 and HV2 are matrices including the coefficients of
the system step response to the disturbance.
Future values of disturbance can be known in some
cases, when disturbance is related to the process load. In
other cases, it can be predicted by using means, trends
or other information. If this is the case, the term
corresponding to future deterministic disturbance can be
computed (Pawlowskaa et al. 2012).
It is evident that matrices HV1 and HV2 are dependent on
the relative difference between number of steps of timedelay of input-output and disturbance-output which is
defined as
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r) is
transported uusing a continnuously contro
ollable DC puump
(6) into a floow heater (1)) with max. power
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The temperaature of a fluuid at the heaater output T 1 is
measured byy a platinum thermometer.. Warmed liqquid
then goes thhrough a 15 meter long insulated coiiled
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which causes significant deelay (20 – 2000 s)
in the system
m. The air-water heat exchan
nger (3) with ttwo
cooling fanns (4, 5) reepresents a heat-consum
ming
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for measurem
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The
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mperature. Thee laboratory heat
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connected to a standdard PC via technologgical
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multifunctionn I/O card MF
for standard data acquisittion, control applications and
me Toolbox for
optimized ffor use withh Real Tim
MATLAB/SIIMULINK (P
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Table 1 : Evaluation
E
of IIdentification Quality

Pseudorandoom Binary Siggnal (PRBS), Random Binnary
Signal (RBS)) and Random
m Gaussian Signal (RGS) w
were
used for idenntification of laboratory model. Input signnals
were generatted by MATLA
AB function idinput.
i
((27)
u = idinput ( N , type , band , levvels )
Function idinnput generates input signals which are uused
for identificcation purposses, where u is returnedd as
matrix or coolumn vector.. Parameter N determines the
number of ggenerated inpput data and parameter ty
type
defines the tyype of input siignal to be gen
nerated.
Sum of squares subtractiion of estimaated outputs and
measured daata was usedd for analysiis of qualityy of
identificated models.
Sy =

1
N

b

∑ [yˆ (k ) − y(k )]2

Method
M
LSM

Parameter
P
Coeefficients
Quality
Q
Sy

RLSM
R

Coeefficients
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Q
Sy

fminsearch

((28)

k =a

Coeefficients
Quality
Q
Sy
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a1
a2
b1
b2
a1
a2
b1
b2
a1
a2
b1
b2

PRBS
-0,9443
0,0216
0,1329
-0,0842
1,5853
-0,9443
0,0216
0,1329
-0,0842
1,5853
-0,9322
0,0109
0,1473
-0,0975
1,4538

RBS
R
-0,9455
0,0426
0,1275
-0,0821
5,2380
-0,9466
0,0435
0,1281
-0,0827
5,2640
-0,9290
0,0535
0,0818
-0,0264
3,7304

RGS
-0,96699
0,03988
0,13500
-0,09011
0,76455
-0,97222
0,04466
0,13177
-0,08711
0,78400
-0,89699
-0,02933
0,18455
-0,13899
0,67211
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power generation, and manufacturing processes are
hybrid in nature. The behavior of these systems contains
continuous dynamics described by continuous-state
variables along with discrete switching behavior at
points in time that triggered by external control signals
or internal continous variables crossing prespecified
thresholds, and resulting in configuration changes in the
system. Therefore, tracking hybrid system behavior
requires the simultaneous tracking of continuous state
variables as well as discrete mode transitions over time.

KEYWORDS
Hybrid systems, state estimation, filtering approach.
ABSTRACT
The dynamic nature of hybrid systems involves discrete
switching behavior between several operating modes
and continuous plant dynamics governed by continuous
models in each mode. State estimation is a important
class of approaches for online monitoring and diagnosis
of hybrid systems, which relies on the estimation of
unknown variables using a filtering approach. Focused
hybrid estimation methods concentrate on most likely
system evolution trajectories based on probabilistic and
best-first enumeration. On the other hand, switched
Dynamic Bayesian Networks-based particle filter
methods track the continuous behavior in individual
modes of operation, and switch modes when transition
conditions are met. In this paper, we study and compare
these two algorithms. The theoretical analysis and
experimental results show the advantages and
disadvantages of both approaches.

Recently, researchers have proposed multiple hybrid
estimation methods for online monitoring and diagnosis
of hybrid systems. (Hofbaur and Williams 2002; 2004)
model hybrid systems as concurrent probabilistic hybrid
automata (cPHA), and track and diagnose the hybrid
system by combing traditional continuous state
estimation and hidden Markov models (HMM) belief
update. (Dearden and Clancy 2002; Wang and Dearden
2009) also model the system as cPHA, but employ a
particle filter method to estimate the discrete mode of
the system and its continuous states at the same time.
(Narasimhan and Biswas 2007) presents a hybrid
observer implemented as a switched Extend Kalman
filter (EKF), where the mode transitions are based on
deterministic conditions.

INTRODUCTION
With the increasing complexity of modern automated
systems, there is a pressing need for capabilities that
more accurately monitor health of the system and can
diagnose faults online. Model-based fault detection and
isolation (FDI) techniques are widely employed to
achieve these requirements (Gertler 1998). Generally
speaking, systems dynamics and control engineering
FDI community has developed three typical methods for
diagnosis: parameter estimation (Pouliezos et al. 1985),
state estimation (Hofbaur and Williams 2004), and
parity space based methods(Vento et al. 2010). Our
work in this paper focuses on state estimation methods,
like observers and filters, that relies on the estimation of
unknown variables in system behavior model.
Traditional state estimation methods are frequently used
to design diagnosers for continuous systems. However,
most real-world systems, such as automobiles, aircraft,
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conditions are met. In this paper, we study and compare
these two algorithms. The theoretical analysis and
experimental results show the advantages and
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of hybrid systems. (Hofbaur and Williams 2002; 2004)
model hybrid systems as concurrent probabilistic hybrid
automata (cPHA), and track and diagnose the hybrid
system by combing traditional continuous state
estimation and hidden Markov models (HMM) belief
update. (Dearden and Clancy 2002; Wang and Dearden
2009) also model the system as cPHA, but employ a
particle filter method to estimate the discrete mode of
the system and its continuous states at the same time.
(Narasimhan and Biswas 2007) presents a hybrid
observer implemented as a switched Extend Kalman
filter (EKF), where the mode transitions are based on
deterministic conditions.

INTRODUCTION

In this paper, we mainly study two typical state
estimation methods of hybrid systems: (1) a focused
hybrid estimation framework (HME) proposed by
(Hofbaur and Williams 2002; 2004); (2) a switched
Dynamic Bayesian Network (DBN)-based particle filter
(PF) observer that combines our previous work
(Narasimhan and Biswas 2007) and (Roychoudhury et
al. 2008). Although these two methods are based on
different modeling methods, our aim is to evaluate the
functionality, compare the performance and analyze the
advantages and disadvantages of both approaches.

With the increasing complexity of modern automated
systems, there is a pressing need for capabilities that
more accurately monitor health of the system and can
diagnose faults online. Model-based fault detection and
isolation (FDI) techniques are widely employed to
achieve these requirements (Gertler 1998). Generally
speaking, systems dynamics and control engineering
FDI community has developed three typical methods for
diagnosis: parameter estimation (Pouliezos et al. 1985),
state estimation (Hofbaur and Williams 2004), and
parity space based methods(Vento et al. 2010). Our
work in this paper focuses on state estimation methods,
like observers and filters, that relies on the estimation of
unknown variables in system behavior model.

The rest of this paper is organized as follows. First, we
will give a formal definition of the hybrid estimation
problem, and show a running example: a hybrid two-

Traditional state estimation methods are frequently used
to design diagnosers for continuous systems. However,
most real-world systems, such as automobiles, aircraft,

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

In this paper, we mainly study two typical state
estimation methods of hybrid systems: (1) a focused
hybrid estimation framework (HME) proposed by
(Hofbaur and Williams 2002; 2004); (2) a switched
Dynamic Bayesian Network (DBN)-based particle filter
(PF) observer that combines our previous work
(Narasimhan and Biswas 2007) and (Roychoudhury et
al. 2008). Although these two methods are based on
different modeling methods, our aim is to evaluate the
functionality, compare the performance and analyze the
advantages and disadvantages of both approaches.
The rest of this paper is organized as follows. First, we
will give a formal definition of the hybrid estimation
problem, and show a running example: a hybrid two-

312

variables evolution takes place at the sampling period
Ts .

tank system that contains controlled and autonoumous
mode change for this paper. After that, we discuss these
two hybrid state estimation methods in detail. We
compare their computational complexities, and analyze
the performance by studying the experimental results:
autonomous mode change detection and the accuracy of
online tracking. Finally,we end with the discussion and
conclusions of the paper.

Case study: hybrid two-tank system

To compare and analyze hybrid estimation algorithms,
we use a hybrid two-tank system shown in Figure 1 as a
running example in this paper. The system has a source
of input flow ( F1 ), two tanks ( C1 and C2 ) and three
valves ( Valve1 , Valve2 and Valve3 ) that can be turned on
and off by commands ud 1, k , ud 2, k and ud 3, k generated

BACKGROUND
In this section, we begin with the formal definitions of
the hybrid estimation problem, and then present a
simple test case for comparison of the different hybrid
estimation algorithms in this paper.

from the supervisory controller. Autonomous mode
transitions can also occur in this system. When the
liquid in tank1 reaches the height (h) at which pipe R12
is placed, a flow is initiated in pipe R12 . This
autonomous mode change depends on whether the
liquid level in tank1 ( h1 ) and/or tank2 ( h2 ) is above or
below the height of the pipe R12 . In addition, two
sensors measure the pressure in tank1 and tank2.

Definitions
Online monitoring and diagnosis of complex modern
engineering systems rely on state space model with
sampling period Ts .
xc , k 1  f ( xc , k , xd , k 1 , uk )  v p , k
yc , k +1  g ( xc , k +1 , xd , k +1 , uk +1 )  vs , k +1

Online monitoring and diagnosis of complex modern
engineering systems rely on state space model with
sampling period Ts .
(1)

where xc , k , yc , k and uk denote continuous state

variables, continuous observations and input variables
at time-step k, respectively. The current discrete mode is
captured by xd , k , and the possible discrete modes of the

variables, continuous observations and input variables
at time-step k, respectively. The current discrete mode is
captured by xd , k , and the possible discrete modes of the

hybrid systems has domain {m1 ,..., ml } . A discrete mode
transition xd , k  mi  xd , k +1  m j will be executed if the

hybrid systems has domain {m1 ,..., ml } . A discrete mode
transition xd , k  mi  xd , k +1  m j will be executed if the

corresponding
transition
constraint
function
   d   c is satisfied, where  d denotes controlled
discrete command inputs and  c is autonomous
continuous variable constraint. v p , k and vs , k describe

corresponding
transition
constraint
function
   d   c is satisfied, where  d denotes controlled
discrete command inputs and  c is autonomous
continuous variable constraint. v p , k and vs , k describe

Table 1 Four Different Possible Configurations for
Autonomous Pipe R12
Mode
Expression
Mode Transition Function
1
h1  h  h2  h
e1 : xc1, k  1  xc 2, k  1

We specify the hybrid state including continuous state
xc , k and associated discrete mode xd , k as a tuple
( xc , k , xd , k ) at time-step k. In order to detect the onset of

subtle failures, it is significant to accurately estimate the
state ( xc , k , xd , k ) of hybrid systems that maybe corrupted

2

h1  h  h2  h

e2 : xc1, k  1  xc 2, k  1

3

h1  h  h2  h

e3 : xc1, k  1  xc 2, k  1

by noise. As a consequence, hybrid estimation problem
can be defined as follow:

4

h1  h  h2  h

e4 : xc1, k  1  xc 2, k  1

Table 1 shows four possible configurations for
autonomous pipe R12 . Mode 1 and Mode 2 imply that
the pipe R12 as an outflow pipe for tank with higher
liquid level but flow source for another tank with lower
liquid level. Mode 3 denotes that tank1 and tank2 are
disconnected. In Mode 4, both liquid levels are above
the height of pipe R12 , and the flow depends on the
difference in pressures between two tanks.

Definition 1 (Hybrid Estimation Problem): Given a
hybrid model as equation (1), the discrete-time
sequence of noisy observations {yc ,1 ,...,yc , k } , inputs
{u1 ,...,u k } , and initial state information ( xc ,0 , xd ,0 ) ,

estimate the hybrid state ( xc , k , xd , k ) at time-step k.
The classical hybrid systems view is employed in this
paper, where the evolution of the system takes place at
two disctinct time rates: discrete mode changes occur
immedidately and instantly, while continuous state
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from the supervisory controller. Autonomous mode
transitions can also occur in this system. When the
liquid in tank1 reaches the height (h) at which pipe R12
is placed, a flow is initiated in pipe R12 . This
autonomous mode change depends on whether the
liquid level in tank1 ( h1 ) and/or tank2 ( h2 ) is above or
below the height of the pipe R12 . In addition, two
sensors measure the pressure in tank1 and tank2.

Definitions

where xc , k , yc , k and uk denote continuous state

zero-mean Gaussian process and sensor noise.

To compare and analyze hybrid estimation algorithms,
we use a hybrid two-tank system shown in Figure 1 as a
running example in this paper. The system has a source
of input flow ( F1 ), two tanks ( C1 and C2 ) and three
valves ( Valve1 , Valve2 and Valve3 ) that can be turned on
and off by commands ud 1, k , ud 2, k and ud 3, k generated

In this section, we begin with the formal definitions of
the hybrid estimation problem, and then present a
simple test case for comparison of the different hybrid
estimation algorithms in this paper.
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Figure 1 The Schematic of Hybrid Two-tank System

Case study: hybrid two-tank system
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xc , k 1  f ( xc , k , xd , k 1 , uk )  v p , k

(1)

variables evolution takes place at the sampling period
Ts .

tank system that contains controlled and autonoumous
mode change for this paper. After that, we discuss these
two hybrid state estimation methods in detail. We
compare their computational complexities, and analyze
the performance by studying the experimental results:
autonomous mode change detection and the accuracy of
online tracking. Finally,we end with the discussion and
conclusions of the paper.
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same four discrete modes. PHA A3 represents the
autonomous pipe R12 , and contains four discrete modes
shown in Table 1. Since the flow through autonomous
pipe R12 depends on the pressure in tank1 and tank2,
additional continous signal flow us1 and us 2 is
introduced into our hybrid automata model. These two
virtual I/O signal variables determine the discrete mode
of PHA A3, which further determine the directionality
and value of wc 3 and wc 4 .

The overall system mode is determined by the
Open/Closed state of the three valves and four possible
configurations in autonomous pipe R12 . Therefore,
there exists 23  4=32 possible nominal modes of
system operation. Take a specific system configuration
for example: If all the valves are on and the autonomous
pipe R12 is in Mode 4, the continuous state description
is derived as follow:
1
1
 1
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pressure in tank1 and tank2, and yc , k are observations

for these two pressure values. In our work, the height of
the autonomous pipe R12 corresponds to a pressure of 1
psi, so the autonomous mode transition function can be
specified as the third column in Table 1. Furthermore, a
possible discrete mode transition function for the whole
system can be defined as follow:
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STATE ESTIMATION METHODS
A focused hybrid estimation framework
The focused HME is based on cPHA that merges HMM
with continuous dynamical system models. A cPHA
captures probabilistic mode transitions, while mode
transitions in other traditional hybrid automata model is
deterministic.

probability Pk 1 and transition probability PTi for each
automaton. The second step performs continuous state
estimation using EKF according to the state space
model in a particular mode assignment, and then
calculates
the
corresponding
posterior
probability Pk after taking the current observations into
account.
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Hofbaur and Williams take the negative logarithm of
probability to rank the possible transitions and
trajectories, and view this process as a best-first A*
search problem. As a result, this algorithm can be
implemented as an anytime algorithm, and trade-off
between accuracy and time complexity can be achieved
by selecting the number of most likely hybrid states.
The details of this algorithm are presented in (Hofbaur
and Williams 2002; 2004).
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Figure 2 Modified cPHA for Hybrid Two-tank System
Figure 2 shows the modified cPHA for hybrid two-tank
system. We decomposition this system into four
automata. More specifically, PHA A1 denotes
controlled valve Valve1 with four discrete modes: Open,
Closed, Stuck_Open and Stuck_Closed. PHA A2 and
A4 describe the tank and controlled drain pipe with

Switched DBN-based PF method
The hybrid bond graphs (HBGs) is the core of modeling
framework for switched DBN-based PF method. HBGs
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Based on this modified cPHA model, the focused HME
contains two parts. The first one is a HMM-style belief
state estimator, which is employed to evaluate and
select trajectory candidates with high likelihood; The
other one is an EKF bank, which maintains several
continuous behavior estimation in individual modes.
Consequently, the hybrid estimation process at a single
time-step, shown in Figure 3, is composed of the
following two steps: The first step deduces all the
possible mode transitions and calculates the prior
probability Pk |k 1 according to previous posterior
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extend traditional bond graphs (BGs) by incorporating
switched junctions to enable discrete changes in the
system mode (Mosterman and Biswas 1998). The
dynamic behavior of this switched junction is
implemented by a finite state machine control
specification (CSPEC). A CSPEC defines finite number
of states, and captures controlled and autonomous
changes. The mode of the system is defined by a unique
combination of the state of each switched junctions.

De : M 4

C : C1

Df : M 3

derived from TCG, the DBN can also be easily
constructed from TCG. For lack of space, this
procedure is not discussed in this paper, but can be seen
in (Lerner et.al. 2000) .
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When all the valves are on and the autonomous pipe
R12 is in mode 4, the nominal DBN model for hybrid
two-tank system is shown in Figure 5. This DBN model
derived from the TCG as the following random
variables: the continuous state variables X  e4 , e10 
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presents the pressures at the bottom of each tank, input
variables U   f1  denotes the input flow source, and

Figure 4 HBG for Hybrid Two-tank System
The HBG model for hybrid two-tank system is shown in
Figure 4. As can be seen from this figure, this model
contains eight switched junctions. CSPEC1, CSPEC2
and CSPEC3 denote controlled valves Valve1 ,
Valve2 and Valve3 , while the combination of CSPEC4
and CSPEC5 describes the autonomous pipe R12 . When
all the switched junctions are in particular state, the
HBG model becomes HG model.

state variables, other hidden variables, input variables
and measured variables for dynamic system. The
relations between these variables can be generated from
observation equations in the state space model.
Similarly, the across-time links between the successive
times slice t and t+1 can also be derived from transition
equations in the state space model. Since the causal and
temporal information between system variables can be

RS f

LS f

presents the pressures at the bottom of each tank, input
variables U   f1  denotes the input flow source, and
measured variables Y  e3 , e13  indicates the pressures
of the liquid in each tank.

According to the common view, the hybrid system is
piecewise continuous, and the continuous behavior and
discrete mode changes should be combined together.
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R : R2

measured variables Y  e3 , e13  indicates the pressures

Assign Y0i as the measurement at time step 0
End For
For each time-step t>0 do
If the controlled or autonomous mode change
occurs
Regenerate a DBN model D ' from TCG in new
system configuration
End If
Prediction: Sample each particle in DBN model
'
D
Weighting: Compute the weight considering the
observation
Resampling: Normalize the weighted particles,
resample N new particles
Calculate the estimated continuous state variables
X t and Yt at time step t
End For

A DBN is a two-slice temporal Bayes net for dynamic
system that illustrates not only the relations between
system variables at any time slice t, but also the acrosstime relations between the variables (Murphy 2002).
The system variables consists of four different set of
variables  X t , Z t , U t , Yt  , which denotes the continuous
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of the liquid in each tank.
Algorithm 1: Online tracking algorithm
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D  { X , Z ,U , Y }
For each particle i, from 1 to N do
Sample X 0i from the prior probability distribution
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variables  X t , Z t , U t , Yt  , which denotes the continuous
state variables, other hidden variables, input variables
and measured variables for dynamic system. The
relations between these variables can be generated from
observation equations in the state space model.
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equations in the state space model. Since the causal and
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Switched DBN-based PF method employs the nominal
DBN-based PF scheme to track the continuous behavior
in individual modes of operation. PF is a general
purpose Markov chain Monte Carlo method that
approximates the belief state using a set of samples or
particles, and keeps the distribution updated as new
observations are made over time.

by discrete mode estimation part. The latter method
only uses PF technique for a particular system mode.
Since the probabilistic mode transition is introduced
into cPHA, the focused HME reformulates hybrid
estimation task as a search problem, and evaluates the
possible trajectories or hybrid states using probability
values. Actually most of the probability space can be
covered by just a few modes, so it is more efficient to
track k best hybrid states at each time-step. Moreover,
due to the predefined discrete fault mode in cPHA,
discrete fault can be captured by this estimation
algorithm. Unfortunately, this method handles only
discrete faults, and fault detection may lag or faults
maybe missed because of fault mode transition with
very low probabilities or a small k value.

Since the continuous behavior and discrete mode
changes will interact with each other as system behavior
evolves, the CSPEC need to execute controlled or
autonomous mode changes. Explicit controlled changes
are relatively simple, but the autonomous mode changes
depend on the internal continuous variables. If mode
changes occur, the nominal DBN model will be
regenerated from TCG in new mode, and use the PF to
continuously track system dynamic behavior. The
online tracking algorithm is shown in Algorithm 1.

In constrast, the switched DBN-based PF method only
considers a system
trajectory, when the system
behavior is normal. Therefore, the performance of this
method is better than the first one for most of the time.
The shortcoming is that backtracking is inevitable, once
a fault is captured by a fault detection module. Since
fault may have happened in a previous mode of the
system, a fast roll-back process needs to be executed to
capture the real fault occurrence time. After that, a
quick roll-forward will be done to catch up with the
current time without the knowledge of a correct model.
These operations may consume much computational
resources depending on the delay in fault detection. In
general, this algorithm makes a practical assumption
that most faults will be detected within l mode
transitions from the actual occurrence of the fault, and
the value of l need to determined by offline analysis
(Narasimhan and Biswas 2007).

COMPARISON OF THE METHODS
Comparison on functionality
Modeling method
Different modeling framework are employed by two
algorithms. Hybrid automata (HA) is a general scheme
for hybrid system modeling. In this modeling paradigm,
hybrid system behavior is defined as continuous system
dynamics by means of differential equations and
discrete nominal and fault modes changes that switch
the continuous dynamics and may reset state variables.
The focused HME uses cPHA that extends HA by
introducing probablitiy for each mode transition, while
the switched DBN-based PF method adopts the HBG
that extends BG by incorporating switched junctions.
BG describes the continuous behavior in particular
system configuration, and HBG can online generate the
differential equations for current discrete mode.

Comparison on estimation accuracy
In order to evaluate the estimation accuracy for these
two hybrid estimation algorithms, we apply them to the
hybrid two-tank system in Figure 1 in several scenarios.
In this paper, we only show a 70 second simulation data
generated from Matlab Simulink with sampling rate of
0.01 second. Figure 6 and Figure 7 show the mode
sequence and actual value for the pressure of each tanks,
respectively.

Since (Narasimhan and Biswas 2002) had proved that
HBGs can be represented as HA to track hybrid
dynamic behavior, the critical difference for modeling is
that the mode transition is non-determinsitc and
probabilistic in cPHA, but deterministic in HBG.
Online monitoring
Due to traditional hybrid system view adopted by two
methods, we will discuss the online monitoring from
two parts: discrete mode change and continous state
estimation.
For discrete mode part, focused HME employs HMMstyle belief update. Each finite automaton in cPHA
executes mode transition successively at a single timestep. Similarly, the switched DBN-based PF method
tracks on/off mode of each switched junction in the
HBG model, and transitioning to the new mode when
indicated by CSPECs. In terms of continous behavior
estimation, focused HME uses a bank of KF/EKF. Each
filter tracks a possible mode of the system determined

Figure 6 Mode Sequence of Controlled and
Autonomous Components
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Switched DBN-based PF method employs the nominal
DBN-based PF scheme to track the continuous behavior
in individual modes of operation. PF is a general
purpose Markov chain Monte Carlo method that
approximates the belief state using a set of samples or
particles, and keeps the distribution updated as new
observations are made over time.
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Since the probabilistic mode transition is introduced
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possible trajectories or hybrid states using probability
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covered by just a few modes, so it is more efficient to
track k best hybrid states at each time-step. Moreover,
due to the predefined discrete fault mode in cPHA,
discrete fault can be captured by this estimation
algorithm. Unfortunately, this method handles only
discrete faults, and fault detection may lag or faults
maybe missed because of fault mode transition with
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continuously track system dynamic behavior. The
online tracking algorithm is shown in Algorithm 1.
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considers a system
trajectory, when the system
behavior is normal. Therefore, the performance of this
method is better than the first one for most of the time.
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fault may have happened in a previous mode of the
system, a fast roll-back process needs to be executed to
capture the real fault occurrence time. After that, a
quick roll-forward will be done to catch up with the
current time without the knowledge of a correct model.
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general, this algorithm makes a practical assumption
that most faults will be detected within l mode
transitions from the actual occurrence of the fault, and
the value of l need to determined by offline analysis
(Narasimhan and Biswas 2007).
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Comparison on functionality
Modeling method
Different modeling framework are employed by two
algorithms. Hybrid automata (HA) is a general scheme
for hybrid system modeling. In this modeling paradigm,
hybrid system behavior is defined as continuous system
dynamics by means of differential equations and
discrete nominal and fault modes changes that switch
the continuous dynamics and may reset state variables.
The focused HME uses cPHA that extends HA by
introducing probablitiy for each mode transition, while
the switched DBN-based PF method adopts the HBG
that extends BG by incorporating switched junctions.
BG describes the continuous behavior in particular
system configuration, and HBG can online generate the
differential equations for current discrete mode.

Comparison on estimation accuracy
In order to evaluate the estimation accuracy for these
two hybrid estimation algorithms, we apply them to the
hybrid two-tank system in Figure 1 in several scenarios.
In this paper, we only show a 70 second simulation data
generated from Matlab Simulink with sampling rate of
0.01 second. Figure 6 and Figure 7 show the mode
sequence and actual value for the pressure of each tanks,
respectively.

Since (Narasimhan and Biswas 2002) had proved that
HBGs can be represented as HA to track hybrid
dynamic behavior, the critical difference for modeling is
that the mode transition is non-determinsitc and
probabilistic in cPHA, but deterministic in HBG.
Online monitoring
Due to traditional hybrid system view adopted by two
methods, we will discuss the online monitoring from
two parts: discrete mode change and continous state
estimation.
For discrete mode part, focused HME employs HMMstyle belief update. Each finite automaton in cPHA
executes mode transition successively at a single timestep. Similarly, the switched DBN-based PF method
tracks on/off mode of each switched junction in the
HBG model, and transitioning to the new mode when
indicated by CSPECs. In terms of continous behavior
estimation, focused HME uses a bank of KF/EKF. Each
filter tracks a possible mode of the system determined
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As can be seen from Figure 6, both controlled mode
changes and autonomous mode changes occurr in this
scenario. Initially, all the tanks are empty, and Valve1 ,
Valve2 and Valve3 are Open, Open, and Closed,
respectively. We issue command CLOSE to Valve1 at
30 seconds and command OPEN to Valve3 at 50
seconds. Valve2 stays Open during the simulation
period. Moreover, the autonomous pipe R12 will
execute four mode changes at 11.16s, 18.87s, 50.45s
and 63.52s.

and (4) false event rate (FER), i.e., an autonomous
change event is recorded when there is none. In this
experiment, we signal a event as a false alarm if the
mode change is predicted to occur before the actual
mode change.
Table 2 displays the experimental results that are mean
value of 10 runs for the four autonomous mode changes
in this simulation scenarios with 10db Gaussian white
noise. There is little difference between the average
performance of these two algorithms. However, the
WSDT and FER value show that focused HME has
poor stability. The reason for this phenomenon is that
the probability is introduced into the first method, and
each autonomous mode transition probability needs to
be recalculated using Monte Carlo method at every time
step. All the non-determinism results in inaccuracy of
autonomous mode change estimation. In the latter
method, all the transitions are deterministic. As a result,
the performance of autonomous mode change detection
in focused HME is close to switched DBN-based PF in
the best case, but focused HME cannot provide the
stable results.
Moreover, we compare the performance of online
tracking for these two algorithms with different noise:
10db and 20db. Data is also run 10 times for each
experimental condition, and mean square error (MS)
and maximum deviation (MD) of residual are used to
evaluate the estimation accuracy. Table 3 shows the
statistical results. As expected, the online monitoring
performance gets worse with increasing noise.
Moreover, comparing focused HME, switched DBNbased PF have better estimation performance. In fact,
the estimation error are mainly from the inaccuracy
detection of autonoumous mode change.

Figure 7 Pressure for Each Tank
It is well known that the most challenging aspect of
hybrid estimation algorithm is how to monitor the
autonomous mode transitions and employ the
appropriate discrete mode to estimate the continuous
state. Therefore, we present the first experimental
results that compare the performance of these two
algorithms in autonomous mode change detection. We
employ four performance criteria in this work: (1)
average detection time (ADT), i.e., the average time to
detect the autonomous mode change; (2) mean delay
time (MDT), i.e., the mean delay in detecting a mode
transition; (3) worst case delay time (WSDT), i.e., the
largest observed delay over a set of experimental results;
Table 2 Performance of Autonomous Mode Change Detection
Focused HME
Auto1
Auto2
Auto3
Auto4
ADT
11.201
18.904
50.46
63.504
MDT
0.041
0.034
0.01
-0.016
WSDT
0.26
0.09
0.01
0.05
FER
30%
20%
0
60%
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Table 2 displays the experimental results that are mean
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the computational complexity for a single filtering as a
constant F to simple this problem, although the
complexity of KF/EKF and PF is different.

model-free manner. Therefore, the latter method may
not be well-suited for the hybrid systems that have
frequent discrete mode changes.
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The main reason why the performance of these hybrid
estimation algorithms differ is that the methods they use
to handle discrete mode change. The focused HME
method employs A* search to determine the k-best
hybrid state at each time-step. (Martin et.al. 2005)
analyzed the complexity of A* search for single initial
state. The best case time complexity is roughly
n  b and the worst case time complexity is b n , where
b is the branching factor and n is the depth of the tree.
For focused HME method, b is the averge number of
possible successor modes per HA and n is the number
of automata in cPHA. After taking the filtering part into
account, the best case time complexity becomes
(n  b  k )  k  F , while the worst case is

Our experimental results demonstrate estimation
accuracy for these two algorithms. The average
performance of both methods is relatively close, but
focused HME has worse stability, because of the
probabilistic mode transition. Inaccuracy autonomous
mode change detection further leads to higher
estimation error. In addition, the computational
complexity confirms with our above analysis. Focused
HME method consumes much more computational than
switched DBN-based PF method when the system
behavior is nominal. However, the latter method has
other risks or shortcomings such as backtrack and a
predefined maximal mode transition times once a fault
is detected.
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k  b n  k  b n  F . The complexity for switched DBNbased PF method is relatively simple. Only n discrete
mode transitions and a single filtering need to be
executed at each time-step, so the time complexity is
n  F . The computational complexity of focused HME
method is much higher than the latter method.

The running example in this paper is a simple hybrid
linear system, and the behavior of the system exhibits
significant difference between different modes.
Therefore, it is easy for switched DBN-based PF
method to capture the correct discrete mode. One
direction for future research is to apply them into realworld linear and nonlinear hybrid systems, and further
analyze their strengths and weaknesses. Moreover,
particle filtering methods are typical hybrid estimation
algorithm that has been widely used for online
monitoring and diagnosis of hybrid systems. Hence, we
are also planning to give a comprehensive comparison
and analysis of these three typical hybrid estimation
techniques in theoretical and application level.
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DISCUSSION AND CONCLUSIONS

In this paper, we compare two hybrid state estimation
algorithms from theoretical and experimental aspects. A
common running example is adopted to help us evaluate
performance of estimation accuracy.
From the functionality view, these two hybrid state
estimation algorithms use distinct modeling methods:
cPHA and HBG. Although these two modeling methods
have lots of differences, the significant point is that
cPHA defines the mode transitions to be nondeterminsitic by assign a probability value for each
transition, while the mode transitions in HBG is
deterministic. This characteristic further determines
their differences in processing discrete mode changes.
Focused HME employs best-first A* search to execute
discrete mode change, while switched DBN-based PF
method only performs discrete transition for each
automaton corresponding to switched junction in HBG.
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minimal power consumption, we decided to develop a
small autonomous platform that is able to hold various
monitoring systems.
The Faculty of Informatics at Tomas Bata University in
Zlin deals with education of applied informatics. This is
why not only programming but also the application of
computing systems is taught there. This project gives the
students opportunity to work with a real system, not only
a computer model. It incorporates several fields of study:
electrotechnical, measurement, algorithm development,
automated control and Ethernet data transfer.

KEYWORDS
Model, Autonomous Airship, Propelling, Simulation of
Airship’s Motion
ABSTRACT
For the purposes of development of a small and
autonomously operated airship, a need to create a model
of its propelling and motion has arisen. Being described
within this paper, the model defines the requirements that
are imposed to motors, propellers and the airship's
controlling system. The model is based on a typical
design of a small airship, that consists of two main
propellers, being placed symetrically according to the
gondola beneath the airship's bladder, and one tail
propeller that is placed transversely at the airship's tail.
According to this model, forces needed to move the
airship in the desired direction can be estimated as well
as the power consumption of the motors and angular
velocity of the propellers. Although the dynamic model
of the airship would exceed the framework of this paper,
it is also described in broad terms and the results of two
main simulations are presented hereby. The simulations
describe the behavior of the airship in case of forward
acceleration and braking as well as in case of yawing with
such braking that ensures reaching of the desired yawing
angle.

PROBLEM FORMULATION
The problem consists in propelling the airship in
directions of axes x, y and z, as depicted in Fig. 1.

Figure 1: Airship’s Axes and its Movement (Castillo et
al. 2005)

INTRODUCTION
For a long time airships seemed to be outdone but now
they are experiencing a considerable renascence.
Nowadays, we distinguish between two main groups of
them:
 big ones for outdoor operation,
 small ones optimized for indoor operation.

The propellers shall move the airship according to all
three axes. The movement in the sense of the axes x and
z is ensured by main propellers, that can be tilted by a
servo according to the “pitch” angle Θ. The movement in
the sense of the axis y is ensured by its rotation around
the axis z (yaw) that is ensured by the propeller mounted
at the tail of the airship and by consequent propelling the
airship by the main propellers. The mechanical
configuration of the airship is depicted in Fig. 2. Main
propellers are mounted on a revolving pole under the
bladder of the airship while the bidirectional direction
controlling propeller is allocated at the bottom part of the
bladder’s tail.

The big airships are used for example to monitor numbers
of animals in reservation or weather state in a particular
height. The small ones can hold equipment such as a
camera or electromagnetic field gauge. By means of this
they can be used in educational institutions.
Let us focus on the small ones that can operate inside
buildings. Knowing the physical advantages of the
airships, mainly their capability to float in the air with
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The propellers are driven by PMDC electrical motors.
Their power is regulated by means of pulse-width
modulation. This is ensured by the controlling unit
embedded in the airship’s gondola.
The goal of the modelling and simulation of the
airship’s movement is to estimate the power of the
motors which is needed to propel the airship according to
the predefined path.

a) in (

𝜇𝑔
2𝑛
𝐷𝑝
𝑝
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For the propelling of the airship, simple PMDC motors
are used. Their power is proportional to their driving
voltage; therefore there is a straight correlation between
the PWM duty cycle and the motor’s power.
Unfortunately, the behavior of propellers is not as simple,
as described below.
A minor propeller theory as described in (Brandt and
Selig 2011) and (Waitz 2001) is needed in order the
power of the motors as well as their current consumption
could be approximately determined.
In order the propeller performance could be analyzed, the
following parameters must be known:
 propeller diameter Dp [m],
 propeller rotation velocity np [rpm],
 torque moment Mp [N ∙ m]
 thrust generated by the propeller FT [N],
 gas (air, fluid) density ρg [kg ∙ m−3 ],
 gas (air, fluid) viscosity μ g [m2 ∙ s −1 ]
 gas (air, fluid) bulk elascitcity modulus K g
[N ∙ m2 ],
 flight velocity vf [m ∙ s −1 ].

(4)

The expression (4) is usually simplified by employing the
thrust coefficient kT that is in general a function of the
propeller design, Re, Mtip and Jp. The simplified
expression is as follows:
(5)

By the same way the torque moment coefficient can be
deduced. Because the torque moment is a force
multiplied by a length, the torque moment can be
expressed as:

According to (Brandt and Selig 2011) the thrust
generated by the propeller can be expressed as follows:
𝑔

𝑣

𝑀𝑝 = 𝑘𝑄 𝜌𝑔 𝑛𝑝2 𝐷𝑝5 [𝑁 ∙ 𝑚]

(6)

Where:
kQ
- torque coefficient that is in general a function
of the propeller design, Re, Mtip and Jp.
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𝜇𝑔
𝐾𝑔
𝑣𝑓
𝐹𝑇 = 𝑘 ∙ 𝜌𝑔 𝑛𝑝2 𝐷𝑝4 ∙ 𝑓 [( 2 ) ; (
) ;(
) ] (1)
𝐷𝑝 𝑛𝑝
𝐷𝑝 𝑛𝑝
𝜌𝑔 𝑛𝑝2 𝐷𝑝2

The power supplied to the propeller is proportional to its
torque moment and the velocity of its rotation. This
power is expected to be supplied by the motors and its
knowledge is necessary in order the motor drivers could
be dimensioned for the proper performance. By using the
above mentioned theory, it can be expressed as:

In (1) the coefficients f, g, h refer to the appropriate
power of the expressions in order the dimensions of the
parameters were in accordance. k refers to a constant. The
terms in the brackets can be described as follows:

𝑃𝑝 = 2𝜋𝑛𝑝 𝑀𝑝 [𝑊]
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(3)

Where:
Mtip
- Mach number of the tip [-].

𝑛𝑝

𝐹𝑇 = 𝑘 𝑇 𝜌𝑔 𝑛𝑝2 𝐷𝑝4

𝜌𝑔

𝑐𝑠2
1
∝ 2
(𝑡𝑖𝑝 𝑠𝑝𝑒𝑒𝑑)2
𝑀𝑡𝑖𝑝

(3)

) the ratio ( 𝑓 ) refers to the distance advanced

𝐹𝑇 = 𝑐𝑜𝑛𝑠𝑡.∙ 𝜌𝑔 𝑛𝑝2 𝐷𝑝4 ∙ 𝑓[𝑅𝑒; 𝑀𝑡𝑖𝑝 ; 𝐽𝑝 ]

𝐾𝑔

) the expression ( ) = 𝑐𝑠2 where cs is the

speed of sound in the air. This is like:

by the propeller in one revolution. The ratio is nondimensionalised by the propeller diameter Dp. This
coefficient is typically called advance ratio and given the
symbol Jp.
Finally it can be claimed that the thrust generated by
the propeller is a function of a constant, its diameter,
number of revolutions per minute, air density, Reynold’s
number, Mach number of the propeller’s tip and the
advance ratio:
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For the propelling of the airship, simple PMDC motors
are used. Their power is proportional to their driving
voltage; therefore there is a straight correlation between
the PWM duty cycle and the motor’s power.
Unfortunately, the behavior of propellers is not as simple,
as described below.
A minor propeller theory as described in (Brandt and
Selig 2011) and (Waitz 2001) is needed in order the
power of the motors as well as their current consumption
could be approximately determined.
In order the propeller performance could be analyzed, the
following parameters must be known:
 propeller diameter Dp [m],
 propeller rotation velocity np [rpm],
 torque moment Mp [N ∙ m]
 thrust generated by the propeller FT [N],
 gas (air, fluid) density ρg [kg ∙ m−3 ],
 gas (air, fluid) viscosity μ g [m2 ∙ s −1 ]
 gas (air, fluid) bulk elascitcity modulus K g
[N ∙ m2 ],
 flight velocity vf [m ∙ s −1 ].
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The expression (4) is usually simplified by employing the
thrust coefficient kT that is in general a function of the
propeller design, Re, Mtip and Jp. The simplified
expression is as follows:
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By the same way the torque moment coefficient can be
deduced. Because the torque moment is a force
multiplied by a length, the torque moment can be
expressed as:
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number of revolutions per minute, air density, Reynold’s
number, Mach number of the propeller’s tip and the
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The power supplied to the propeller is proportional to its
torque moment and the velocity of its rotation. This
power is expected to be supplied by the motors and its
knowledge is necessary in order the motor drivers could
be dimensioned for the proper performance. By using the
above mentioned theory, it can be expressed as:

In (1) the coefficients f, g, h refer to the appropriate
power of the expressions in order the dimensions of the
parameters were in accordance. k refers to a constant. The
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𝑃𝑝 = 2𝜋𝑛𝑝 𝑀𝑝 [𝑊]
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(7)

From (6) and (7) it is obvious that

𝑃𝑝 ∝ 𝑛𝑝3

(8)

1,4

The airship of the Autonomous monitoring system enters
into operation due to the mechanical output power
generated by the propellers. To the useful output power
generated by one propeller the following equation
applies:

1,2
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𝑃𝑝′ = 𝐹𝑇 𝑣𝑓 [𝑊]
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The efficiency of the propeller can be expressed as:
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𝜂𝑝 = 𝐽𝑝 (
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Knowledge of the above mentioned equations is needed
in order the relationship among the propulsion force,
airship speed and motors load could be expressed.
Moreover, the propellers should operate at those
revolutions, at which their efficiency is optimal.
The computations presented in this paper were
processed with the parameters corresponding to the
propeller “APC Slow Flyer”. The propellers for airships
must, unlike those used at small airplanes, reach their
maximum efficiency at considerably low velocities.
The results computed for the propellers “APC Slow
Flyer” are depicted in the figures below. The dimensions
of the propellers are (8 x 3.8)”.
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Figure 5: Efficiency of the Propellers vs. Motor Shaft
Revolutions at Various Velocities
According to the Figure 5 it is obvious, that at low
airships’s velocities, the propellers should be run at low
angular speeds in order to achieve good power efficiency.
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MODELLING OF THE AIRSHIP’S MOTION

Once the behavior of the propellers is known, the motion
of the airship can be modelled according to the dynamic
model being described in (Castillo et al. 2005) in details.
The model respects the forces generated by the
propellers, mass persistence and air resistances.
Generally, with respect to the coordinate system depicted
in Fig. 1, the dynamical model of the airship can be
described by the following equation:

Once the behavior of the propellers is known, the motion
of the airship can be modelled according to the dynamic
model being described in (Castillo et al. 2005) in details.
The model respects the forces generated by the
propellers, mass persistence and air resistances.
Generally, with respect to the coordinate system depicted
in Fig. 1, the dynamical model of the airship can be
described by the following equation:

(𝑴𝑅𝐵 + 𝑴𝑨 )(𝜛
⃗ 𝑎̇ ) + (𝑪𝑅𝐵 + 𝑪𝐴 )𝜛
⃗ 𝑎 + 𝑫(𝜛
⃗ 𝑎 )𝜛
⃗ 𝑎 + 𝑔(𝜍𝑎 ) = 𝜏𝑏 (14)
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When the power coefficient is known, the power required
to drive the propeller as well as the efficiency can be
expressed in the following way:
𝑃𝑝 = 𝐶𝑝𝑜𝑤 𝜌𝑔 𝑛𝑝3 𝐷𝑝5 [𝑊]

0,4

Efficiency

𝜂𝑝 = 𝐽𝑝 (

(12)

0,6

0
1000

0,5

𝑃𝑝 = 𝐶𝑝𝑜𝑤 𝜌𝑔 𝑛𝑝3 𝐷𝑝5 [𝑊]

0,8

In practice a variable called power coefficient is
employed:
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Where:
MRB
- mass weight matrix,
MA
- additional weight matrix, caused by friction,
propulsion, gravity etc.,
CRB
- centripetal and Corliss’s forces relative to the
fixed point of a rigid body of the airship,
CA
- centripetal and Corliss’s forces relative to the
additional weights,
𝑫(𝜛
⃗⃗ 𝑎 ) - hydrodynamic damping force,
𝑔(𝜍𝑎 ) - vector of reaction forces and moments
respecting the gravity and the lift force
generated by helium,
𝜏𝑏
- vector of thrust force and moment generated
by the motors
𝜛
⃗⃗ 𝑎
- velocity vector recalculated to the airship’s
coordinate system,
𝜍𝑎
- position vector recalculated to the airship’s
coordinate system.

- rotation according to the z-axis (yaw),
- velocity with respect to the x-axis,
- velocity with respect to the y-axis,
- velocity with respect to the z-axis,
- angular velocity with respect to the x-axis
(rolling),
𝜔𝑦0 (𝑡) - angular velocity with respect to the y-axis
(pitching),
𝜔𝑧0 (𝑡) - angular velocity with respect to the z-axis
(yawing).
𝜓0 (𝑡)
𝑣𝑥0 (𝑡)
𝑣𝑦0 (𝑡)
𝑣𝑧0 (𝑡)
𝜔𝑥0 (𝑡)

To make the model applicable, the following
assumptions must be fulfilled:
 the airship moves very slowly and if it is in a
steady state, its velocity can be supposed to be
zero,
 the angles of inclination ϕ and θ are
approximately equal to zero because the
propelling and other forces are not strong
enough to get the airship into a tilted position,
 provided the airship’s velocity is close to zero,
the Coriolis force is supposed to be zero.

For the purposes of the simulation, two coordinate
systems are used, as depicted in Fig. 6. The w coordinate
system refers to the “world” inertial system while the a
coordinate system refers to the airship. The coordinates
can be calculated according to the transformation matrix
described in (Müller 2008).

In Fig. 7 a diagram shows how the forces impacting the
airship are deployed according to its coordinate system a.
Because various forces are affecting the airship in various
spots, moments that tend to tilt the airship are being
generated.

Where:
MRB
- mass weight matrix,
MA
- additional weight matrix, caused by friction,
propulsion, gravity etc.,
CRB
- centripetal and Corliss’s forces relative to the
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generated by helium,
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- vector of thrust force and moment generated
by the motors
𝜛
⃗⃗ 𝑎
- velocity vector recalculated to the airship’s
coordinate system,
𝜍𝑎
- position vector recalculated to the airship’s
coordinate system.

Figure 6: “World” and “Airship” Coordinate Systems
(Müller 2008)

The first step in the model simplifying consists in
determining the point of operation at which the simplified
model refers to the complex one. Not only must this be
processed for the velocity but also for the position. The
position of the point of operation can be expressed by
means of the following vectors:

The first step in the model simplifying consists in
determining the point of operation at which the simplified
model refers to the complex one. Not only must this be
processed for the velocity but also for the position. The
position of the point of operation can be expressed by
means of the following vectors:

𝜍0 (𝑡) = [𝑥0 (𝑡), 𝑦0 (𝑡), 𝑧0 (𝑡), 𝜙0 (𝑡), 𝜃0 (𝑡), 𝜓0 (𝑡)]

The forces, angles and dimensions depicted in Figure 7
are as follows:
l1
- distance between the airship’s centre of gravity
(the x component) to the tail motor,
l2
- distance between the airship’s centre of
gravity (the z component) to the tail motor,
l3
- distance between the airship’s centre of gravity
(the x component) to the main motors,
l4
- distance between the airship’s centre of gravity
(the z component) to the main motors,
l5
- distance between the airship’s centre of gravity
(the y component) to the main motors,
F1P
- propelling force developed by the right motor,
F1L
- propelling force developed by the left motor,
F2
- propelling force developed by the tail motor,
ϛ
- angle of the motors' swiveling.

(15)

𝜛
⃗⃗ 0 (𝑡) = [𝑣𝑥0 (𝑡), 𝑣𝑦0 (𝑡), 𝑣𝑧0 (𝑡), 𝜔𝑥0 (𝑡), 𝜔𝑦0 (𝑡), 𝜔𝑧0 (𝑡)] (16)

Where:
𝜍0 (𝑡)
𝜍0 (𝑡)
𝑥0 (𝑡)
𝑦0 (𝑡)
𝑧0 (𝑡)
𝜙0 (𝑡)
𝜃0 (𝑡)

- vector of positions and angles,
- vector of velocities and angular velocities
with respect to the axes,
- position according to the x-axis (movement
forward),
- position according to the y-axis,
- position according to the z-axis (elevation),
- rotation according to the x-axis (roll),
- rotation according to the y-axis (pitch),
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To make the model applicable, the following
assumptions must be fulfilled:
 the airship moves very slowly and if it is in a
steady state, its velocity can be supposed to be
zero,
 the angles of inclination ϕ and θ are
approximately equal to zero because the
propelling and other forces are not strong
enough to get the airship into a tilted position,
 provided the airship’s velocity is close to zero,
the Coriolis force is supposed to be zero.

For the purposes of the simulation, two coordinate
systems are used, as depicted in Fig. 6. The w coordinate
system refers to the “world” inertial system while the a
coordinate system refers to the airship. The coordinates
can be calculated according to the transformation matrix
described in (Müller 2008).

Figure 6: “World” and “Airship” Coordinate Systems
(Müller 2008)

Figure 7: Forces Deployment According To The
Coordinate System of the Airship (Müller 2008)
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In Fig. 7 a diagram shows how the forces impacting the
airship are deployed according to its coordinate system a.
Because various forces are affecting the airship in various
spots, moments that tend to tilt the airship are being
generated.
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The forces, angles and dimensions depicted in Figure 7
are as follows:
l1
- distance between the airship’s centre of gravity
(the x component) to the tail motor,
l2
- distance between the airship’s centre of
gravity (the z component) to the tail motor,
l3
- distance between the airship’s centre of gravity
(the x component) to the main motors,
l4
- distance between the airship’s centre of gravity
(the z component) to the main motors,
l5
- distance between the airship’s centre of gravity
(the y component) to the main motors,
F1P
- propelling force developed by the right motor,
F1L
- propelling force developed by the left motor,
F2
- propelling force developed by the tail motor,
ϛ
- angle of the motors' swiveling.
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- vector of positions and angles,
- vector of velocities and angular velocities
with respect to the axes,
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forward),
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- position according to the z-axis (elevation),
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When simplifications described in (Castillo et al. 2005)
are applied, the movement of the airship can be divided
into two different cases. Both were simulated by means
of the state space model and are described in the
subchapters below.
The simulation was processed in Matlab Simulink
using a simple state-space model. Detailed description of
all used data exceeds the framework of this paper, but the
full description of the modelling procedure can be found
in (Pospisilik 2013).
In order to reach the data for the modelling, real
airship’s weight and dimensions were measured as well
as the positions of the propellers. The airship’s shape has
been replaced by a rotary ellipsoid. The centre of gravity
is estimated to be 15 % to the front from the centre of the
ellipsoid and 20 % lower according to its central axis. The
length of the ellipsoid is 2.7 m and its width is 1.3 m.
Then the lengths of the relevant semi-axes are a = 1.35 m
and b = 0.65 m. The position of the centre of the gravity
is then lies in the XZ plane of the bladder, being placed
1.55 m far from the tail and 0.13 m below the XY plane
of the bladder. According to Fig. 7 the relevant lengths
for calculation of the force moments are provided in
Table 1.

5.
6.

Position with respect to the z-axis z(t),
Angle of rotation with respect to the y-axis Θ(t).

The setting of the simulation conditions was as follows:
The power delivered to the main motors is increased
fluently and the maximum power is 1 W per one motor.
This will result into starting propelling force of
approximately 0.25 N @ 2,200 rpm per one propeller that
decreases to approximately 0.15 N after 10 seconds. To
stop the airship immediately, a short pulse of a
counterforce is generated consequently, by generating a
propelling force of 1.5 N per one propeller at 5,200 rpm
(the total braking power of approximately 22 W) for a
short period of time (1 s). The description of the statespace model can be found in (Pospisilik 2013). The
results of the simulation are depicted below. The green
line shows a time period, in which the motors are
generating a constant propelling force, the red one refers
to the period of generating the braking counterforce.

When simplifications described in (Castillo et al. 2005)
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of the state space model and are described in the
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Parameter
l1

Value
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l2
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l3
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l4

0.6 m

l5

0.28 m
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fluently and the maximum power is 1 W per one motor.
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stop the airship immediately, a short pulse of a
counterforce is generated consequently, by generating a
propelling force of 1.5 N per one propeller at 5,200 rpm
(the total braking power of approximately 22 W) for a
short period of time (1 s). The description of the statespace model can be found in (Pospisilik 2013). The
results of the simulation are depicted below. The green
line shows a time period, in which the motors are
generating a constant propelling force, the red one refers
to the period of generating the braking counterforce.

Table 1: Force Arms According to Fig. 7

Note
Tail propelling source distance
from the axis of the centre of
gravity with respect to the z-axis
Tail propelling source distance
from the axis of the centre of
gravity with respect to the z-axis
Distance between main propellers
and the centre of gravity with
respect to the x-axis
Distance between main propellers
and the centre of gravity with
respect to the z-axis
Distance of the main propellers
from the central XZ plane of the
bladder

Figure 8: Airship’s Velocity wih Respect to the X-Axis

Figure 9: Airship’s Velocity with Respect to the Z-Axis

The measured weight of the unloaded airship is
approximately 1.25 kg. With the balancing load, the
operating weight is expected to be approximately 1.75 kg
(according to the amount of helium inserted into the
bladder).
The description of the model is quite complex and can
be found in (Pospisilik 2013).

Figure 10: Airship’s Velocity With Respect to the
Y-Axis

Straight Movement
This movement is processed within the framework of the
XZ plane. Only the main propellers, generating the forces
F1L and F1P are taken into account. The parameters
modeled in this case are as follows:
1. Speed with respect to the x-axis vx(t),
2. Speed with respect to the z-axis vz(t),
3. Angular velocity with respect to the y-axis ωy(t),
4. Position with respect to the x-axis x(t),

Figure 11: Travelled Distance
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(according to the amount of helium inserted into the
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The description of the model is quite complex and can
be found in (Pospisilik 2013).
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Figure 12: Relative Elevation

Figure 14: Circumferential Velocity with Respect to the
Y-Axis

Figure 12: Relative Elevation

Figure 14: Circumferential Velocity with Respect to the
Y-Axis

Figure 13: Pitch Relative to the Y-Axis

Figure 15: Angular Velocity with Respect to the X-Axis

Figure 13: Pitch Relative to the Y-Axis

Figure 15: Angular Velocity with Respect to the X-Axis

Figure 16: Angular Velocity with Respect to the Z-Axis

This simulation shows that the airship can be propelled
by quite low force. With the power consumption of 2 W
the estimated forward speed is approximately 1.5 m/s.
According to Fig. 7 almost the maximum propellers’
efficiency is achieved. Its value is approximately 40 %.
By driving the motors with the total power of 22 W the
airship can be stopped in approximately 1 s. As a result,
great swing with the amplitude of up to 60° may occur.
This is caused by the position of the propellers which are
mounted approximately 0.6 m below the centre of the
gravity. A pitch of 5° is expected when the airship is
driven by the force of approximately 0.3 N. The expected
operating time at the approximate speeds 1.5 m/s is
expected to be approximately 5 hours, taking into
account the possibilities of the power source of the
airship.

Figure 16: Angular Velocity with Respect to the Z-Axis

This simulation shows that the airship can be propelled
by quite low force. With the power consumption of 2 W
the estimated forward speed is approximately 1.5 m/s.
According to Fig. 7 almost the maximum propellers’
efficiency is achieved. Its value is approximately 40 %.
By driving the motors with the total power of 22 W the
airship can be stopped in approximately 1 s. As a result,
great swing with the amplitude of up to 60° may occur.
This is caused by the position of the propellers which are
mounted approximately 0.6 m below the centre of the
gravity. A pitch of 5° is expected when the airship is
driven by the force of approximately 0.3 N. The expected
operating time at the approximate speeds 1.5 m/s is
expected to be approximately 5 hours, taking into
account the possibilities of the power source of the
airship.
Yaw with Braking

Figure 17: Displacement According to thr Y-Axis

Due to high persistence, once the tail motor is activated,
the airship tends to rotate with respect to the z-axis for a
longer time than needed. Therefore braking with the
counterforce is needed. In this case the movement is
within the XY plane.
In this simulation a pulse of approximately 0.9 N with
a duration of 1 second is generated, corresponding to the
power of the motor being as high as approximately 5 W.
After this pulse a short counter pulse is generated. The
braking force is expected to be 1.5 N, which corresponds
to the propeller’s power of approximately 11 W. The
length of the yawing force pulse is 1 s while the length of
the braking pulse is 0.31 s. By this approach the yaw
angle is stabilized to approximately 90°.
The results obtained by the simulation are depicted in
the following figures.

Figure 18: Rolling Angle of the Airship with Respect to
the X-Axis

Yaw with Braking

Figure 17: Displacement According to thr Y-Axis

Due to high persistence, once the tail motor is activated,
the airship tends to rotate with respect to the z-axis for a
longer time than needed. Therefore braking with the
counterforce is needed. In this case the movement is
within the XY plane.
In this simulation a pulse of approximately 0.9 N with
a duration of 1 second is generated, corresponding to the
power of the motor being as high as approximately 5 W.
After this pulse a short counter pulse is generated. The
braking force is expected to be 1.5 N, which corresponds
to the propeller’s power of approximately 11 W. The
length of the yawing force pulse is 1 s while the length of
the braking pulse is 0.31 s. By this approach the yaw
angle is stabilized to approximately 90°.
The results obtained by the simulation are depicted in
the following figures.

Figure 18: Rolling Angle of the Airship with Respect to
the X-Axis

Figure 19: Yaw Angle
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Figure 19: Yaw Angle
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According to this simulation it is theoretically possible to
stabilize the yaw position of the airship by means of
creating a counter force pulse by the tail motor. As
depicted at Fig. 16 it takes 1 second to turn the airship by
90° and other 2 seconds to stabilize its position.

Pospisilik, M.; Adamek, M. 2009. “Autonomous Monitoring
System”, In Proceedings of 13th International
Research/Expert Conference TMT2009, Hammamet,
Tunisia
Pospisilik, M.; Adamek, M. 2010. “Switching Power Supply
Unit For An Autonomous Monitoring System”, In WSEAS
Transactions on Circuits and Systems, Issue 10, Volume 9,
Pospisilik, M.. 2013. Autonomous Monitoring System, Tomas
Bata University in Zlin, Czech Republic, Doctoral Thesis.
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Waitz, I. 2001. Unified Propulsion

CONCLUSIONS
In this paper an approach to the propelling of a small
airship is described, emphasizing primarily the behavior
of the propellers and modelling of the airship’s
movement by means of Matlab Simulink.
Unfortunately, the dynamic model of the airship is too
complex to be described within the framework of one
paper. Therefore only the basic theory and a small
amount of results obtained by the simulation of the
airship’s movement has been described here. The
complex description of the airship’s movement can be
found in (Pospisilik 2013).
The model was filled with data measured on a small
real airship that is really operated at Tomas Bata
University and despite many simplifications it roughly
corresponds to the airship’s behavior. Inter alia, it
confirms what has been observed on the real airship, i.e.
one of the main problems of the airship’s movement
controlling is its high mass persistence and misalignment
between the centre of the gravity and the points at which
the propelling forces are generated. Large braking pulses
must be generated to stabilize the reached position.
However, the model also confirms low power
consumption of the airship when flying slowly and
without quick cornering or other rapid changes in state of
its motion. For a fluent direct flight the power of main
motors is expected to be as low as 2 x 1 W.
A confrontation of the model with the real airship was
performed by a limited extent due to lack of complex
measuring instruments that would allow realtime
monitoring of all modelled parameters. However, the
simulation results generally corresponded to the observed
behavior of the real model of the airship.
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capturing key states of a system, design a linear controller
at each point, and interpolate the resulting family of
linear controllers by monitoring scheduling variables.
However, one difficulty, we may face in control design
of the real plants is an appropriate choice of scheduling
variable. Several references, including (Rugh 1991;
Shamma and Athans 1991; Shamma and Athans 1992)
discuss this crucial point of the gain scheduling. Based
on this results, it seems that there is no general guideline
to follow. In addition, except few standard methods, the
scheduling itself appears to be an art. Generally speaking,
this difficulty can be overcome by the rule of “schedule
on slow variable”. As we go over the model of a sphere
liquid tank (SLT), we will see that the choice of
appropriate scheduling variable is more based on the
physics and characteristics of the model.
There has been considerable research in gain
scheduling. Most efforts have been devoted to the
analytical framework (Shamma and Athans 1990; Rugh
1991) and common principles for gain scheduling and
less attention engineering application except few
applications in car engines (Jiang 1994; Kaminer et al.
1995). It seems that technological processes have not
caught the attention of researches in the context of a gain
scheduling.
To address those need, we have stressed to illustrate a
gain scheduling strategy for a nonlinear system of the
SLT, extending region of validity of linearization
approach by designing a controller that is a prescription
for moving from one design to another. We refer the
interest reader to (Lawrence and Rugh 1995) for deeper
and more insightful understanding of the gain scheduling
procedure.
Thus, the control problem for a model of the nonlinear
system of the SLT has been reduced to a problem of
designing a family of linear controllers that are
interpreted as a single controller via scheduling variable.
Moreover, we have also considered a control system
under fixed-gain scheduled controller. Finally, we
demonstrate a method of control law synthesis based on
polynomial method (Kučera 1993; Mikleš and Fikar
2004) which ensures stability as well as asymptotic
tracking of the reference signal. Such a challenge has
been met by organizing both 1DOF and 2DOF control
system configurations. The use of these structures is
based on (Grimble 1993), where detailed description and
successful applications can be found.

KEYWORDS
Sphere liquid tank, nonlinear model, continuous-time
model, parametrized linear model, scheduling variable,
polynomial method, gain scheduled controller.
ABSTRACT
In this paper, we develop a gain-scheduled controller for
a nonlinear plant of the sphere liquid tank. The proposed
strategy is based on linearization of the nonlinear state
equation around selected operating points. This
methodology allows to apply any linear control design
method. In particular, we discuss a polynomial method to
achieve desired stability and performance requirements.
Following this idea, both 1DOF and 2DOF control
configurations are considered. The linear design methods
are applied at each operating point in order to arrive at a
set of linear control laws. Additionally, the parameters of
the resulting family of linear controllers are scheduled as
functions of reference variable, resulting in a single
controller. Nonlocal performance of gain scheduled
controller for the nonlinear model is checked by
mathematical simulation.
INTRODUCTION
Realistic models of technological processes are often
nonlinear. One consequence is that dynamical behavior
of the system to be controlled changes with operating
regions. In other words, superposition principle known
from linear systems does not hold any longer and we are
faced with more complicated situation. However, since
linear models are so much more traceable, the first step
in analyzing a nonlinear system comes with a trick of
linearization. This is very intuitive approach but may run
into problems when trying to control system by using
classical controller with a fixed parameters. The basic
limitation associated with this approach is the fact that a
considered controller can only operate in the
neighborhood of a single operating point, predicting the
local behavior of the nonlinear system. Interestingly
enough, in many cases, it is possible to capture how the
dynamics of a system change in its equilibrium points by
introducing parameterized linear model (PLM).
Moreover, it may be even possible to find one or more
variables that parameterizes these equilibrium points. In
such cases, it is intuitively reasonable to linearize the
nonlinear model about selected operating points,

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

327

1

capturing key states of a system, design a linear controller
at each point, and interpolate the resulting family of
linear controllers by monitoring scheduling variables.
However, one difficulty, we may face in control design
of the real plants is an appropriate choice of scheduling
variable. Several references, including (Rugh 1991;
Shamma and Athans 1991; Shamma and Athans 1992)
discuss this crucial point of the gain scheduling. Based
on this results, it seems that there is no general guideline
to follow. In addition, except few standard methods, the
scheduling itself appears to be an art. Generally speaking,
this difficulty can be overcome by the rule of “schedule
on slow variable”. As we go over the model of a sphere
liquid tank (SLT), we will see that the choice of
appropriate scheduling variable is more based on the
physics and characteristics of the model.
There has been considerable research in gain
scheduling. Most efforts have been devoted to the
analytical framework (Shamma and Athans 1990; Rugh
1991) and common principles for gain scheduling and
less attention engineering application except few
applications in car engines (Jiang 1994; Kaminer et al.
1995). It seems that technological processes have not
caught the attention of researches in the context of a gain
scheduling.
To address those need, we have stressed to illustrate a
gain scheduling strategy for a nonlinear system of the
SLT, extending region of validity of linearization
approach by designing a controller that is a prescription
for moving from one design to another. We refer the
interest reader to (Lawrence and Rugh 1995) for deeper
and more insightful understanding of the gain scheduling
procedure.
Thus, the control problem for a model of the nonlinear
system of the SLT has been reduced to a problem of
designing a family of linear controllers that are
interpreted as a single controller via scheduling variable.
Moreover, we have also considered a control system
under fixed-gain scheduled controller. Finally, we
demonstrate a method of control law synthesis based on
polynomial method (Kučera 1993; Mikleš and Fikar
2004) which ensures stability as well as asymptotic
tracking of the reference signal. Such a challenge has
been met by organizing both 1DOF and 2DOF control
system configurations. The use of these structures is
based on (Grimble 1993), where detailed description and
successful applications can be found.
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a nonlinear plant of the sphere liquid tank. The proposed
strategy is based on linearization of the nonlinear state
equation around selected operating points. This
methodology allows to apply any linear control design
method. In particular, we discuss a polynomial method to
achieve desired stability and performance requirements.
Following this idea, both 1DOF and 2DOF control
configurations are considered. The linear design methods
are applied at each operating point in order to arrive at a
set of linear control laws. Additionally, the parameters of
the resulting family of linear controllers are scheduled as
functions of reference variable, resulting in a single
controller. Nonlocal performance of gain scheduled
controller for the nonlinear model is checked by
mathematical simulation.
INTRODUCTION
Realistic models of technological processes are often
nonlinear. One consequence is that dynamical behavior
of the system to be controlled changes with operating
regions. In other words, superposition principle known
from linear systems does not hold any longer and we are
faced with more complicated situation. However, since
linear models are so much more traceable, the first step
in analyzing a nonlinear system comes with a trick of
linearization. This is very intuitive approach but may run
into problems when trying to control system by using
classical controller with a fixed parameters. The basic
limitation associated with this approach is the fact that a
considered controller can only operate in the
neighborhood of a single operating point, predicting the
local behavior of the nonlinear system. Interestingly
enough, in many cases, it is possible to capture how the
dynamics of a system change in its equilibrium points by
introducing parameterized linear model (PLM).
Moreover, it may be even possible to find one or more
variables that parameterizes these equilibrium points. In
such cases, it is intuitively reasonable to linearize the
nonlinear model about selected operating points,
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and the output equation takes the form

MODEL OF THE SLT

yx

A simplified model of the SLT system taken from
(Dostál et al. 2008) is shown in Figure 1. Pump with a
flow rate of proportional to the voltage, discharges liquid
into the spherical tank. Liquid leaves the tank through the
opening in the base. There are no reactants or reaction
kinetics and stoichiometry to consider. The model also
includes hydraulic relationship for the tank outlet stream.

The only step needed to develop the model of SLT is to
write conservation equation (Richardson 1989),
representing material balance for a single material. Recall
that the general form of a mass balance is given
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In this section, we shall deal with single-input singleoutput linearizable nonlinear system represented
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It should be noted that in the new variables system has
equilibrium in origin.
Linearization of the nonlinear state equation (5) about
operating point yields
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where h is the liquid level of tank and d is the diameter
of the tank. As the liquid moves through the valves, we
see dependence of q on liquid level as

qk h

(11)

where

It is easy to see that the simplified model of SLT can
be modeled by
(13)

A schematic block diagram representation of the gain
scheduled control system is captured in Figure 2. From
the figure, it can be easily seen that controller parameters
are automatically changed in open loop fashion by
monitoring operating conditions. From this point of view,
presented gain scheduled control system can be
understand as a feedback control system in which the
feedback gains are adjusted using feedforward gain
scheduler.
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where k is positive valve constant.
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where x denotes derivative of x with respect to time
variable and u is specified input variable. We call the
variable x the state variable and y the output variable. We
shall refer to (3) and (4) together as the state-space model.
To obtain a state-space model of the SLT, let us take
x  h as state variable and u  q f as control input. Then
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The equilibrium points of the system are determined by
setting x  0 and solving for x. Therefore the
equilibrium points correspond to the solution of
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of the tank. As the liquid moves through the valves, we
see dependence of q on liquid level as
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Having calculated equilibrium points of state equation,
our goal now is to approximate (5) about selected single
operating point. Suppose x  0 and u  0 , and consider
the change of variables
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In order to understand the idea behind the gain
scheduling let us first consider the nonlinear system

x  f ( x, u,  )

(14)

y  h( x,  )

(15)

considered two degrees of freedom. As can be seen from
Figure 4, desired controller consists of the feedback part
GQ and the feedforward part GR.
In both control configurations w represents the reference
signal, v is the load disturbance, y is the controlled output
and u is the control input

In order to understand the idea behind the gain
scheduling let us first consider the nonlinear system

x  f ( x, u,  )
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y  h( x,  )
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The nonlinear system is basically same as the system that
we have introduced in the previous section by equations
(3) and (4). The only difference here is that both state and
output equations are parameterized by a new scheduling
variable  representing the operating conditions.
In view of our SLT model, we can describe the
development of a gain scheduled controller for tracking
control of nonlinear system by the following steps.

The nonlinear system is basically same as the system that
we have introduced in the previous section by equations
(3) and (4). The only difference here is that both state and
output equations are parameterized by a new scheduling
variable  representing the operating conditions.
In view of our SLT model, we can describe the
development of a gain scheduled controller for tracking
control of nonlinear system by the following steps.

Selection of scheduling variable

Selection of scheduling variable

The first step in constructing a gain scheduled controller
is to find an appropriate scheduling variable. From this
point on, we will shortly concentrate our attention on a
problem of selection of scheduling variable.
It is not difficult to notice that if we want to track
reference signal w, it is necessary to maintain the input,
at the value u  k w . This implies that for every value
of w in operating range, we can define the desired
operating point by x  w and u  k w

Consider now the single-input single output linearized
system described by equation (11) or, equivalently, by
the transfer function model

Once the identification of scheduling variable is clear, we
can construct a family of parameterized linear models
(PLM) by rewriting (11) into
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From the equation (11) it can be seen that the polynomials
a and b are monic having following structure
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Design of linear controller
Since the basis for the construction of family of
parametrized linear models has been previously
explored, we would like to look more closely at
derivation of the linear controller at each operating point
that is a prescription for designing u such that y
asymptotically tracks w with all generated signals
remaining bounded. In order to achieve this control
objective, we analyze both 1DOF and 2DOF control
configuration. The first case is shown in Figure 3 and
includes one degree of freedom that is represented by
feedback controller GQ. In the second case, we have

r ( s)
q( s)
, G R (s) 
p( s)
p( s)

(23)

where q, r and p represents polynomials in s, we will work
with both reference signal and disturbance signal as
follows

W ( s) 

w0
v
, V (s)  0
s
s

(24)

As is well known we have to use integral control such that
polynomial p takes the form

p(s)  s~
p ( s)
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The foregoing discussion gives us a clue on how to
choose a scheduling variable. Thus, it should come as no
surprise that is more than reasonable define   w as the
appropriate scheduling variable.
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One can intuitively expect that the control system is stable
if we design d to be Hurwitz polynomial. More
specifically, in 2DOF control configuration we have to
associate with (26) another equation
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SIMULATIONS AND RESULTS
In this section, we simulate the gain scheduled control of
SLT. We have developed a custom MATLAB function
based on simulator introduced by (Krhovják et al. 2014)
that simulates adequately the behavior of SLT. Idealistic
model has been implemented according to equations (1)
and (2). The popular ODE solver using Euler method
(Hairer et al. 1993) was considered to calculate numerical
solution of the closed-loop 1DOF and 2DOF system,
represented by the equations (37) and (38), respectively.
The parameters of the tank and initial conditions we
started with are d = 2m, k = 0.8m2.5/min, h = 0.25m, qf =
0.25m.

(31)

where the coefficients of polynomial d are given by
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It is important to emphasize that selectable poles β1 and β2
are the only parameters through which the controller
parameters can be adjusted.

The simulation results of gain scheduled control are
presented in Figures 5-9. Figure 5 clearly illustrates how
the linearized plant dynamics vary with the operating
conditions that are given by scheduling variable α.

Construction of gain scheduled controller

PLM parameters [-]

The resulting gain scheduled controller can be obtained
by scheduling coefficients of q(s) and r(s) as functions of
α; that is, α is replaced by w, so that the gains vary directly
with the desired height.
From this, the linear control law, which is prescribed by
controllers (28), (29) can be rewritten in terms of
scheduling variables as
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Figure 5: Family of PLM

So far, we have formed the basic idea of construction of
gain scheduled control law. All that remains now is to
show, that for a desired Hurwitz polynomial d, the gains
are taken as

Figure 6 shows the responses of the control system to the
sequence of step changes in reference signal. As can be
seen from Figure 6, we have found such a combination of
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In view of the procedure that we have just described, one
can notice that three main issues are involved in the
development of gain scheduled controller; namely
linearization of SLT about the family of operating
regions, design of a parametrized family of linear matrix
feedback controllers for the parametrized family of linear
systems and construction of gain scheduled controller.
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Figure 6 shows the responses of the control system to the
sequence of step changes in reference signal. As can be
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parameters β1 and β2 that gave a reasonably good
responses. Notice, that better performance is achieved in
the case of configuration with two degrees of freedom.
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gain control
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CONCLUSION
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In this paper, a promising gain scheduling strategy to the
control of a nonlinear system of a sphere liquid tank has
been presented. First, we have detailed studied the
simplified model of the technological process. Based on
the model, we have followed a general analytical
framework for gain scheduling. We have also pointed out
that selection of scheduling variable critically depends on
particular characteristics of the model. This observation
has critical importance and leads us to the conclusion that
rule of scheduling on reference variable can be applied
for other technological processes. The main advantage of
this approach is that linear design methods can be applied
to the linearized system at each operating point. Thanks
to this feature, the presented procedure leaves room for
many other linear control methods. As our results show,
the algebraic procedure, based on the solution of the
matrix Diophantine equation, is well suited for the
controller synthesis. We have demonstrated that a gain
scheduled control system has the potential to respond
rapidly changing operating conditions. Finally, tuning
parameters of controller have a direct and major effect on
feedback performance.
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Figure 7: Gain adjustment during control
To appreciate what we gain by gain scheduling, Figure 8
and Figure 9 illustrates responses of the closed-loop
system to the same sequence of changes. In the first case,
a gain scheduled controller is applied, while in the second
case a fixed-gain controller evaluated at α = [1.7] is used.
Since our controller is based on linearization, it guarantees
only local stabilization. Therefore, one should be careful
about big step changes in references. As the reference
signals is far from operating point, the performance
deteriorates and system may go unstable. In some
situations, it may be possible to overcome this difficulty
by sequence of small step changes as is shown in Figure
5. In other words, it is necessary to move slowly from one
point to another. These observations are consistent with a
common gain scheduling rule-of-thumb about the
behavior of gain scheduled controller under slowly
varying scheduling variable.
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To appreciate what we gain by gain scheduling, Figure 8
and Figure 9 illustrates responses of the closed-loop
system to the same sequence of changes. In the first case,
a gain scheduled controller is applied, while in the second
case a fixed-gain controller evaluated at α = [1.7] is used.
Since our controller is based on linearization, it guarantees
only local stabilization. Therefore, one should be careful
about big step changes in references. As the reference
signals is far from operating point, the performance
deteriorates and system may go unstable. In some
situations, it may be possible to overcome this difficulty
by sequence of small step changes as is shown in Figure
5. In other words, it is necessary to move slowly from one
point to another. These observations are consistent with a
common gain scheduling rule-of-thumb about the
behavior of gain scheduled controller under slowly
varying scheduling variable.
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design (Maciejowski 2002, Camacho and Normey-Rico
2007).
In its early days, predictive control was mainly
deployed on slower processes. This was due to the large
computational complexity of the problem. Today
however, there are predictive control modifications
which can control very fast processes in milliseconds
(eg. using the Explicit Approach). This could only be
achieved by the constant development of computer
technology, as well as the considerable progress in the
field of optimization which is crucial for predictive
control.
The Generalized Predictive Control (GPC) method is
used for the design of the predictive controller in this
paper.

ABSTRACT
In industry, there are cases where the controlled process
includes time-delay and it is often necessary to limit its
input, output or state variables. The aim of this paper is
to design and verify a predictive controller that is able to
control these processes. This paper generally describes
the design process of the predictive controller - from the
general characteristics of predictive control to the
calculation method of the control law. The next section
includes a simulation verification of this design for
different process parameters. All simulation verification
programs are implemented in MATLAB / Simulink.

THE PRINCIPLE OF PREDICTIVE CONTROL

INTRODUCTION

Predictive Control has many modifications and forms
that are appropriate for different process parameters. All
these methods have certain properties in common. The
prediction of a process output is calculated by using a
mathematical model of the process (Bobál 2008).
The main differences between the predictive control
methods are in different process models used for the
prediction of the output values and the cost function that
needs to be minimized.
Figures 1 and 2 shows the principle of predictive
control:

In practice, there are processes that include various
time-delays. In some cases it is necessary to eliminate
this delay so as to avoid undesirable process variables
levels. Several methods are used for this purpose; for
example, the Smith Predictor or Predictive Control. This
paper deals with the use of predictive control for
processes with time-delay.
Predictive Control is typically used in discrete
modifications. For its design, it is necessary to know
two things. The first is a mathematical model of the
controlled system; and the second is knowledge of the
future values of the reference signal. The knowledge of
the mathematical model of the system includes a
number of time-delay steps. The prediction time horizon
is suitably chosen based on the dynamics of the process
and the future estimated values of the process output are
calculated on this horizon. Time-delay is completely
eliminated by this method (Bobál 2008).
The advantage of predictive control is the ability to
control oscillating, non-minimum-phases as well as
multi-dimensional systems. The ability to predict output
values up to the chosen time horizon allows use of this
method in processes with significant time-delay. The
fundamental characteristic of predictive control is the
ability to respond a few steps ahead to a change in the
reference signal.
Another of the advantages of predictive control is the
ability to specify the necessary constraints of the input
and output (or state) variables directly into the controller
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Figure 1 : Principle of predictive control
• Future output values are predicted on the chosen
time interval N, which is called the prediction
horizon, and the recalculation is performed at
each new sampling period t. The predicted values
ɵy (t + k ) for k = 1… N are the results of previous
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number of time-delay steps. The prediction time horizon
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and the future estimated values of the process output are
calculated on this horizon. Time-delay is completely
eliminated by this method (Bobál 2008).
The advantage of predictive control is the ability to
control oscillating, non-minimum-phases as well as
multi-dimensional systems. The ability to predict output
values up to the chosen time horizon allows use of this
method in processes with significant time-delay. The
fundamental characteristic of predictive control is the
ability to respond a few steps ahead to a change in the
reference signal.
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and output (or state) variables directly into the controller

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

w
y(t)

yɵ ( t )
N1
time

k
k-1

k+1

k+N u

k+N 2

u(t)
past

future

Nu
N2

Figure 1 : Principle of predictive control
• Future output values are predicted on the chosen
time interval N, which is called the prediction
horizon, and the recalculation is performed at
each new sampling period t. The predicted values
ɵy (t + k ) for k = 1… N are the results of previous

333

measured output values, previously implemented
input values and future input values of which
only the first calculated value will be
implemented.
• The sequence of future input values is calculated
as an optimization problem for minimizing a
specified cost function. This cost function usually
has a quadratic form and its solution minimizes
the difference between the reference and the
output variable.
• Only the first input value from the whole
calculated sequence is implemented. All other
values until time t + N are ignored, because the
whole calculation algorithm is repeated in each
sampling period t when the new value of output
signal is taken which may be different from the
predicted output value due to disturbance and
noise (Rossiter 2003; Camacho and Normey-Rico
2007).
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output variable.
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calculated sequence is implemented. All other
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whole calculation algorithm is repeated in each
sampling period t when the new value of output
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Where ɵy (k + j ) is the predicted system output, N1 is a
minimum time horizon, N2 is a maximum time horizon,
Nu is a control horizon, δ(j) and λ(j) are weighting
coefficients and w(k + j ) is the sequence of the future
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control horizon N u = N is chosen, because the value of
the time-delay d is known in the design of the predictive
control. This horizon should be chosen with regard to
the dynamics of the controlled process in order to
handle step response (Rossiter 2003; Moudgalya 2007;
Bobál 2008).
The mathematical model used in the GPC predictive
control method is the CARIMA model:
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considered as equal to zero for the prediction of the
future output values. Prediction of the output values is
following (Camacho and Normey-Rico 2007):

The white noise e(k ) and its future values are
considered as equal to zero for the prediction of the
future output values. Prediction of the output values is
following (Camacho and Normey-Rico 2007):
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The prediction of the output values in this time horizon
is affected by the prior implementation of the input
signal and the measured output values. These
estimations can be calculated immediately due to this
reason. Estimations of the output values for the time
from k + 1 to k + d are important for further
predictions of the output. Each output prediction can be
calculated recursively (Camacho and Normey-Rico
2007). Equations for the output prediction can be
written in a matrix form:
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values of the reference signal. Values ∆u (k + j − 1) are
the future control increments that need to be calculated.
The time horizons for prediction are chosen with regard
to the time-delay. The minimum time horizon:
N1 = d + 1 , the maximum time horizon: N 2 = N + d
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It is appropriate to divide the prediction of the output
values into two steps, due to the time-delay. Prediction
of the output values for time from k + 1 to k + d are
calculated in the first step followed by the prediction for
time from k + d + 1 to k + N in the second step. The
system output values up to the time-delay are affected
by previously implemented input signal; for this reason,
it is possible to calculate them immediately (Camacho
and Normey-Rico 2007).
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of the output values for time from k + 1 to k + d are
calculated in the first step followed by the prediction for
time from k + d + 1 to k + N in the second step. The
system output values up to the time-delay are affected
by previously implemented input signal; for this reason,
it is possible to calculate them immediately (Camacho
and Normey-Rico 2007).
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minimum time horizon, N2 is a maximum time horizon,
Nu is a control horizon, δ(j) and λ(j) are weighting
coefficients and w(k + j ) is the sequence of the future

Prediction of Output Values from k+1 to k+d
The prediction of the output values in this time horizon
is affected by the prior implementation of the input
signal and the measured output values. These
estimations can be calculated immediately due to this
reason. Estimations of the output values for the time
from k + 1 to k + d are important for further
predictions of the output. Each output prediction can be
calculated recursively (Camacho and Normey-Rico
2007). Equations for the output prediction can be
written in a matrix form:

values of the reference signal. Values ∆u (k + j − 1) are
the future control increments that need to be calculated.
The time horizons for prediction are chosen with regard
to the time-delay. The minimum time horizon:
N1 = d + 1 , the maximum time horizon: N 2 = N + d
and the control horizon: N u = N = N 2 − d . Only the
control horizon N u = N is chosen, because the value of
the time-delay d is known in the design of the predictive
control. This horizon should be chosen with regard to
the dynamics of the controlled process in order to
handle step response (Rossiter 2003; Moudgalya 2007;
Bobál 2008).
The mathematical model used in the GPC predictive
control method is the CARIMA model:
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handle limited step changes of their input signal;
otherwise, it can lead to their overloading and possible
destruction. The constraints can also be implemented on
output variables which can only be within a certain
range of values (Maciejowski 2002; Bobál 2008).
The saturation of the result of an analytic solution
without constraints is one of possible options how
achieve these constraints. This is the simplest solution;
however, it does not guarantee optimal results. This
solution can lead to the so-called "wind-up effect". This
limitation option only allows us to control the input
signal constraints, but not the output values (Bobál
2008).
The predictive control cost function allows us to solve
constraints in the optimization calculation. This option
allows us to use system input and output signal
constraints. It is possible to constrict inner states when a
state model is used (Maciejowski 2002; Bobál 2008).
The most common constraints are:
• Constraint
of
control
increments:
∆umin ≤ ∆u (k ) ≤ ∆umax
• Constraint of the absolute control input signal:
umin ≤ u (k ) ≤ umax
• Constraint
of
the
output
value:
ymin ≤ y (k ) ≤ ymax
The vector of the future control increments is calculated
by the minimization of cost function. Therefore, all of
the constraints have to be expressed as control
increment constraints. All of these constraints can be
written in one equation:
(10)
Au ≤ b

(6)
Matrices G, H and S are constant and their dimensions
are: G = [ d × d ] , H = [ d × nb] and S = [ d × na + 1] .
This equation can be written as:
ɵy = Gu + Hu + Sy
d
d
1
1

(7)

Prediction of Output Values from k+d+1 to k+d+N
The prediction of the output values in this time horizon
is used to minimize the cost function. Each output
prediction can be calculated recursively. Equations for
the output prediction can be written in a matrix form:
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where u is the vector of the future control increments,
A is a matrix and b is the vector of constraints.
The control increment constraints can be expressed as:
∆u (k ) ≤ ∆umax

Iu ≤ Δumax

(8)
Matrices G, H and S are constant and their dimensions
are: G = [ N × N ] , H = [ N × nb] and S = [ N × na + 1]
(Rossiter 2003; Camacho and Normey-Rico 2007).
This equation can be written as:
ɵy = Gu + Hu + Sy
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− Iu ≤ − Δumin

(12)
The control input signal constraints can be expressed as:
u (k ) ≤ umax

(9)

u ( k − 1) + ∆u (k ) ≤ umax

The vector of future control increments u will be
calculated and its first element ∆u (k ) will be
implemented.
CONSTRAINTS

−∆u ( k ) ≤ −umin + u (k − 1)
The system output constraints can be expressed as:
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This equation can be written as:
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(7)

Prediction of Output Values from k+d+1 to k+d+N
The prediction of the output values in this time horizon
is used to minimize the cost function. Each output
prediction can be calculated recursively. Equations for
the output prediction can be written in a matrix form:
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where u is the vector of the future control increments,
A is a matrix and b is the vector of constraints.
The control increment constraints can be expressed as:
∆u (k ) ≤ ∆umax

Iu ≤ Δumax

(8)
Matrices G, H and S are constant and their dimensions
are: G = [ N × N ] , H = [ N × nb] and S = [ N × na + 1]
(Rossiter 2003; Camacho and Normey-Rico 2007).
This equation can be written as:
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∆u (k ) ≥ ∆umin
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The control input signal constraints can be expressed as:
u (k ) ≤ umax

(9)

u ( k − 1) + ∆u (k ) ≤ umax
∆u ( k ) ≤ umax − u (k − 1)

Tu ≤ umax − uk −1

CONSTRAINTS

−u ( k − 1) − ∆u ( k ) ≤ −umin
−Tu ≤ −umin + uk −1

(6)
Matrices G, H and S are constant and their dimensions
are: G = [ d × d ] , H = [ d × nb] and S = [ d × na + 1] .

(13)

u (k ) ≥ umin

Process control in industrial practice often requires
certain process variables constraints. This may be the
constraint of the absolute value of the control input
signal that limits actuators and sensors itself. These
constraints are the most common types since certain
devices can only work in a certain range of the output
values. For example, a valve cannot be opened to more
than 100%. Control increment limitation is another type
of constraint. That means that certain actuators can only

handle limited step changes of their input signal;
otherwise, it can lead to their overloading and possible
destruction. The constraints can also be implemented on
output variables which can only be within a certain
range of values (Maciejowski 2002; Bobál 2008).
The saturation of the result of an analytic solution
without constraints is one of possible options how
achieve these constraints. This is the simplest solution;
however, it does not guarantee optimal results. This
solution can lead to the so-called "wind-up effect". This
limitation option only allows us to control the input
signal constraints, but not the output values (Bobál
2008).
The predictive control cost function allows us to solve
constraints in the optimization calculation. This option
allows us to use system input and output signal
constraints. It is possible to constrict inner states when a
state model is used (Maciejowski 2002; Bobál 2008).
The most common constraints are:
• Constraint
of
control
increments:
∆umin ≤ ∆u (k ) ≤ ∆umax
• Constraint of the absolute control input signal:
umin ≤ u (k ) ≤ umax
• Constraint
of
the
output
value:
ymin ≤ y (k ) ≤ ymax
The vector of the future control increments is calculated
by the minimization of cost function. Therefore, all of
the constraints have to be expressed as control
increment constraints. All of these constraints can be
written in one equation:
(10)
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The vector of future control increments u will be
calculated and its first element ∆u (k ) will be
implemented.
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(14)

y (k ) ≤ ymax
Gu + y0 ≤ ymax
Gu ≤ ymax − y0

y (k ) ≥ ymin
(16)
All of these constraints can be expressed in one
equation:
Au ≤ b
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Two offline identification methods were used to the
identification of the laboratory model. The first is the
least squeares method (LSM) and the second is
fminsearch function implemented in MATLAB.
The least squeares method is based on minimizing the
sum of squared subtraction of measured and model
output value. Estimates of the model parameters are
calculated according to equation:
(23)
θɵ = (F T F)-1 F T y

On the right side of the equation are column vectors of
length N . The vector y0 is the system free response.
(18)

CONTROL

INPUT

where θɵ is a vector of estimated model parameters of
dimension (2n), F is a matrix of dimension (N-n-d, 2n),
y is a data vector of dimension (N-n-d). N is a number of
measured data, n is an order of the system transfer
function, d is number of steps of the time-delay
(Camacho and Normey-Rico 2007; Bobál et al. 2012).
MATLAB function fminsearch finds the minimum of
entered function without the restricting conditions. The
entered function can be singlevariable or multivariable.
Fminsearch function uses the simplex search method for
finding the minimum of a function. This is a direct
search method that does not use numerical or analytic
gradients.
(24)
x = fminsearch('name_fcn', x0 )

The individual summation elements of the cost function
in Equation (1) can be written in matrix form. By
substituting these matrices into the cost function, its
matrix form will be (Rossiter 2003; Camacho and
Normey-Rico 2007; Bobál 2008):
T

J = ( Gu + Hu2 + Sy2 − w ) Qδ ( Gu + Hu2 + Sy2 − w ) +
+ uT Qλ u
(19)
where Qδ and Qλ are diagonal weighting matrices of a
dimension

[N × N] ,

and their elements are the

weighting coefficients δ(j) and λ(j).
The minimization of the cost function and the
calculation of the control input signal cannot be done by
an analytic calculation, if constraints exist. In this case,
quadratic programming methods are used for the
minimization of the quadratic cost function which need
to be modified to (Bobál 2008):

J=

1 T
u H c u + gT u
2

Online Identification Methods

(21)

Online identification methods are used to continuously
refine the estimates of the model parameters from the
initial estimates. The algorithm of calculation is
repeated in each sampling period. Due to this approach
these methods are capable to react on some changes in
the controlled system behavior.
The recursive least squares method (RLSM) was used
for the online identification of the laboratory model.
This method was used on the second order ARX model
(Bobál et al. 2012).

(22)

y (k ) = θ T (k )Φ(k ) + nc (k )

(20)

where

(

T

H c = 2 Qλ + G QδG
T

)

gT = 2 ( Hu2 + Sy2 − w ) QδG

(25)

where θ is the vector of model parameters:

The MATLAB/SIMULINK function “quadprog(Hc, g,
A, b)” can be used for the calculation of the optimal

θ (k ) = [ a1 a2 b1 b2 ]
T
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(26)

IDENTIFICATION

(15)

y (k ) ≥ ymin

It is necessary to identify the mathematical model of the
controlled system as accurately as possible for correct
and precise function of the predictive control. Two
groups of identification methods can be used for this
identification. The first are one-time (offline) methods
and the second are ongoing (online) methods. The
online identification methods can be used for self-tuning
GPC. Designed predictive controller was simulation
verified for transfer function of the laboratory heat
exchanger model. Following methods was used for the
identification of this model.

−Gu − y0 ≤ − ymin
−Gu ≤ − ymin + y0

(16)
All of these constraints can be expressed in one
equation:
Au ≤ b
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Offline Identification Methods

(17)
Where I is an identity matrix, T is a lower triangular
matrix and G is a square matrix of dimension [ N × N ] .

y0 = Hu2 + Sy2
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groups of identification methods can be used for this
identification. The first are one-time (offline) methods
and the second are ongoing (online) methods. The
online identification methods can be used for self-tuning
GPC. Designed predictive controller was simulation
verified for transfer function of the laboratory heat
exchanger model. Following methods was used for the
identification of this model.

−Gu ≤ − ymin + y0

solution of the cost function with constraining
conditions.

Gu + y0 ≤ ymax
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COST FUNCTION AND
SIGNAL CALCULATION

y (k ) ≤ ymax

solution of the cost function with constraining
conditions.
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identification of the laboratory model. The first is the
least squeares method (LSM) and the second is
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The least squeares method is based on minimizing the
sum of squared subtraction of measured and model
output value. Estimates of the model parameters are
calculated according to equation:
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length N . The vector y0 is the system free response.
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where θɵ is a vector of estimated model parameters of
dimension (2n), F is a matrix of dimension (N-n-d, 2n),
y is a data vector of dimension (N-n-d). N is a number of
measured data, n is an order of the system transfer
function, d is number of steps of the time-delay
(Camacho and Normey-Rico 2007; Bobál et al. 2012).
MATLAB function fminsearch finds the minimum of
entered function without the restricting conditions. The
entered function can be singlevariable or multivariable.
Fminsearch function uses the simplex search method for
finding the minimum of a function. This is a direct
search method that does not use numerical or analytic
gradients.
(24)
x = fminsearch('name_fcn', x0 )

The individual summation elements of the cost function
in Equation (1) can be written in matrix form. By
substituting these matrices into the cost function, its
matrix form will be (Rossiter 2003; Camacho and
Normey-Rico 2007; Bobál 2008):
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+ uT Qλ u
(19)
where Qδ and Qλ are diagonal weighting matrices of a
dimension

[N × N] ,

and their elements are the

weighting coefficients δ(j) and λ(j).
The minimization of the cost function and the
calculation of the control input signal cannot be done by
an analytic calculation, if constraints exist. In this case,
quadratic programming methods are used for the
minimization of the quadratic cost function which need
to be modified to (Bobál 2008):

J=

1 T
u H c u + gT u
2

Online Identification Methods

(21)

Online identification methods are used to continuously
refine the estimates of the model parameters from the
initial estimates. The algorithm of calculation is
repeated in each sampling period. Due to this approach
these methods are capable to react on some changes in
the controlled system behavior.
The recursive least squares method (RLSM) was used
for the online identification of the laboratory model.
This method was used on the second order ARX model
(Bobál et al. 2012).

(22)

y (k ) = θ T (k )Φ(k ) + nc (k )

(20)

where

(

H c = 2 Qλ + G T QδG
T

)
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A, b)” can be used for the calculation of the optimal
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(26)

Φ is the regresion vector:

random Gaussian signal, 'rbs' for random binary signal,
'prbs' for pseudorandom binary signal and 'sine' for
signal composed with sum of sinusoids.
Sum of squared subtraction of measured and model
output value criterion was used for analysis of
identificated models.

Φ (k ) = [ - y(k -1) - y(k - 2) u(k - d -1) u (k - d - 2)]
T

(27)
Identification of Laboratory Model

random Gaussian signal, 'rbs' for random binary signal,
'prbs' for pseudorandom binary signal and 'sine' for
signal composed with sum of sinusoids.
Sum of squared subtraction of measured and model
output value criterion was used for analysis of
identificated models.

Φ (k ) = [ - y(k -1) - y(k - 2) u(k - d -1) u (k - d - 2)]
T

(27)
Identification of Laboratory Model

2

N

1
(29)
∑  y(k ) − ɵy (k ) 
N k =1 
where N is number of measured data, y(k) is measured
output value, ɵy (k ) is estimated output value.

Identification was done at laboratory heat exchanger
model.

Φ is the regresion vector:

Sy =

2

1 N
(29)
∑  y(k ) − ɵy (k ) 
N k =1 
where N is number of measured data, y(k) is measured
output value, ɵy (k ) is estimated output value.

Identification was done at laboratory heat exchanger
model.

Sy =

Figure 4 : Identification for 'sine' type input signal

Figure 3 : Scheme of laboratory model
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Figure 3 : Scheme of laboratory model

A scheme of the laboratory heat equipment is depicted
in Figure 3. The heat transferring fluid (e. g. water) is
transported using a continuously controllable DC pump
(6) into a flow heater (1) with max. power of 750 W.
The temperature of a fluid at the heater output T1 is
measured by a platinum thermometer. Warmed liquid
then goes through a 15 meters long insulated coiled
pipeline (2) which causes the significant delay (20 – 200
s) in the system. The air-water heat exchanger (3) with
two cooling fans (4, 5) represents a heat-consuming
appliance. The speed of the first fan can be continuously
adjusted, whereas the second one is of on/off type. Input
and output temperatures of the cooler are measured
again by platinum thermometers as T2, respective T3.
The platinum thermometer T4 is dedicated for
measurement of the outdoor-air temperature. The
laboratory heat equipment is connected to a standard PC
via a technological multifunction I/O card MF 624. This
card is designed for the need of connecting PC
compatible computers to real world signals. The card is
designed for standard data acquisition, control
applications and optimized for use with Real Time
Toolbox for SIMULINK. The MATLAB/SIMULINK
environment was used for all monitoring and control
functions.
Two types of input signal were used for identification of
the laboratory model as is shown in Figures 4 and 5.
Input signals were generated by MATLAB function
idinput.
(28)
u = idinput(N , type, band , levels)

Figure 5 : Identification for 'rbs' input signal
Following table shows results of identification of
laboratory model.
Table 1 : Analysis of identification

sine
rbs

Sy_LSM
[°C2]
296.17
297.36

SIMULATION
CONTROL

Sy_fminsearch
[°C2]
294.09
307.03
RESULTS

OF

Sy_RLSM
[°C2]
295.13
297.36
PREDICTIVE

Transfer function that provide the greatest accordance
with measured data was chosen from identified models.

0.0995z −1 − 0.0477 z −2 −2
z
1 − 1.0215 z −1 + 0.1088 z −2
Figures 6 to 11 shows simulation results for different
weighting coefficients and constraints.
G( z −1 ) =

This function generates N values of input signal u.
Parameter type defines type of generated signal: 'rgs' for

A scheme of the laboratory heat equipment is depicted
in Figure 3. The heat transferring fluid (e. g. water) is
transported using a continuously controllable DC pump
(6) into a flow heater (1) with max. power of 750 W.
The temperature of a fluid at the heater output T1 is
measured by a platinum thermometer. Warmed liquid
then goes through a 15 meters long insulated coiled
pipeline (2) which causes the significant delay (20 – 200
s) in the system. The air-water heat exchanger (3) with
two cooling fans (4, 5) represents a heat-consuming
appliance. The speed of the first fan can be continuously
adjusted, whereas the second one is of on/off type. Input
and output temperatures of the cooler are measured
again by platinum thermometers as T2, respective T3.
The platinum thermometer T4 is dedicated for
measurement of the outdoor-air temperature. The
laboratory heat equipment is connected to a standard PC
via a technological multifunction I/O card MF 624. This
card is designed for the need of connecting PC
compatible computers to real world signals. The card is
designed for standard data acquisition, control
applications and optimized for use with Real Time
Toolbox for SIMULINK. The MATLAB/SIMULINK
environment was used for all monitoring and control
functions.
Two types of input signal were used for identification of
the laboratory model as is shown in Figures 4 and 5.
Input signals were generated by MATLAB function
idinput.
(28)
u = idinput(N , type, band , levels)

Figure 5 : Identification for 'rbs' input signal
Following table shows results of identification of
laboratory model.
Table 1 : Analysis of identification

sine
rbs

SIMULATION
CONTROL

Sy_fminsearch
[°C2]
294.09
307.03
RESULTS

OF

Sy_RLSM
[°C2]
295.13
297.36
PREDICTIVE

Transfer function that provide the greatest accordance
with measured data was chosen from identified models.

0.0995z −1 − 0.0477 z −2 −2
z
1 − 1.0215 z −1 + 0.1088 z −2
Figures 6 to 11 shows simulation results for different
weighting coefficients and constraints.
G( z −1 ) =

This function generates N values of input signal u.
Parameter type defines type of generated signal: 'rgs' for

337

Sy_LSM
[°C2]
296.17
297.36

337

Figure 6 : System output signals with λ=2, δ=0.5

Figure 10 : System output signals with λ=1, δ=1
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Figure 10 : System output signals with λ=1, δ=1

Figure 7 : System input signals with λ=2, δ=0.5

Figure 11 : System inputs signal with λ=1, δ=1

Figure 7 : System input signals with λ=2, δ=0.5

Figure 11 : System inputs signal with λ=1, δ=1

A quadratic criterion of a difference between the output
and the reference signal and a quadratic criterion of the
control increments is chosen for an analysis of control
quality.

Su =

1 N 2
∑∆u (k )
N k =1

2
1 N
 w ( k ) − y(k ) 
∑
N k =1
Tables of simulation results analysis:

Su
0.6893
[%2]
Se
7.3190
[°C2]

0.6627

0.7061

15.9372

7.6457

7.3442

Figure 9 : System input signals with λ=2, δ=1

Su
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Se
6.2507
[°C2]
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With constraints
Δumax = 1,
umax = 51 ymax = 30
Δumin = -1
0.3029

0.9338

17.0091

16.0116

6.8054

11.0470

(31)

Table 2 : Results for simulation with λ=2, δ=0,5

Figure 8 : System output signals with λ=2, δ=1
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Table 4 :Results for simulation with λ=1, δ=1
Without
constraints
Su
2.1734
[%2]
Se
5.3405
[°C2]

With constraints
Δumax = 1,
umax = 51 ymax = 30
Δumin = -1
0.3168

1.8542

39.1709

16.3072

6.1423

15.4587

CONCLUSION
Simulations represent an ideal state when the
parameters of a controlled system precisely match with
the model of the controlled system used for the system
output prediction and no noise or disturbance was
applied on the controlled system. Simulations were
performed for transfer function of real system,
laboratory model of a heat exchanger. This transfer
function was identified by three identification methods
and the one with the best value of the quadratic criterion
Sy was chosen. The values of the quadratic criterions Se
and Su shows the influence of the constraints and
weighting coefficients. The criterion Se represents
fitting quality of reference signal by the system output
and criterion Su represents value of the control
increments. The system input signal without constraints
provides the best fit between output and reference
signal. Each of constraints may impair the fitting of
reference signal. The constraint of the control
increments provides the least value of Su criterion.
Weighting coefficients may have influence on system
stability. Figures 6 to 11 show that they have the
greatest influence in case with constraining the system
output value. The predictive control is able to eliminate
the time-delay and time-delay presence have no impact
on application of consraints in control process.
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Table 4 :Results for simulation with λ=1, δ=1
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2.1734
[%2]
Se
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[°C2]

With constraints
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Δumin = -1
0.3168

1.8542

39.1709

16.3072

6.1423

15.4587

CONCLUSION
Simulations represent an ideal state when the
parameters of a controlled system precisely match with
the model of the controlled system used for the system
output prediction and no noise or disturbance was
applied on the controlled system. Simulations were
performed for transfer function of real system,
laboratory model of a heat exchanger. This transfer
function was identified by three identification methods
and the one with the best value of the quadratic criterion
Sy was chosen. The values of the quadratic criterions Se
and Su shows the influence of the constraints and
weighting coefficients. The criterion Se represents
fitting quality of reference signal by the system output
and criterion Su represents value of the control
increments. The system input signal without constraints
provides the best fit between output and reference
signal. Each of constraints may impair the fitting of
reference signal. The constraint of the control
increments provides the least value of Su criterion.
Weighting coefficients may have influence on system
stability. Figures 6 to 11 show that they have the
greatest influence in case with constraining the system
output value. The predictive control is able to eliminate
the time-delay and time-delay presence have no impact
on application of consraints in control process.
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cathodic-chamber mediator. Later, models by Kato
Marcus et al. (2007) were developed, neglecting the
contribution of the mediator, but considering a complex
bacterial population composed by exoelectrogen and
non-exoelectrogen species. In the same year, Picioreanu
et al. (2007) proposed a 3-dimensional model
considering both adhese and suspended microorganisms.
Zheng et al., (2010) developed a dual-chamber MFC
model that simulated transient conditions, including
cathodic compartment reactions, while Pinto et al. (2010)
published a 2-population, anodic dynamic model
representing the competition between exoelectrogens and
methanogens. In 2013, Oliveira et al. proposed a steadystate MFC model, focusing on the effect of some
parameters such as: cell temperature, substrate
concentration, biofilm thickness and current density.
In this paper, in order to develop an enhanced model
capable of describing a complex bacterial community,
such as that of a MFC, as well as the complexity of feed
substrates, the model by Pinto et al. (2010) has been
integrated with the ASM2d model (Henze et al., 2013).
The resulting model is herein described, together with its
application to long series of MFC operational data.
Results are discussed, confirming the good performance
of the new model.

KEYWORDS
MFCs, energy conversion, renewable energy, modelling
ABSTRACT
Microbial Fuel Cells (MFCs) are bioelectrochemical
systems that directly convert chemical energy contained
in organic matter bioconvertible substrate into electrical
energy. Since the mid-90’s, researchers have attempted
to simulate the bioelectrochemical activity of MFCs: in
this paper, in order to develop an enhanced model
capable of describing a complex bacterial community,
such as that of a MFC, an earlier model formulated by
Pinto et al. (2010) has been integrated with the ASM2d
model, representing complex biological systems with
multiple substrates (Henze et al., 2013). The resulting
model is herein described, together with its application to
long series of MFC operational data. Results are
discussed, confirming the good performance of the new
model.
INTODUCTION
Microbial Fuel Cells (MFCs) are bioelectrochemical
systems that directly convert the chemical energy
contained in bioconvertible organic matter substrate into
electrical energy. For this to happen, exoelectrogenic
bacteria catalyze one, or both, reactions occurring at the
electrodes, that is, substrate oxidation at the anode and
oxidant reduction at the cathode (Rabaey and Verstraete,
2005). When wastewater containing organic matter is
used as anode fuel, the MFC effectively performs
wastewater treatment while recovering energy, thus
leading to the future possibility of designing energyproducing wastewater treatment plants.
Several practical issues remain still to be solved, before
MFC systems can be deemed ready for full-scale
practical applications: among them, the reduction of the
systems’ internal resistance, that would allow higher
substrate-electricity
conversion
rates,
cathode
technology improvements, efficient, scalable, design,
and reduction of electrochemical losses (Capodaglio et
al., 2015). Deeper process understanding and its
mathematical reproducibility can also play an important
role in the quest for improvement of this technology.
Since the mid-90’s, researchers have attempted to
simulate the bioelectrochemical activity of MFCs: Zhang
and Halme (1995) proposed a simple model based on a
single anodic population and focused on the generated
power in relationship to substrate concentration and
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SELECTION OF THE BASIC MFC MODEL
Table 1 summarizes the characteristics of MFC models
published in the literature.
Model

Table 1. Literature-reported models summary

Zhang e
Halme,1995
Marcus et
al., 2007
Oliveira et
al., 2013
Picioreanu
et al., 2007
Zeng et al.,
2010
Pinto et al.,
2010

Compartment

Mediator

Species

Time
resolution

Space
resol.

Anodic

Yes

Single

Anodic

No

Multiple

Dynamic

1D

Anodic/
cathodic
Anodic

No

Single

Steady st.

1D

Yes

Multiple

Dynamic

3D

Anodic/
cathodic
Anodic

No

Single

1D

Yes

Multiple

Dynamic/
Steady st.
Dynamic

Dynamic

1D

1D

The model herein proposed is based on the previous work
by Pinto et al. (2010): theirs, as shown in the Table above
is a dynamic, 1-dimensional (completely mixed), multispecies model. It considers the presence of two microbial
populations in the anodic chamber: exoelectrogen and
methanogenic
microorganisms
co-existing
in
competition for available substrate, as observed by the
authors in previous studies (Molognoni et al., 2015). The
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The electromotive force (Equation 4) is considered equal
to the Open Circuit Voltage od the cell, neglecting
activation losses:

presence of an endogenous mediator, either in reduced or
oxidized form is responsible for the extracellular
electronic transfer by exoelectrogenic bacteria. It is
assumed that these bacteria adhere to the anode as a
biofilm, while methanogenic ones can be both suspended
or adhese. The model focuses on the anodic
compartment, assuming that dynamics at the cathode’s
end are nonlimiting (Figure 1).

(4)

Methane production is calculated as proportional to
acetate uptake through a specific yield coefficient, YCH4:
Qa = YCH4 qm Xm V

MODEL INTEGRATION

The model therefore describes:
-substrate (Sa) oxidation to CO2 by exoelectrogens (Xa),
with reduction of the mediator: (Mox → Mred)
- mediator reoxydation, with release of free electrons and
protons: Mred → Mox + e- + H+
-methane and carbon dioxide production by
methanogens: Sa → CH4 + CO2
The above can be expressed by the following mass
balance equations (Eqs. 1-3):
(1)

In order to compensate the above mentioned
shortcomings, therefore, it was decided to modify the
model by integrating in its structure elements of the wellknown ASM2d model (Henze et al., 1999).
ASM2d was designed to simulate the processes normally
occurring in traditional activated sludge models, such as
degradation of organic compounds, and N and P removal,
both by aerobic (oxygen as electron acceptor) and
anaerobic/anoxic (nitrates and other compounds as
electron acceptors). The model considers basic substrate
measured as COD (Chemical Oxygen Demand),
although in diverse forms.
In the ASM2d model, substrate id expressed as COD in
particulate (X) and soluble (S) forms: Sf substrate that can
be fermented to Sa (acetate), inert substrate, Si and Xi,
slowly degradable particulate, Xs, nitrogenous, SNO3, and
ammonia, SNH4 matter.
Although, in theory, heterotrophic, autothrophic
(nitrifiers) and phosphate-accumulating bacteria can be
present in wastewater treatment plants, the presence of
heterotrophs was herein considered since, due to their
characteristics, they are more likely to be present in a
MFC’s anodic chamber. For the same reason, bio-P
accumulation processes are not represented in the
integrated model. All the degradation processes present
in ASM2d can be represented by Monod-type kinetics.
The equations describing the model can therefore be
written as:

(2)
(3)
where D=1/(retention time in anodic chamber) [t-1]; qa,
qm substrate conversion rates for exoelectrogens and
methanogens; μa, μm (Monod) growth rates, and Kda , αa
bacterial endogenous decay and washout coefficients,
respectively. Monod kinetics are assumed for bacteria:
specifically, exoelectrogens’ growth is limited by both
substrate (acetate) and oxidized mediator concentrations,
while methanogens’ only by acetate’s.
Pinto et al. assume that biomass growth occurs in two
phases: growth, during which there is no microorganism
dispersion/washout (αa = 0), and steady state, where a
dynamic equilibrium between growth, endogenous decay
and washout is established. A switch in the model
converts between modes. Total mediator’s concentration
(in reduced AND oxidized forms) is assumed constant in
the system.
One of the most important aspects in the characterization
of MFCs performance, is the electric current that they
produce: in the model of Pinto et al., this is calculated
from the cell’s tension through Ohm’s First Law: Ecell =
IMFC Rext.
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(4)

Methane production is calculated as proportional to
acetate uptake through a specific yield coefficient, YCH4:

(5)

While this model has the advantage of representing the
ongoing competition between exoelectrogen and
methangenic populations in the anodic chamber, at the
same time it completely neglects the fact that other
bacterial species (e.g. heterotroph bacteria) can be
present in the cell, as well. Furthermore, the model only
considers acetate as the only substrate present: in reality,
especially when MFCs are applied to the treatment of
urban/industrial wastewaters, the composition of the
incoming substrate will be much more complex.

Figure 1. Conceptual model (Pinto et al, 2010)
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(6)

(6)

through the ion exchange membrane, by means of an
oxygen mass balance equation:

(7)
(8)

(7)
(8)

(27)

(9)
(11)
(12)
(13)
(14)

(29)
(15)

(11)
(12)
(13)
(14)

The model was applied to the observations gathered from
an intensely monitored, dual chamber, laboratory MFC
with anodic volume of 0.42 L, continuously fed with
swine wastewater at 1.5 L/d, operating in steady state at
21oC for a prolonged period (Molognoni et al., 2014). A
subset of these data was used to initially calibrate the
integrated model.
Initially, literature-reported parameter values were
selected. If these were not available, “reasonable” best
estimates (guesses) were used. A Least Squares
estimation method was subsequently applied to
determine more significative values based on the
experimental observations’s initial subset.
The calibrated model was then applied to the observed
experimental series.
Figure 2 shows the simulated temporal trend of the
exoelectrogen, methanogen and heterotropic populations
in the MFC, over time. After day 53 (when a decrease in
COD load from 11.2 kg/m3d to 5.3kg/m3d occurred,
Figure 3), exoelectrogens grow more rapidly than other
groups, reaching a concentration of 380 mg/L, against
methanogen and heterotroph concentrations decreasing
to 80 and 40 mg/L, respectively. The high concentration
of exoelectrogenic biomass allows a higher production of
electric current, from 11 mA during the previous period
to 13 mA when the organic load is lower (Figure 4). All
the above results are in general agreement with the
experimental observations of actual MFC behavior.

(18)
(19)
(20)
(21)
(22)
(23)
Model integration therefore resulted in:
-a combined equation (Eqs. 1+6) for Sa
(24)
-addition of the inflow term for all COD components (Sa,
Si, Sf, Xi, Xs), i.e, for Sf
(25)
-addition of the lysis component for all microorganism in
the Xs and Xi mass balance equations;
-addition of the washout coefficient for heterotrophs:
(26)

(29)
(15)

The resulting, integrated MFC model was then
implemented in MATLAB environment, and the
representing differential equations solved by means of
the MATLAB ode23t function.
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CE is a measure of the cell’s electric efficiency,
consisting in the ratio between the amount of substrate
converted to electricity and the total removed in the
anodic chamber. Figure 4 shows simulated methane
production compared with available observations. Also
in this case (although only two values were measured)
model results seem in accordance with experimental data.

CE is a measure of the cell’s electric efficiency,
consisting in the ratio between the amount of substrate
converted to electricity and the total removed in the
anodic chamber. Figure 4 shows simulated methane
production compared with available observations. Also
in this case (although only two values were measured)
model results seem in accordance with experimental data.

Simulation
Data

Simulation
Data

Figure 2. MFC biomass distribution over time

Time (days)

Figure 5. Simulated and observed methane production
The integrated model did not include the retention effect
of particulate substrate within the MFC volume: in first
approximation, this was in fact assumed as an empty,
complete-mixed reactor, while in reality the anodic
chamber was filled with granular graphite with the
purpose of improving the electric efficiency of its
electrode. Addition of a retention term for Xi and Xs will
be implemented in a future version with the aim of
improving model representation of the actual system
simulated.

Tension (V)

Figure 3. Substrate inflows over time

CONCLUSIONS
An integrated, dynamic, multi-species model for a
completely mixed MFC is presented in this paper. The
model is obtained by combining the Pinto et al. (2010)
model of an acetate-fed MFC, with the ASM2d activated
sludge model (Henze et al. 1999), representing biological
treatment systems fed by complex substrates. In this way,
the presence of various microorganism species
(exoelectrogens, methanogens and heterotrophs), and of
a complex influent substrate, were taken into account,
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particulate substrate retention term,
calibration data availability.

and limited

AUTHOR’S BIOGRAPHIES
ANDREA G. CAPODAGLIO earned a MSc degree in
Civil Engineering from the University of Pavia, Italy, and
a PhD in Environmental and Water Resources
Engineering from Marquette University, Milwaukee,
USA. He is currently Professor of Environmental
Engineering at the University of Pavia. Email:
capo@unipv.it

Further improvements of the proposed model are
foreseeable. Refinement of the model can be of
importance for future studies on MFC behavior,
especially in view of their possible, larger scale
application. A better understanding of MFC response to
operational conditions could eventually lead to a better,
more efficient design and their larger scale applicability.

DANIELE MOLOGNONI earned a MSc degree in
Environmental Engineering and a PhD degree (2014) in
Civil and Environmental Engineering from the
University of Pavia, Italy. He has spent several months’
conducting research, mainly of MFCs, in laboratories
abroad. He is currently a Postdoc Researcher in
Environmental Engineering at the University of Pavia.
Email: daniele.molognoni@unipv.it

REFERENCES
Capodaglio A.G., D. Molognoni, S. Puig, M.D. Balaguer,
J. Colprim, 2015. Role of operating conditions on
energetic pathways in a Microbial Fuel Cell.
Energy Procedia (In press)
Kato Marcus, A., Torres, C.I., Rittmann, B.E., 2007.
Conduction-based modeling of the biofilm anode
of a microbial fuel cell. Biotechnol. Bioeng. 98,
1171–82.
Henze M., W. Gujer, T. Mino, T. Matsuo, M. Wentzel,
G. Marais, M.V.L., 1999. Activated sludge model
no. 2d, ASM2d -IWA Publishing
Molognoni, D., Puig, S., Balaguer, M.D., Liberale, A.,
Capodaglio, G., Callegari, A., Colprim, J., 2014.
Reducing start-up time and minimizing energy
losses of Microbial Fuel Cells using Maximum
Power Point Tracking strategy. J. Power Sources
269, 403–411.
Mu, S.J., Zeng, Y., Wu, P., Lou, S.J., Tartakovsky, B.,
2008. Anaerobic digestion model no. 1-based
distributed parameter model of an anaerobic
reactor: I. Model development. Bioresour.
Technol. 99, 3665–75.
Oliveira, V.B., Simões, M., Melo, L.F., Pinto, a. M.F.R.,
2013. A 1D mathematical model for a microbial
fuel cell. Energy 61, 463–471. Picioreanu, C.,
Head, I.M., Katuri, K.P., van Loosdrecht, M.C.M.,
Scott, K., 2007. A computational model for
biofilm-based microbial fuel cells. Water Res. 41,
2921–40.
Pinto, R.P., Srinivasan, B., Manuel, M.-F., Tartakovsky,
B., 2010. A two-population bio-electrochemical
model of a microbial fuel cell. Bioresour. Technol.
101, 5256–65.
Rabaey, K., Verstraete, W., 2005. Microbial fuel cells:
novel biotechnology for energy generation. Trends
Biotechnol. 23, 291–8.
Zeng, Y., Choo, Y.F., Kim, B.-H., Wu, P., 2010.
Modelling and simulation of two-chamber
microbial fuel cell. J. Power Sources 195, 79–89.
Zhang, X., Halme, A., 1995. Modelling of a microbial
fuel cell process. Biotechnol. Lett. 17, 809–814.

ARIANNA CALLEGARI earned both her MSc and
PhD degrees in Civil and Environmental Engineering at
the University of Pavia, Italy. She is currently Assistant
Professor of Environmental Engineering at the
University of Pavia. Email: arianna.callegari@unipv.it

344

particulate substrate retention term,
calibration data availability.

and limited

AUTHOR’S BIOGRAPHIES
ANDREA G. CAPODAGLIO earned a MSc degree in
Civil Engineering from the University of Pavia, Italy, and
a PhD in Environmental and Water Resources
Engineering from Marquette University, Milwaukee,
USA. He is currently Professor of Environmental
Engineering at the University of Pavia. Email:
capo@unipv.it

Further improvements of the proposed model are
foreseeable. Refinement of the model can be of
importance for future studies on MFC behavior,
especially in view of their possible, larger scale
application. A better understanding of MFC response to
operational conditions could eventually lead to a better,
more efficient design and their larger scale applicability.

DANIELE MOLOGNONI earned a MSc degree in
Environmental Engineering and a PhD degree (2014) in
Civil and Environmental Engineering from the
University of Pavia, Italy. He has spent several months’
conducting research, mainly of MFCs, in laboratories
abroad. He is currently a Postdoc Researcher in
Environmental Engineering at the University of Pavia.
Email: daniele.molognoni@unipv.it

REFERENCES
Capodaglio A.G., D. Molognoni, S. Puig, M.D. Balaguer,
J. Colprim, 2015. Role of operating conditions on
energetic pathways in a Microbial Fuel Cell.
Energy Procedia (In press)
Kato Marcus, A., Torres, C.I., Rittmann, B.E., 2007.
Conduction-based modeling of the biofilm anode
of a microbial fuel cell. Biotechnol. Bioeng. 98,
1171–82.
Henze M., W. Gujer, T. Mino, T. Matsuo, M. Wentzel,
G. Marais, M.V.L., 1999. Activated sludge model
no. 2d, ASM2d -IWA Publishing
Molognoni, D., Puig, S., Balaguer, M.D., Liberale, A.,
Capodaglio, G., Callegari, A., Colprim, J., 2014.
Reducing start-up time and minimizing energy
losses of Microbial Fuel Cells using Maximum
Power Point Tracking strategy. J. Power Sources
269, 403–411.
Mu, S.J., Zeng, Y., Wu, P., Lou, S.J., Tartakovsky, B.,
2008. Anaerobic digestion model no. 1-based
distributed parameter model of an anaerobic
reactor: I. Model development. Bioresour.
Technol. 99, 3665–75.
Oliveira, V.B., Simões, M., Melo, L.F., Pinto, a. M.F.R.,
2013. A 1D mathematical model for a microbial
fuel cell. Energy 61, 463–471. Picioreanu, C.,
Head, I.M., Katuri, K.P., van Loosdrecht, M.C.M.,
Scott, K., 2007. A computational model for
biofilm-based microbial fuel cells. Water Res. 41,
2921–40.
Pinto, R.P., Srinivasan, B., Manuel, M.-F., Tartakovsky,
B., 2010. A two-population bio-electrochemical
model of a microbial fuel cell. Bioresour. Technol.
101, 5256–65.
Rabaey, K., Verstraete, W., 2005. Microbial fuel cells:
novel biotechnology for energy generation. Trends
Biotechnol. 23, 291–8.
Zeng, Y., Choo, Y.F., Kim, B.-H., Wu, P., 2010.
Modelling and simulation of two-chamber
microbial fuel cell. J. Power Sources 195, 79–89.
Zhang, X., Halme, A., 1995. Modelling of a microbial
fuel cell process. Biotechnol. Lett. 17, 809–814.

ARIANNA CALLEGARI earned both her MSc and
PhD degrees in Civil and Environmental Engineering at
the University of Pavia, Italy. She is currently Assistant
Professor of Environmental Engineering at the
University of Pavia. Email: arianna.callegari@unipv.it

344

Simulation in
Industry, Business
and Services

Simulation in
Industry, Business
and Services

345

345

346

346

FUNCTIONAL MODELLING AND SIMULATION OF OVERALL SYSTEM
SHIP – VIRTUAL METHODS FOR ENGINEERING AND
COMMISSIONING IN SHIPBUILDING

FUNCTIONAL MODELLING AND SIMULATION OF OVERALL SYSTEM
SHIP – VIRTUAL METHODS FOR ENGINEERING AND
COMMISSIONING IN SHIPBUILDING

Olaf Berndt1,2
Uwe Freiherr von Lukas1
1
Fraunhofer Institute for Computer Graphics Research
IGD
Joachim-Jungius-Straße 11, 18059 Rostock, Germany
E-mail: {olaf.berndt, uwe.freiherr.von.lukas}@igdr.fraunhofer.de

Olaf Berndt1,2
Uwe Freiherr von Lukas1
1
Fraunhofer Institute for Computer Graphics Research
IGD
Joachim-Jungius-Straße 11, 18059 Rostock, Germany
E-mail: {olaf.berndt, uwe.freiherr.von.lukas}@igdr.fraunhofer.de

Arjan Kuijper
Fraunhofer Institute for Computer Graphics Research
IGD
Fraunhoferstr. 5, 64283 Darmstadt, Germany
E-mail: arjan.kuijper@igd.fraunhofer.de

2
University of Rostock
Faculty of Computer Science and Electrical
Engineering
Albert-Einstein-Str. 22, 18059 Rostock, Germany

2
University of Rostock
Faculty of Computer Science and Electrical
Engineering
Albert-Einstein-Str. 22, 18059 Rostock, Germany

a human being. In these industries the use of virtual
methods for engineering and commissioning are
successfully realised. A transfer of these methods into
the shipbuilding market was not done yet, although there
is a great demand for virtual support in the production
of special purpose vessels. This is mainly caused by the
specific structural needs of the shipbuilding process and
the operating conditions. Short terms for engineering
and high cost pressure are in contrast to high demands
on the quality. This balancing act will reinforce in the
future and only innovative processes and modern
methods can meet the challenges.

KEYWORDS
Functional Simulation, Systems Engineering, MBSE,
SysML, Virtual Commissioning, Co-Simulation,
Operator Training System, Shipbuilding
ABSTRACT
Shipbuilding industry is undergoing a change, in which
many European shipyards focus on special purpose
vessels. This field of shipbuilding places very high
demands on engineering, commissioning and operation
of the vessels. To support these fields of activity with
virtual methods an innovative approach is introduced
which strengthens the shipbuilding process by using a
uniform common model of the overall system ship. The
model is steadily increasing and gets more detailed
through the phases of the shipbuilding. The presented
approach fills the gap in the virtual support of the
complete shipbuilding process, taking into account the
specific structural needs – short time, high cost pressure
and high quality demands.

STATE OF THE ART
Shipbuilding Industry
Currently the possibilities and advantages of system
simulation are not used in shipbuilding industry. It is
more the case that during trials and testing errors in
sequences and interfaces are found. There are some
supplier of systems, mainly supplier of ship automation
systems, who have simulation tools for validation of
their own system to deliver; but they are not available
by the yard to realise a complete virtual commissioning,
because not all ship systems are included and the
simulation model contains proprietary know-how. In
some cases these simulations get enhanced by some
additional applications to an operator training system.
This situation fits the trend in shipbuilding industry
where many yards hand over the complete electrical
engineering to major suppliers, which assume de jure or
de facto the responsibility for the whole automation
system with integration of systems, i.e. interface
coordination and determination of higher level
functions. Often the agreement of interfaces is done
without participation of the yard between the suppliers
and as a consequence the design departments of the yard
are insufficiently involved in the engineering of the
automation system. The overall system “ship” which
works together via the automation system by executing
higher level functions is insufficiently designed. This is

INTRODUCTION
Rising international competition especially from the
Asian market and still existing overcapacities on the
shipbuilding market are the reasons for many European
shipyards to concentrate on the special shipbuilding
sector. Modern special purpose vessels are characterised
by a high degree of automation and a strong
interconnection of systems. These are not only special
systems for the primary special task of the vessel but
also the essential ship operating systems, which are
connected, sharing sensor data and operating together in
a coordinated cooperation without any user interaction.
Increasing automation is also seen in other industries,
especially in machinery and plant engineering as well as
energy transmission and distribution. Core of these
trend, with the keywords industry 4.0, digital factory or
smart grid, is that systems and plants do autonomous
actions based on sensor data without any interaction of
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even more critical, as there are no functional acceptance
tests before commissioning where interfaces between
systems and cross-system functions could be tested.
Errors occur during commissioning when systems
where brought into service and the interaction of
systems is tested. This regularly causes time delays
during commissioning and trials which can lead to a
delayed delivery of the ship. This gives rise to additional
costs which must completely be borne by the yard.

try to establish the virtual commissioning, to simulate
and correct if necessary the whole plant in good time
before real commissioning (Hoffmann et al., 2010).
The Automation Initiative of the German Automotive
Industry (AIDA) published a study in the year 2005
showing that 50% of the costs for the automation of a
plant are needed for engineering and 10% for
commissioning. The first measure was the development
and standardisation of the data transfer format
AutomationML for the smart factory, which is not a
modelling or simulation tool itself, but it is the base for
a common model for mechanical components and
control functions (Hirzle et al., 2013).

Not that there are no virtual modelling tools or
simulation tools used in shipbuilding industry. 3D CAD
tools for detailed design and spatial coordination are
well established as well as simulation tools for several
engineering fields; for example hydrodynamic analysis,
torsional vibration analysis, multibody simulations and
mechanical stress analysis. There are also simulation
tools present for support of production - for optimisation
of production process and control (Wang, 2014) as well
as for technical simulations of specific tasks like
welding (Fricke and Zacke, 2014). Visualisation tools
based on Virtual and Augmented Reality (Freiherr von
Lukas, 2010; Pérez Fernández and Alonso, 2015;
Olbrich et al., 2011) are used to support arrangement and
spatial coordination during engineering and production
by 3D visualisation of rooms.

Additionally there were attempts to establish functional
modelling and simulation by including functional
components into the digital mock-up. One project with
this aim was “FunctionalDMU”. Different simulation
tools are connected via wrappers to a master simulation
that provided time synchronization and data (Wagner et
al., 2011; Filippo et al., 2014). A second project in this
topic was „MODELISAR (Chombart, 2012). As result
the Functional Mock-up Interface (FMI) was
standardised, which is an open interface standard for cosimulation or model exchange between simulation tools
(Blochwitz et al., 2011; Abel et al., 2012). The
framework for co-simulation must be realised
separately, but a lot of different frameworks have been
tested successfully, among others: HLA RTI (Awais et
al., 2013), Matlab® (Vanfretti et al., 2014), Assimulo/
PyFMI (Andersson, 2013), GridLAB-D (Stifter et al.,
op. 2014; Elsheikh et al., 2013), mosaik (Schütte et al.,
2011) und Ptolemy II (Müller and Widl, 2013).

3D Operator Training Systems are used as well in
marine industry, mainly by cruise lines like AIDA for
training of bridge operation. There are some specialised
companies (e.g. CSMART (Fairbrother, 2013)) and
some shipbuilding suppliers on the market (e.g.
Kongsberg “Ship’s Bridge Simulators”). In most cases
the modelling is done after the engineering phase as an
additional effort. Currently there is no actor in the whole
process who owns all necessary data for a 3D operator
training system. The system models and simulation are
on suppliers’ side, often not in a closed system, and the
CAD data for 3D graphic are on yards side. Bringing
both together needs additional effort, in time and cost.

Transferability of Results
The results from research projects in the other industries
may be used as base for similar tools in shipbuilding.
But it is not possible to transfer it directly with the same
positive effect. The specific characteristics of
shipbuilding need a substantial extension of the
approaches. Building special purpose vessels means
permanent prototyping within very short time slots and
with different prototypes in parallel each in a different
construction stage. Because of the short times the
modelling of the components and systems cannot be
done after the design phase, it rather must be in parallel
to project planning and engineering. Furthermore as
prototyping is normal business the modelling itself has
to be part of the standard processes and might be done
for every ship to be constructed. Otherwise there is no
efficient way for doing modelling and simulation for
two or three vessels in parallel. A further special
characteristic of special purpose vessels is the high
degree of interconnection of systems which are caused
by the limited space on board. Basic hydraulic systems
and energy supply systems are used by all relevant
systems and components together. This requires a lot
more effort for integration and control, than it would be
required for separated individual supply systems. These

Further Industries
Modelling and simulation of complex, interconnected
and interdisciplinary systems has been brought to the
focus by the cyber-physical systems (CPS) which
resulted by rising automation and interconnection of
industrial systems. In the machinery and plant
engineering sector the keywords in this evolution are
smart factory or industry 4.0 (Lasi et al., 2014); smart
grids are the equivalent cyber-physical systems in the
domain of power generation and distribution (Chia-han
Yang et al., 2013). The rising degree of automation leads
to an increasing interconnection of electronic control
systems and mechanical components. This is combined
with a spatial deployment of subsystems which are
connected via local area network or public internet.
Such cyber-physical systems make high demands on the
engineering and by use of only conventional
engineering methods there would be a high error rate in
commissioning. Knowing this, many supplier of plants
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special structural needs in shipbuilding process and in
ship technology prevent a direct transfer of the results
and standards from other industries.

Our new approach is a modelling process with three
steps, as shown in Figure 2.

INNOVATIVE APPROACH
Our novel approach has the aim to involve the functional
modelling and simulation of the overall system ship with
respect to the special structural needs of shipbuilding.
Three phases in product lifecycle which are affected by
the rising complexity of ships automation, are supported
by the approach of functional modelling and simulation
- engineering, production and operation (see Figure 1).
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The first step comprises the functional modelling of
control sequences and of physical behaviour. Functional
modelling of the control sequences for the system
simulation shall not be a post-mould work; it is rather
necessary to include it as part of the Model Based
Design into the engineering process to support and
simplify this process. Therefore the principles of
systems engineering shall be implemented into the
shipbuilding process by using the SYSMOD approach
(Weilkiens, 2014). It is an optimized procedure for
engineering and design of systems with high
complexity;
from
requirement
analysis
to
commissioning. During this procedure the overall
system is modelled in SysML, a modelling language
created for system development, which is suitable for
modelling of complex systems on different levels of
abstraction in a uniform model (Bassi et al., 2011). The
control sequences are described on a higher level and the
real physical realisation is not considered. The aim is to
describe the functional behaviour of the system with
suitable methods and validate with the model.
Modelling starts with the requirement analysis and
higher level functions and the model will be refined
during the design process from concepts and functional
drawings to components with detailed information
regarding interface and behaviour. The work is done in
parallel to the proceeding “project planning – basic
design – detailed design” and the model can be used as
a requirement for the following phase. The functional
model contains all logical connections between systems
and components, among others the reaction of a system
on the change of a physical input value. It does not
contain the information under which circumstances a
value changes. For simulating the real states of the
system ship a physical behavioural model is needed.
This model shall developed by using Modelica because
of the large number of existing preconfigured models in
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Figure 1: Overview of areas which require
development caused by rising complexity of ships
The increasing interconnection and integration of ships
systems lead to a difficult work and correlation during
engineering phase. Different departments have to work
on the same system with different aspects and focus.
Model based systems engineering (MBSE) is supporting
the engineering process with a uniform system model,
which points out all requirements and dependencies and
makes it possible to systematically pursue and realise
them. The second supported area is commissioning
during the production phase. By using a system
simulation based on a functional behavioural model, a
virtual commissioning can be performed prior the real
commissioning. In doing so faults inside the interfaces
between systems can be found. These errors normally
occur during trials and testing shortly before delivery of
the vessel and frequently lead to late delivery. Rising
complexity does not only affect the engineering and
production in shipbuilding, the operation of the vessel is
getting more complex as well. On the one hand, the
automation of processes relieves the crew of some tasks,
but on the other hand, the operation of the systems gets
more complex – especially in rare cases when quick
manual intervention is necessary. The previously build
interactive simulation of the overall system ship
together with 3D graphic data based on CAD data from
engineering are the basis of a 3D Operator Training
System. This training system is available short time after
completing engineering; hence, training of the crew is
possible before the delivery of the vessel.
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special structural needs in shipbuilding process and in
ship technology prevent a direct transfer of the results
and standards from other industries.

Our new approach is a modelling process with three
steps, as shown in Figure 2.
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libraries and the real-time capability. By combining the
model of control sequences and the physical behavioural
model via an interface a model of the overall system ship
is created which allows real-time simulations on suitable
simulation platforms, for instance Modelica-based
platforms or Matlab/ Simulink (Palachi et al., 2013).

CHALLENGES AND SOLUTIONS
The above-described three-stage approach as shown in
Figure 3 contains several technological and processrelated challenges. The biggest challenge is the large
number of systems and components which build the
overall system. This results in a high modelling effort,
which is critically, especially in context with the short
development times. All three models, the functional
model of the control sequences, the physical behavioural
model as well as the geometrical model will be very
extensive and interconnected.

In the second step the system simulation is taken as core
for the virtual commissioning tool. Therefore it has to be
enhanced with an user interface, which can be used for
changes in the parameters of the ships systems.
Therewith different operating states and scenarios can
be realised, to test the interaction of the systems during
the virtual commissioning. This can be done for single
components or systems as well as for the overall system.
In addition it is possible to implement a hardware-inthe-loop (HiL) functionality which allows the yard to do
specific trial during the factory acceptance tests.

The several problems in each phase shall be mentioned
in the order of the common process according Figure 3:
Modelling
The problem of modelling effort can be reduced by
importing delivered models from the suppliers. For the
functional model of control sequences this concerns
mainly the internal logics and dependencies of a system,
i.e. the sequences which decide how the systems react
on a changed input value or how an output value
changes. Especially complex systems like main engines
have control programs with some hundred input and
output signals. The technological implementation of an
import functionality is complicated because of missing
established standards. While there are standards for PLC
programming languages defined in IEC 61131-3, which
are used successfully for virtual commissioning
(Carlsson et al., 2012), soft PLCs and industrial PCs are
mostly modular based programmed in a supplier

The comprehensive simulation of the ship shall in the
third step also be the base for the 3D operator training
system (Mesing and Lukas, 2014). By linking the
physical behavioural models of the components with 3D
data a graphical model is build which reacts in a physical
correct environment. The necessary 3D data can be
generated from the 3D CAD data which are usually
available on the yard. Additionally there will be
interaction and control functions for the trainee. The
needed input options for the instructor to change
operating states or parameters and to define, start and
save scenarios are mostly given by the tool for virtual
commissioning.
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Figure 3: Concept of stepwise modelling and simulation during shipbuilding process from planning to after sales
service; the three models are generated one after the other with overlap; after mapping the control and physical models
and connection with user interface and simulation platform the virtual commissioning can be done in good time before
the real commissioning; by enhancing the tool by the graphic model and a mock-up the training system is finished
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specific programming environment. Especially for the
systems with extensive and complex control programs
there are no established standards available, which
means that all the import interfaces have to be
individually adapted for each supplier.

signals by hand can – in view of the size of the overall
system model – only be done in exceptional cases.
There are several methods available for the software
realisation of the interfaces. The SysML-Modelica
Transformation (SysML4Modelica) is an enhancement
of the SysML by some Modelica specific stereotypes,
which lead to an integration of the Modelica language in
SysML, hence the complete physical Modelling is done
in SysML (Vasaie, 2009; Paredis et al., 2010). A second
method for combining SysML and Modelica is cosimulation in hybrid models using FMI (Baobing and
Baras, 2013; Feldman et al., 2014). For integration of
SysML models into Matlab/Simulink there are also
solutions present (Qamar et al., 2009; Sakairi et al.,
2013). The human machine interface and its connection
to the model and the simulation depends on the used
modelling and simulation software. But no matter which
solution is selected, the creation of a customized user
interface for displaying values and for input of user
parameters is available by default. For connection of the
system simulation with the graphic model there are
some solutions present. One of these is Instantreality
(Behr et al., 2011), a framework for virtual reality
methods, which allows users direct interaction via touch
screens, even with multi-touch screens.

In physical modelling the import function is not a big
challenge, because with the FMI interface an established
standard exists. More critical in this case is the
granularity of the model. The large number of
components and systems and out of that the large
number of parallel running physical processes limits the
real-time simulation with highly detailed physical
behavioural models. The granularity of the models must
be decreased to keep the real-time capability of the
simulation. Despite expected problems with the
simulation size there is the problem of intellectual
property protection. Detailed models with high
granularity can only be realised with the support of the
suppliers, but they will not give the needed support if
detailed know-how will be disclosed. That is why only
simplified models can be used for physical modelling.
Possible ways to achieve a simplified model are the
reduction of an existing detailed model by the supplier
or the reproduction of a new simplified model. In both
cases the supplier has to be taken into the modelling
process, as only the supplier can ensure that the
behaviour of the simplified model is equal to the detailed
model in all relevant parameters and properties. The
challenge is to explore the degree of detail which is on
one hand sufficient for a realistic physical behavioural
model and on the other hand allows a real-time
simulation with a large number of subsystems and is
supported by the suppliers.

Simulation
Besides the mapping of the different models of
components and systems the interfaces must ensure the
time synchronous processing of the three simulation
parts and the efficient data transfer. Such frameworks
for co-simulation of different simulation platforms
already exist. However, the direct usage in this
application is not possible because based on the large
number of parallel interconnected processes the
framework has to ensure a particularly efficient data
transfer and hence the interfaces must be optimized
regarding this requirements. It has to be analysed with a
sufficient large model if it is possible to enhance or
adapt existing frameworks or if it is necessary to build
up a new framework.

The preparation of a navigable 3D graphic model out of
3D CAD data is well established and widely used. These
models are used as assistance during interior design and
for operator training systems. In this project it has to be
considered that some mechanical components change
their geometry during the simulation, for example a bow
visor or several switches.
Interfaces

Process

Beside the previous mentioned challenging aspects of
modelling and model import there are some procedural
problems. The different models of the components and
systems – control model, physical behavioural model
and geometrical 3D model – have to be connected by
interfaces. As the different models are build up at
different times during engineering the correct mapping
of models has to be ensured by a uniform and
consequent nomenclature. This linking does not only
affect the components itself, the single inputs and
outputs have to be mapped. If physical sensors like
revolution counters or pressure indicators are used in
components which are directly looped through to an
analogue output signal, then these output has to be
linked automatically to the equivalent input signal
within the control model. Linking input and output

Along with the mentioned technological and procedural
problems there are process-related challenges.
Modelling and simulation of the overall systems have to
be implemented as sub-process in the existing
shipbuilding process without extending the total time
until delivery. For modelling the control sequences the
principles of systems engineering shall be used. This
closed process for engineering has to be assigned and
linked to the corresponding phases in the shipbuilding
process. It is important that both processes are running
in parallel without delay. Otherwise the model of the
overall system ship cannot be provided in time to ensure
an extensive virtual commissioning in good time before
the real commission.
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For each single challenge in this novel approach there is
a solution available or can be derived from other
industries. The task is to bring the solutions together and
create a software framework that combines the existing
tools on an efficient way.

topics, research and investigation are needed to achieve
the goal of a uniform model of the overall system ship
for simulation and training. While the research will
mainly be done by the research institutes and
engineering companies, the industry partners have to
contribute critically and constructively. First and
foremost the shipyards have to be the driving forces
behind the project – they define the requirements,
specify conditions and mainly benefit from the results.
But also the maritime suppliers have to support the
project with openness and cooperation. With effort,
openness and cooperation on all sides the project can
bring the shipbuilding industry a clear step forward.

CONCLUSION
The presented approach fills the gap in the virtual
support of the complete shipbuilding process, taking
into account the specific structural needs – short time,
high cost pressure and high quality demands. Although
virtual support for product development has gained
acceptance in shipbuilding industry since last years,
there mostly are single solutions for specific problems
in hydrodynamic or mechanics and systems for
supporting production process. There are no approaches
known for the continuous support of the project
planning, engineering and design process. Especially the
early phases in the shipbuilding process are essential for
successful delivery of a ship because cost-intensive
decision are made here and errors in this phase often
lead to problems in design which can only be solved
with an enormous invest of time and money.
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error, and gun vertical displacement error. Table 1
tabulates the subsystems and their related errors for
combat vehicles.
Fire rate is a function of stabilisation time for the gun.
Waveforms for the gun are determined by rough road
conditions such as speed bumps. Hit probability is varied
according to impulses which come from repulsion of
departing bullets. When a target is located some distance
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ABSTRACT
Two measures of firepower performance in relation to
guns are fire rate and hit probability. Fire rate is related
to the stabilisation time of the combat vehicle. The lower
the stabilisation time, the faster the fire rate becomes. Hit
probability is a function of many error budgets. In this
paper, we simulate two cases. In the first case, when a
combat vehicle is driving over a speed bump, the
stabilisation time is measured. The second simulation is
concerned with the relationship between hit probability
and impulse forces applied to the gun mounted on the
combat vehicle. The combat vehicle is modelled as a full
car with arms. Quantification of stabilisation time and
the relationship between impulse forces and hit
probability proved to be good sources for enhancing
firepower performance through improved fire rate and hit
probability. We use an engineering method for error
estimates, and we use the Monte Carlo method for hit
probability prediction.
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Table 1: Subsystems and Their Related Errors of Combat
Vehicles
subsystems
Internal ballistics

Kinds of errors
error of mass of propellant, muzzle
velocity error
aiming error, mechanical error
trajectory error

gun and turret
external ballistics
meteorological
temperature error, density error
sensors
Combat vehicles
gun pitch angle error, gun roll error,
with road conditions gun vertical displacement error.
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to the stabilisation time of the combat vehicle. The lower
the stabilisation time, the faster the fire rate becomes. Hit
probability is a function of many error budgets. In this
paper, we simulate two cases. In the first case, when a
combat vehicle is driving over a speed bump, the
stabilisation time is measured. The second simulation is
concerned with the relationship between hit probability
and impulse forces applied to the gun mounted on the
combat vehicle. The combat vehicle is modelled as a full
car with arms. Quantification of stabilisation time and
the relationship between impulse forces and hit
probability proved to be good sources for enhancing
firepower performance through improved fire rate and hit
probability. We use an engineering method for error
estimates, and we use the Monte Carlo method for hit
probability prediction.
INTRODUCTION

When designing a four-wheeled combat vehicle, four
important factors are mobility, firepower, vulnerability
and operability. Mobility is concerned with how fast the
vehicle drives on the wild road; firepower is related to
the fire performance of arms equipped on the combat
vehicle; vulnerability is concerned with robustness
against enemy firepower; and.operability refers to the
human factors involved in control of the combat vehicle.
Among these four performance measures of combat
vehicles, firepower performance plays the most
important role in the combat environment. The indices of
firepower performance are hit probability and fire rate.
Hit probability is a function of error budgets (Weaver,
1990, Groves, 1963). Error budgets come from errors of
subsystems, which are divided into five categories: errors
from internal ballistics, aiming errors from gun and turret,
trajectory errors from external ballistics, meteorological
errors of sensors, errors of combat vehicle with road
conditions such as gun pitch angle error, gun roll angle
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Figure 1: Mean Point of Impact Error and Precision Error
from the position of the combat vehicle, the dispersion of
bullets on the target is due to the errors from subsystems
of the combat vehicle. The mean point of the impact
error (Driels, 2013) is the distance from the aiming point
to the mean of the impact points, and the precision error
is the distance from the mean point of impact to each
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where  is a function of shot range and ( ,  ) is a
correlation coefficient between  and  . Two methods
of error estimates are shown in Figure 2.

impact point as shown in Figure 1. In this paper, we
simulate two cases. The first simulation is that when a
combat vehicle driving over a speed bump, the
stabilisation time is measured. The second simulation is
concerned with the relationship between hit probability
and impulse forces applied to the gun mounted on the
combat vehicle. The combat vehicle is modelled as a full
car with arms. For error estimates, an engineering
method is used, and for hit probability prediction, we use
the Monte Carlo method.

TWO METHODS FOR HIT PROBABILITY
PREDICTION
There are two methods of hit probability prediction: one
is an analytic method and the other is the Monte Carlo
method. First, the analytic method will be explained.
Assuming that the target is a rectangle, then the
distribution of the bullets on the target should be two
normal density functions along the horizontal and
vertical directions. Hit probability refers to a single shot
hit probability in this paper. Under these conditions, hit
probability is written by

TWO METHODS FOR ERROR ESTIMATES
There are two methods for error estimation: one is an
engineering based method and the other is an experiment
based method. First, we explain the engineering
approach. Errors from each subsystem are extracted from
models of each subsystem. For example, the model of the
combat vehicle with road conditions is dependent on the
vehicle dynamics of the full car including gun and turret.
Some errors from the model of each subsystem are fed
into the initial conditions for the motion equation of the
trajectory of bullets. The error on the target  is given
by  =  , , ∙∙∙,  .

  =

 

∬(,)  −

()


  −

()


dxdy
(2)

where  and  are standard deviations of two normal
distributions in the horizontal and vertical directions on
the target, respectively. ℎ and  are biases in the
horizontal and vertical directions on the target,
respectively. The width and the height of the rectangular
target are respectively set to be 2a and 2b.
The Monte Carlo method employed in this study shall
now be explained. At first, supposing that the probability
density distributions of muzzle velocity and elevation
angles are given, random numbers were generated from
two distribution density functions. Using these random
but fixed values, we solved the differential equations for
motion equations of bullets. On the target, we decided
whether the bullet had hit the target or not and, through
repetition, we counted the hit probability. Furthermore,
we executed the Monte Carlo simulation on the target
directly. By selecting two random numbers from the two
given probability density functions along the vertical and
horizontal directions, we decided whether the
coordinates of a randomly selected but fixed number lay
inside the target or not. Through repetition, we counted
the hit probability.

The experimental approach shall now be explained. The
error on the target  is a function of some errors
( ,  , ⋯  ) from the subsystems. In the case of the
experimental approach, each subsystem has its own
output  that is obtained by experimentation. The error
on the target is then described by
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In Figure 3, at the position of the gun, we illustrate the
Monte Carlo method for prediction of hit probability.

A full car model with arms is used investigate the
dynamic responses of a combat vehicle when crossing a
speed bump and with the pressure of impulse forces.

In Figure 3, at the position of the gun, we illustrate the
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where  ,  , and  are range, upward, and deflection
velocity, respectively, and where  ,  , and  are
range, upward and deflection velocity of winds,
respectively. The constant value ∗ is a modified drag
coefficient value and the value is assumed to be
1.8253 × 10 m . The value  is the gravitational
acceleration. The value v is the scalar value of the
velocity vector and is expressible as   +   +  
m/sec. The above standard differential equations are
solved by numerical analysis. On the other hand, the
firing angle is assumed to be very low, and so under this
condition we obtained the algebraic solution (Kang,
2015).
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Figure 4: Bullet Trajectory (McCoy, 1999)
MODELLING OF COMBAT VEHICLE
The combat vehicle is modelled as a full car with a gun
and turret as shown in Figure 6. Guns and turrets are
herein referred to as arms. The diagram of arms is
depicted in Figure 5. All parameters are tabulated in
Table 2.  denotes a longitudinal distance between the
gun center of gravity and the body center of gravity. 
denotes a transversal distance between the gun center of
gravity and the body center of gravity.
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In consideration of a speed bump (elliptic type bump)
located on the road when a combat vehicle is driving, the
road condition affects the variation of the position of the
gun mounted on the combat vehicle. Using the three
waveforms of vertical displacement, pitch angle and roll
angle, we obtained a stabilisation time.

In consideration of a speed bump (elliptic type bump)
located on the road when a combat vehicle is driving, the
road condition affects the variation of the position of the
gun mounted on the combat vehicle. Using the three
waveforms of vertical displacement, pitch angle and roll
angle, we obtained a stabilisation time.
Figure 5: Diagram of Arms

356

Parameter
Mass of gun center ( )
Front & rear inertia ( )
Right & left inertia ( )
Gun damping coefficient ( ,
 ,  ,  )
Gun stiffness coefficient ( ,
 ,  ,  )
Mass of body center ( )
Front & rear Inertia ( )
Right & left Inertia ( )
Length (, , , )
Length ( ,  ,  ,  ,  ,  )
Body damping coefficient (  ,
  ,   ,   )
Body stiffness coefficient (  ,
  ,   ,   )
Tire mass ( ,  ,  ,  )
Tire damping coefficient (  ,
  ,   ,   )

356

Stabilisation time is the time duration during which a
combat vehicle is stabilised. The stabilisation of a
combat vehicle means that the vertical displacement,
pitch angle, and roll angle for the gun mounted on the
combat vehicle has no transient responses. Specifically,
the stabilisation time for vertical displacement refers to
time elapsed from the touch of the speed bump by a
combat vehicle to the time at which the waveform of the
vertical displacement has entered and remained within a
5% of the maximum value of the vertical displacement.
After the stabilisation time, the waveform should remain
within 5% of the maximum value of the vertical
displacement. The stabilisation time for a combat vehicle
is defined as the maximum of three stabilisation times for
vertical displacement, pitch angle and roll angle.

The height of the speed bump is set to 10cm and the
width of the speed bump is set to 3.7m. The speed of the
vehicle is set to 10Km/h. The waveforms applied to the
front and rear wheels of the vehicle are shown in Figure
7. The stabilisation time for vertical displacement is
4.15sec, the stabilisation time for pitch angle is 4.12 sec,
and the stabilisation time for roll angle is negligible. The
total stabilisation for the combat vehicle is 4.15 sec as
shown in Figure 8.

SIMULATION OF HIT PROBABILITY AND
IMPULSE FORCES

SIMULATION OF HIT PROBABILITY AND
IMPULSE FORCES

When impulse force is applied to the gun and variation
of muzzle velocity exists, there will be a hitting pattern at
the target. The width of the target is set to 4m and its
height is set to 4m. The distance between the position of
the gun and the target is set to 700m. For error estimates,
we use the engineering approach as explained in the
section titled Two Methods of Error Estimates. For hit
probability prediction, we use the Monte Carlo method
as shown in Figure 3. As shown in Figure 9, the
crosswind is set to 1m/sec, variance of muzzle velocity is
set to 4m/sec and no impulse force to the gun is applied.
By using the trajectory of the bullet in the Trajectory
Equations section, we obtain a hitting pattern with a hit
probability of 51%. Suppose that an impulse force ranges
from 0 N to 280 N during 0.5sec, then the hit probability
reduces to 24% as shown in Figure 10. A comparison of
hit probability with impulse forces and without impulse
forces is tabulated in Table 3.
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width of the speed bump is set to 3.7m. The speed of the
vehicle is set to 10Km/h. The waveforms applied to the
front and rear wheels of the vehicle are shown in Figure
7. The stabilisation time for vertical displacement is
4.15sec, the stabilisation time for pitch angle is 4.12 sec,
and the stabilisation time for roll angle is negligible. The
total stabilisation for the combat vehicle is 4.15 sec as
shown in Figure 8.

0.02

0.05

120
-20

0

-15

-10

-5

0
Range [m]

5

10

15

20

-0.05

0
0

5
t [sec]

10

-0.1

0

5
t [sec]

Figure 9: Hit probability Due to Crosswind & Variance
of Muzzle Velocity. Hit Probability: 51%

10

0.08

0.04
0.02

4

2

2

Pitch [deg]

4

0
-2
-4

0

5
t [sec]

Figure 8: Vertical Displacement, Pitch and Roll
Angles at the Gun Position of a Combat Vehicle

120
-20

0

0

5
t [sec]

10

0

5
t [sec]

10

-0.1

0

5
t [sec]

-2

Figure 8: Vertical Displacement, Pitch and Roll
Angles at the Gun Position of a Combat Vehicle

357

-15

-10

-5

0
Range [m]

5

10

15

20

Figure 9: Hit probability Due to Crosswind & Variance
of Muzzle Velocity. Hit Probability: 51%

10

0

-4

10

0.05

-0.05

0
-0.02

125

0.1

0.06
Roll [deg]

Roll [deg]

0.04

-0.02

125

0.1

0.06

130

Vertical displacement [m]

0.08

Pitch [deg]

Vertical displacement [m]

130

135

357

145

Height [m]

140

135

130

125

120
-20

-15

-10

-5

0
Range [m]

5

10

15

20

AUTHOR BIOGRAPHIES
HWAN IL KANG was born in Incheon,
South Korea and graduated from Seoul
National University, Korea Advanced
Institute of Science & Technology, and
University of Wisconsin-Madison in the
USA where he studied electrical and
computer engineering and obtained his BS, MS and Ph.
D. degrees, respectively. He has been a professor at the
dept. of Information & Communications Eng. in Myongji
University, South Korea since 1996. His research
interests include modelling & simulation, military
sciences and control applications. His e-mail address is:
hwanilkang@naver.com and his web page can be
found at http://www.mju.ac.kr/~hwan.

Figure 10: Hit probability Due to Crosswind, Variance of
Muzzle Velocity & Impulse Force. Hit Probability: 24%

Table 3: Comparison of Hit Probability with Impulse
Forces and without Impulse Forces
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24

CONCLUSION
Two important factors in determining the firepower
performance of guns are fire rate and hit probability. In
this paper, two cases have been simulated. The first case
simulates the situation where a combat vehicle is driving
over a speed bump, which we used to measure
stabilisation time. The second simulation was developed
to investigate the relationship between hit probability and
impulse forces applied to the gun mounted on a combat
vehicle. The combat vehicle was modelled as a full car
with arms. To enhance the hit probability, both the
stabilisation time and impulse forces should be reduced.
Quantification of stabilisation time, and the relationship
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here to be good sources for the enhancement of
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2012). Every new scenario is defined as a variant of the
base model and specified using a set of rules for
transforming the base model. The paper describes the
general approach to design and simulation of process
improvement scenarios, identifies rules for scenario
design, proposes their implementation in process
simulation software and reports application of the
approach.
The rest of the paper is organized as follows. Section 2
introduces the modelling approach. Section 3 elaborates
definition of process improvement scenarios. An
application example is provided in Section 4. Section 5
provides concluding remark.

KEYWORDS
Process modelling, process improvement, scenarios
design, simulation
ABSTRACT
Process improvement involves analysis of different
process redesign variants. Evaluation of all these
variants might result in a large complicated process
model or maintenance of several similar models. The
paper proposes a process improvement scenario design
and simulation approach aimed at simplifying the
analysis of such interrelated models. The approach uses
a base process as the evaluation foundation and
particular process variants are created on demand
according to explore a specific process improvement
alternative. The paper describes this scenario design and
simulation approach and provides an illustrative
example of its application.

MODELLING APPROACH
The modelling approach is intended for design and
simulation of process improvement scenarios. The
process consists of interrelated activities performed to
manufacture a product or deliver a service. There is a set
of process improvement heuristics such as design the
process around value-adding activities, work is
performed where it makes most sense, reduce checks
and reviews and promote process parallelization have
been identified (Madison, 2005). Application of these
process heuristics results in changes in the process
structure, i.e., changes activities constituting the process
and sequencing of the activities. The scenario generation
approach implies that creating a new scenario does not
require direct changing of the existing process
simulation model or maintaining of multiple similar
simulation models each representing the process
structure used in a specific scenario.
The scenario design and simulation process consists of
the following activities (Figure 1):
x Develop base model;
x Identify scenarios;
x Create a simulation model version for a
particular scenario;
x Simulate scenario;
x Compare simulation results for different
scenarios.
A simulation modelling environment is used to develop
the base process representing an as-is situation of
process design. Domain experts identify process
improvement scenarios and a simulation modelling
expert specifies representation of these scenarios in
using a set of rules. These rules provide a standard way

INTRODUCTION
Processes describe dynamics of value creation in both
production and service industries. They consist of a
sequence of activities and are subject of continuous
improvement efforts aimed at performance optimization.
The process improvement often is based on applying
and evaluating multiple process improvement heuristics
(Reijers and Mansar, 2005; Zellner, 2011), and
simulation is one of frequently used evaluation
techniques. However, application of the heuristic rules
to changing the process might result in a large number
of process improvement scenarios (Orman, 1998).
Simulation based evaluation of these scenarios could
become a complex exercise both from model running
and model management perpectives (Blanning, 1993).
This paper focuses on the model management
perspectives and proposes an approach for designing
and simulating multiple process improvement scenarios.
The approach allows storing multiple process evaluation
scenarios in a single simulation model without
complicating the visual presentation of the process
model. That improves model comprehension and
maintenance as well as makes easier for domain-experts
to get involved in the definition of evaluation scenarios.
The process improvement scenario development is
based on the business process variants processing
principles (Hallerbach et al., 2010; Kumar and Yao,
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2. Scenario description;
3. Base process reference;
4. Process redesign alternatives;
5. Process constraints.
The base process reference specifies which base process
is being modified. The process redesign alternatives
describe structural changes to be made in the process
design. Three types of process redesign alternatives are
considered:
1. Add – a new activity is added to the process
design;
2. Modify – an existing activity is changed in the
process design;
3. Delete – an existing activity is removed from
the process design.

of transforming the base model into a process model
representing the particular process improvement
scenario. The base model itself is not modified during
the scenario specification. A version of the base model
is created on demand whenever simulation of a
particular scenario is requested. The scenario
specification is retrieved from the model base and the
base model is temporarily modified according to the
modification rules. The scenario specific version is
simulated for different combinations of the input
parameters and other simulation setup data. The
simulation results are stored with reference to the
scenario and its execution time. Multiple scenarios can
be compared at the end of the simulation study.

Develop base
model

Define scenarios

Load scenario

Save
scenarios

Every activity in the process can be characterized by
multitude of parameters. Some of the parameters might
require special treatment and possibilities as their
automated specification are limited. The attributes,
which can be easily modified during the scenario
definition are duration; batch size, schedule and
resources. These are typical attributes for process
activities used in simulation. Duration specifies the
activity execution duration, batch size defines a number
of items processed simultaneously; schedule defines
operating hours for the activity (e.g., two shifts every
working day); and resources specify the number of
resource units available. Values of the attributes can be
indicated as constants or expressions as well as using
typical probability distributions. The attributes are
specified for newly added activities and updated for the
activities being modified.

Model
base

Save
scenarios

Simulate
scenario

Table 1: Types of process design constraints
Type of
constraints
Requirement

Evaluate
scenarios

Dependency

Figure 1: Process flowchart of the scenario design and
simulation approach

Parallel
Prohibition

SCENARIO DESIGN
Each scenario defines one process improvement
alternative to be evaluated by means of simulation. A
scenario by itself can be evaluated under various
conditions by varying values of the input factors. The
scenario is defined by a domain expert and the process
improvement alternatives are expressed in the form of
standard operations to be performed on the base
simulation model to obtain the process structure
characterizing the current scenario.
The scenario is defined using a specification template
containing the following items:
1. Scenario name;

Direct input
Indirect input
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which can be easily modified during the scenario
definition are duration; batch size, schedule and
resources. These are typical attributes for process
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activity execution duration, batch size defines a number
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Table 1: Types of process design constraints

Description
If the ith activity is included in the
process design, then the jth activity
also should be included.
It the ith activity is omitted form the
process design, then the jth activity
also should be omitted.
Activities ith and jth run in parallel.
If ith activity is included in the
process design, then jth activity
should be omitted, or both are
omitted.
There should be a direct connector
from the ith activity to the jth
activity.
There should be a path from activity i
to activity j.

To define relationships among the activities, the process
constraints also should be included in the scenario
definition. Table 1 defines types of process design
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2. Scenario description;
3. Base process reference;
4. Process redesign alternatives;
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simulation approach
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are implemented using the standard iGrafx process
modelling features.

constraints. These types are derived on the basis of
process design constraints defined by Becker and
Klinger (2012).
Figure 2 shows a sample base process, the process
improvement scenario and the process variant obtained
according to the scenario specification. The process is
modelled using BPMN (Chinosi and Trombetta, 2012).
The base model consists just of a single activity. The
scenario specification implies that two new activities are
added. The parallel constraints imply that the new
activities are added as a parallel flow to activity A.

APPLICATION EXAMPLE
The Sharffen Berger Chocolate maker case study (Snow,
Wheelwright and Wagonfeld 2007) is used to illustrate
the scenario generation and simulation approach.
Scharffen Berger is a high-end premium chocolate
manufacturer, wholesaler and retailer located in
Berkeley, California (Scharffen Berger, 2014). Demand
has always exceeded capacity and it could be tripled
over the next five years. The company is looking for
ways to increase capacity while ensuring the quality of
their products.
The production process consists of seven main steps
(Figure 3). It covers end-to-end chocolate production
from processing of raw cacao beans to packaging of the
finished product. Every step is performed in batches on
dedicated equipment with finite capacity. The equipment
is highly specialized and unique. Human operators are
involved in every step though labour intensity varies
significantly with the highest labour content in
packaging. Major attention is devoted to quality, and
quality inspection is performed throughout the process
often using artisan methods. Additional details
concerning the case can be found in the original case
description.
The base process is simulated for different demand
levels (Table 2). Its performance is measured by
throughput characterizing the ability to satisfy the
demand, and production cycle time characterizing
queuing in the production system. The results show that
the current process is not able to cope with increasing
demand (the flow time increases exponentially because
the push-type process becomes non-stationary for the
high demand level).

a)

A
b)
Scenario name: Parallel activities
Scenario description: Parallel activities to activity A are added to the
process
Base process reference: Base process A
Process redesign alternatives: Add (B), Add (C)
Process constraints: C = Direct Input (B), B = Parallel (A), C = Parallel (A)
c)

A

B

C

Figure 2: The base process modification example: a)
base process; b) specification of the scenario; and c) a
base process variant after applying the scenario
specification rules
The scenario definition is used to automatically modify
the base model and to generate process improvement
alternative to be evaluated using simulation. The
modeller is not required to create a new model or
populagte the existing model with conditional and
temporarily inactive elements. She requests the scenario
of interest and the modelling environment sets-up the
scenario for simulation.
The scenario design and simulation approach is
implemented on the basis of iGrafx process simulation
tool. The scenario definition is stored in a spreadsheet
and iGrafx API is used to make changes in the
simulation model according to the scenario definition. A
simple user interface for adding, deleting or modifying
activities is provided. If scenario definition requires
more complex modification of the base mode, then these
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Table 2: The base process simulation results
Demand
kg/years
330,000
500,000
750,000

level,

Throughput,
kg/years
321,880
480,560
480,560

Flow
days
6.6
12.0
70.5

time,

Bottlenecks in the process are identified and the process
improvement alternatives are proposed accordingly
(Table 3). The specification column only specifies
structural changes in the process by applying process
redesign rules and design constraints.
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Tempering

Packaging

Table 3: Process improvement scenarios
Scenario
S1

Description
The conching activity is replaced by a
combination of ball milling and short
conching

S2

Additional melangeur equipment is
installed
The roaster is operated 7 days, 16 hours

S3
S4

The roaster and tempering machine are
operated 7 days, 24 hours

Specification
Delete (Conching)
Add (Short Conching)
Add (Ball Milling)
Modify (Short Conching, Duration:=3-4 hours, Schedule:=7
days 24 hours, Batch size:= 1400 kg, Resources:=1)
Modify (Ball Milling, Duration:= 1 hours, Schedule:=7 days
24 hours, Batch size:= 1400 kg, Resources:=1)
Short Conching = Direct Input (Ball Milling)
Ball Milling = Direct Input (Tempering)
Melangeur = Direct Input (Short Conching)
All changes made in S1
Modify (Melangeur, Resources:=2)
All changes made in S2
Modify (Roaster, Schedule:= 7 days, 16 hours)
All changes made in S3
Modify (Roaster, Schedule:= 7 days, 24 hours)
Modify (Tempering, Schedule:= 7 days, 24 hours)
kg/year, S1 allows reducing the flow time to 5.7 days,
thus suggesting lesser queuing and improvement over
the base scenario). Similarly, scenarios S2 and S3 are
not sufficient to cope with the demand increase. Only
scenario S4 provides an acceptable performance.

The conching activity is the most severe bottleneck in
the process because of its long duration (bottleneck
identification results are not shown). The conching
activity can be replaced by two shorter activities of ball
milling and fast conching (scenario S1). The
specification defines that Conching should be removed
from the scenario and Ball Milling and Short Conching
should be added to the scenario (in the base process,
conching duration is 40-60 hours). Scenarios S2 to S4
do not require structural changes of the process but
modify the schedule and resources properties of the
selected activities.
Scenarios are developed as extensions of the previous
scenarios, i.e., S2 inherits the process changes made in
S1 and includes some additional modifications.
Simulation is performed for scenarios S1 to S4 for the
demand level 750,000 kg/year (Table 4). It can be
observed that scenario S1 is still not able to cope with
the demand increase (though it should be noted that in
another experiment for demand level of 500,000

Table 4: Scenario simulation results, if demand is
750,000 kg/year
Scenario
S1
S2
S3
S4

Roasting

Winnower

Throughput,
kg/year
480,560
500,560
708,500
741,360

Flow time (days)
70.5
65.3
14.5
5.4

The evaluation result is acceptance of scenario S4 as the
best process redesign alternative shown in Figure 4. The
process variant includes the new activities of ball
milling and short conching. The attributes of several

Duration:=1.5 hours, Schedule:=7 days
24 hours, Batch size:= 250 kg,
Resources:=1

Cleaning

Table 3: Process improvement scenarios

Duration:=1,25 hours, Schedule:=7 days
24 hours, Batch size:= 115 kg,
Resources:=1

Melangeur

Tempering

Short
conching
Duration:=3-4 hours, Schedule:=7 days
24 hours, Batch size:= 1400 kg,
Resources:=1
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Description
The conching activity is replaced by a
combination of ball milling and short
conching

S2

Additional melangeur equipment is
installed
The roaster is operated 7 days, 16 hours

S3
S4

The roaster and tempering machine are
operated 7 days, 24 hours

kg/year, S1 allows reducing the flow time to 5.7 days,
thus suggesting lesser queuing and improvement over
the base scenario). Similarly, scenarios S2 and S3 are
not sufficient to cope with the demand increase. Only
scenario S4 provides an acceptable performance.

The conching activity is the most severe bottleneck in
the process because of its long duration (bottleneck
identification results are not shown). The conching
activity can be replaced by two shorter activities of ball
milling and fast conching (scenario S1). The
specification defines that Conching should be removed
from the scenario and Ball Milling and Short Conching
should be added to the scenario (in the base process,
conching duration is 40-60 hours). Scenarios S2 to S4
do not require structural changes of the process but
modify the schedule and resources properties of the
selected activities.
Scenarios are developed as extensions of the previous
scenarios, i.e., S2 inherits the process changes made in
S1 and includes some additional modifications.
Simulation is performed for scenarios S1 to S4 for the
demand level 750,000 kg/year (Table 4). It can be
observed that scenario S1 is still not able to cope with
the demand increase (though it should be noted that in
another experiment for demand level of 500,000

Duration:=1 hours, Schedule:=7 days 24
hours, Batch size:= 140 kg, Resources:=1

Packaging

Specification
Delete (Conching)
Add (Short Conching)
Add (Ball Milling)
Modify (Short Conching, Duration:=3-4 hours, Schedule:=7
days 24 hours, Batch size:= 1400 kg, Resources:=1)
Modify (Ball Milling, Duration:= 1 hours, Schedule:=7 days
24 hours, Batch size:= 1400 kg, Resources:=1)
Short Conching = Direct Input (Ball Milling)
Ball Milling = Direct Input (Tempering)
Melangeur = Direct Input (Short Conching)
All changes made in S1
Modify (Melangeur, Resources:=2)
All changes made in S2
Modify (Roaster, Schedule:= 7 days, 16 hours)
All changes made in S3
Modify (Roaster, Schedule:= 7 days, 24 hours)
Modify (Tempering, Schedule:= 7 days, 24 hours)

Table 4: Scenario simulation results, if demand is
750,000 kg/year
Scenario
S1
S2
S3
S4

Roasting

Winnower

Duration:=1,25 hours, Schedule:=7 days
24 hours, Batch size:= 115 kg,
Resources:=1

Melangeur

Tempering

Short
conching

Ball Milling
Duration:=10-12 hours, Schedule:=7
days 24 hours, Batch size:= 1400 kg,
Resources:=1

Flow time (days)
70.5
65.3
14.5
5.4

The evaluation result is acceptance of scenario S4 as the
best process redesign alternative shown in Figure 4. The
process variant includes the new activities of ball
milling and short conching. The attributes of several

Duration:=1.5 hours, Schedule:=7 days
24 hours, Batch size:= 250 kg,
Resources:=1

Cleaning

Throughput,
kg/year
480,560
500,560
708,500
741,360

Duration:=3-4 hours, Schedule:=7 days
24 hours, Batch size:= 1400 kg,
Resources:=1

Duration:=1 hours, Schedule:=7 days 24
hours, Batch size:= 140 kg, Resources:=1

Packaging

Ball Milling
Duration:=10-12 hours, Schedule:=7
days 24 hours, Batch size:= 1400 kg,
Resources:=1

Figure 4: The process variant developed for scenario S4 with activity execution attributes
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activities are also modified to change scheduling and
resource availability (not all are shown).
All process variants for scenarios S1 to S4 were created
without permanently changing the base model. Every
process variants contained only elements relevant to the
particular scenario. That allows avoiding creation of
multiple similar simulation models and making the
process models too complicated, if one would have
attempted representing all scenarios in a single model.
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The approach for simplifying evolution of multiple
process improvement strategies has been elaborated. It
uses the process variant management techniques to
create an on-demand process evaluation variant
according to the scenario specification.
The scenario specification allows changing the process
design, though more advanced changes still should be
made by editing the model and other model management
techniques should be used for these purposes. Several
typical process attributes are identified in the paper,
which can be treated automatically. Additional attributes
would require manual editing of the model.
The paper describes the overall approach and an initial
application example. In order to generalize the
approach, process modification rules and constraints
should be formalized and integrated with process
modelling standards and BPSim (WfMC, 2012) in
particular. That would allow to develop common
scenario design tools.
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KEYWORDS

A system of flood monitoring and forecasting allows to
determine the estimated area of a spill in advance and
thus significantly increase the safety and reduce the
economic damage caused by the floods. Forecasts of
river flow may be developed in the short term, over
periods of a few hours or a few days, in the medium
term, for several weeks, and in the long term, up to nine
months [8]. An efficient flood alarm system based on a
short-term flow forecasting may significantly improve
public safety, mitigate social damages and reduce
economic losses associated with floods.

BPEL language, flood monitoring in forecasting,
modeling and simulation of ecological and
technological objects.
ABSTRACT
The paper presents flood forecasting and simulation
system applied to a river flood analysis and risk
prediction. An advanced river flood monitoring,
modelling and forecasting approach is introduced. It
extends the traditional approach based on modelling of
river physical processes by integration of different types
of models and technologies such as input data clustering
and filtering, digital maps of a relief and river terrain,
data crowdsourcing, heterogeneous data processing,
hydrological models for time scale modelling water
flows and geo-simulation, inundation visualization and
duly warning on flooding. The service-focused
architecture of system of monitoring and anticipatory
forecasting of floods and weak connectivity of program
modules peculiar to it allows to convert developed
system to a format of the "cloudy" application
implemented as service. The paper presents the
implementation using BPEL language implements the
business process work hydrological model, and
describes how to use the BPEL can be realized by using
CASE representations continuous and independent
operation of several different hydrological models and
automatically provide the user with the results of an
optimal model for the present time. Developed servicefocused architecture can be used for other infrastructure
projects. Group of authors focuses on programmathematical and algorithmic support of research
projects.

Recent advances in spatial modeling of floods, modern
geo-information systems and remote sensing of the
Earth opens up new promising areas of flood control
due to significant improvements in the quality of the
simulation result. Experience in creating system of
short-term flood forecast in previous stages of the
project showed the difficulties associated with the
interconnection of heterogeneous software. Previously
used hydrological model demands Microsoft Windows
to run.
The main task of the authors was using developed
earlier but poorly applicable solutions for the flood
tasks, and offer advanced software solution based on
open source code, which allowed different
achievements and integrate them into a single software
complex. The broader goal was develop a policy
framework that can be applied in other infrastructure
projects and alleviate their implementation.
Other components of the system run on Unix-like
systems. Moreover, modules of the system are
geographically distributed. Previously developed
software prototype used set of different protocols and
technologies to ensure interoperability of modules. This
reduces the flexibility of the system and hampered its
development.
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system operation.

represent geo information of the river and its
neighbouring areas.

2. ADVANCED APPROACH

Data crowdsourcing is used for calibration of a
hydrological model based on comparison of the actual
situation with forecasted. Additionally, regression-based
metamodels using river simulation results allow to
perform sensitivity analysis of input factors influencing
the river water levels and inundation areas, and to
improve understanding of the model behaviour and
interpretation of the flood forecasts.

In the paper, the traditional flood model-based
forecasting approach based on river physical processes
modelling is enhanced by integrating different models
and technologies for improving flood risk output
prediction such as input data clustering and filtering;
digital maps of a relief and river terrain; data crowd
sourcing; forecasting models; different hydrological
models for time scale modelling water flows; computer
simulation for the river behaviour modelling;
visualisation tools; geographic information systems
(GIS); and techniques for flooding scenario generation
and comparison.

GIS and technology present the most powerful tools
emerged in the hydrological field, which allow for the
collection and analysis of environmental data as well as
provide a platform for integration of space and groundbased data for flood monitoring and modelling.
Observed data support the creation of information
through modelling, and the information evolves into
knowledge through visualisation and analysis of digital
elevation pictures and finally supports analysis of
flooded geographic areas.
Finally, automatic generation and analysis of flooding
scenarios will allow to analyse dynamics of the river
floods and to evaluate their potential effects in the near
future to support preventive actions to mitigate impacts
of floods.

Taking into account the floodplain width and the speed
of flooding processes, satellite and aerospace
monitoring allows to regularly examine large areas and
provide high efficiency information on the research
object. Additionally, to get a holistic view of the current
situation, remote sensing is supplemented by data
obtained from ground-based monitoring devices.

Figures 1. Short-term forecasting based integration of
space and ground-based data.
Clustering of dynamic historical data allows to identify
typical dynamic flooding patterns in the real-life
situations which occurred in the past and might be
expected in the future.
A symbolic regression-based forecasting model is
integrated into short-term forecasting of the river flow
discharge and monitoring in a specific real-life situation
[8]. Here, the main challenges are a small number of
input factors and a small set of flow measurements. For
developing a symbolic regression-based forecasting
model, genetic programming within HeuristicLab is
used. A trend-adjusted exponential smoothing is applied
to predict the water levels in the river.
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The analysis showed that the processes that characterize
the flooding accompanied by active interactions of
active and artificial objects. Let us introduce the
concept of natural and technological objects (CNTO).
The next section will discuss about description of the
model natural and technological objects
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3. TESTING OF THE MODEL

Testing of the model was developed for a short-term
flooding forecast for the Daugava River near the city of
Daugavpils in Latvia, in spring 2013 when unexpected
intensive flooding was observed, exceeding the previous
highest water level in spring 2010 - 7,7 m. The main
reasons for spring floods in Daugavpils are considered
as river ice jams arising from ice melting and rapid rise
in the river water level.
A digital elevation model of the research area was
obtained by means of airborne laser scanning performed
by a specialised company with a horizontal resolution of
5 meters and a vertical resolution of 0.25 meter. To
define hydrological characteristics of the river required
for modelling water flows of the river channel network,
a simplified model of the river channel on the selected
section of the river was built. The width data of the river
channel were determined based on the archival optical
range space image for the period of low water levels in
the river.
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The flood forecast horizon is defined by a period up to
12 hours, with 1-hour interval. There is only one
hydrological station on the selected section of the

Hydrological models are advanced by realistic physical
models that are derived from topological maps and

system operation.
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integrated into short-term forecasting of the river flow
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model, genetic programming within HeuristicLab is
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Daugava River which can provide hydrological data on
water levels, heights of waves, a flow direction, etc. To
get operational data on the water levels in the river online web service has been created (Fig. 2).

WSDL-file (Web Services Description Language).
Thus, now we have the catalogue of web-services,
ready to be invoked and able to exchange SOAP
messages.

Fig. 2. Operational data from a hydrological station.
Absolute heights of the river bottom channel were
calculated using a digital elevation model
To predict the river water levels for the upcoming
period of 12 hours on a daily base, a trend-adjusted
exponential smoothing model is applied to observed
water hourly level time series. By application of a
symbolic regression method, a model for converting the
water level into the water flow discharge in m3/s was
created.
To determine the functional dependency between the
water flow discharge in the river and its water level
within the forecasting horizon, several modelling
scenarios such as linear, nonlinear regression models
and a symbolic regression were experimentally tested
[3]. Finally, a symbolic regression-based method
implemented in HeuristicLab optimisation framework
[1] has been selected. In order to train the model,
historical data on water level forecasts for the previous
intensive flooding period in March-April 2010 were
used. A web service for recalculation of the river water
level into the water flow discharge was created
providing hourly receipt of the water discharge in the
river. In fact, forecasts of the water levels are
transformed into forecasts for the water discharge
values. The forecasting accuracy of the river water flow
discharge was within 95 % confidence interval.

Data exchange standards do not define the application
logic. There are several standards describing the logic
of web services execution.

XLANG (XML-based language) developed by
Microsoft, was initially designed to describe successive,
parallel and multi-variant working flows for BizTalk
Server. The main purpose of XLANG consists in
defining the business processes and in the organization
of the messages exchange among the Web-services.
This language has tools for processing extreme
situations and supports long-term transactions.
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Server. The main purpose of XLANG consists in
defining the business processes and in the organization
of the messages exchange among the Web-services.
This language has tools for processing extreme
situations and supports long-term transactions.

The service-focused architecture of system of
monitoring and anticipatory floods forecasting and
weak connectivity of program modules peculiar to it
allow to transfer developed system to a format of the
"cloudy" application implemented as service (Software
as a Service, SaaS), by means of virtualization process
of hardware resources. To cloud computing essential
increase
of
flexibility
of
hardware-software
implementation is a consequence of transition. In
particular, the modules implemented algorithms of
monitoring, forecasting and decision-making support,
can be distributed considerably territorially and
structurally, that is, to be carried out at the computing
capacities which are not only in the different cities and
the countries, but also belonging to the different
organizations. Thus synthesized system of monitoring
from the point of view of the end user will function as a
local solution unit.

The architecture of software prototype was drastically
reorganized in this stage of the Project. Now it is based
on Service Oriented Architecture (SOA).
Several functions of software prototype were
transformed into web-services: hydrological data
collection, modeling, results storing and converting,
publishing on geoportal. SOA demands the
standardized interfaces and protocols to be used. To
archive the coordinated work an Enterprise Service Bus
is commonly used. It is a middleware that have ability
to convert different data formats to SOAP standard.
Technical specification of each web-service is stored in

Efficiency of the analysis of a situation and taking
measures to manage a situation often depends on speed
of access to information that is available in the
monitoring system. Despite the general trend towards
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WSDL-file (Web Services Description Language).
Thus, now we have the catalogue of web-services,
ready to be invoked and able to exchange SOAP
messages.

Data exchange standards do not define the application
logic. There are several standards describing the logic
of web services execution.

BPML (Business Process Modeling Language) is a
language designed to describe the business processes on
the basis of XML. Its specification is developed by the
Business Process Management Initiative organization. It
enables planning of the tasks and contains functions for
data long-term storing. The data exchange among the
participants is realized in XML format, using roles and
definitions of the partners, similarly to BPEL
constructions. BPML supports a recursive composition,
intended to form integrated processes from components,
and provides both long-term and short-term
transactions.
In May 2003 Microsoft, IBM, Siebel, BEA Systems and
SAP have developed together a version of the
specification
of
BPEL4WS
language.
This
specification, called BPEL, enables the modeling of the
behaviour of the Web-services in the interaction of the
business processes.

4. STRUCTURE OF FLOODS FORECASTING
SYSTEM
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the establishment of mobile clients of various industrial
systems, many existing and widely known systems in
the world implement a monitoring system "tied" to the
situational center user interface.

Enterprise Service Bus (ESB) which is a model of the
software architecture used for the development and
implementation of communication between mutually
interacting software applications in a service-oriented
architecture (SOA). As the Enterprise Service Bus was
chosen OpenESB, It used to be owned by Sun
Microsystems, but after Oracle and Sun Microsystems
merged, the OpenESB Community was created to
maintain, improve, promote and support OpenESB.
OpenESB is the easiest and the most efficient ESB tool
for building Integration and SOA applications.
OpenESB offers a complete set of tools to design,
develop, test and deploy integration applications and
Service Oriented Applications. Relying on JBI (Java
Business Integration), OpenESB proposes a unique
development process that promotes migration to real
service oriented development and organization.

The uniting of Web-services with Business Process
Execution Language for Web Services increases the
efficiency of the applications integration (Fig. 4.).

Figures 4. Structure of the system access to the results
of flood monitoring and proactive modeling through
Geo-portal.
5. ENTERPRISE SERVICE BUS AND
SCENARIOS FOR SYSTEM OPERATION

367

The uniting of Web-services with Business Process
Execution Language for Web Services increases the
efficiency of the applications integration (Fig. 4.).

Business Process Execution Language (BPEL), short for
Web Services Business Process Execution Language
(WS-BPEL) was selected as a Language for Scenarios.
It is an OASIS [10] standard executable language for
specifying actions within business processes with web
services. Processes in BPEL export and import
information by using web service interfaces exclusively.

6. EXPERIMENTAL ENVIRONMENT
On the basis considered in the preceding section
development tools, software was developed. Software
implemented to obtain data for hydrological model for
geo-services and used LISFLOOD model for which it is
necessary to provide the input of a number of
parameters, by which it becomes possible to predict the
flood.
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development tools, software was developed. Software
implemented to obtain data for hydrological model for
geo-services and used LISFLOOD model for which it is
necessary to provide the input of a number of
parameters, by which it becomes possible to predict the
flood.

The figure (Fig. 5.) presents a part of business process
for the hydrological model. As can be seen, the software
implements the standard side-by-circuit characteristic of
CASE tools. Furthermore, developed scheme is not only
for illustrative purposes, but also includes executable
program code, which is connected in an easy and
understandable way to the web service. This executable
code may run on remote servers, and monitors the
correct operation of dependent web services and
processes. Proposed architecture allows you to use and
other hydrological models floods, which may have a
different data source, use specialized software and can

These conditions determined the choice of software
development tools. To develop web services Java
language and development environment NetBeans IDE
was used. NetBeans IDE is free, open source, and has a
worldwide community of users and developers.
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interacting software applications in a service-oriented
architecture (SOA). As the Enterprise Service Bus was
chosen OpenESB, It used to be owned by Sun
Microsystems, but after Oracle and Sun Microsystems
merged, the OpenESB Community was created to
maintain, improve, promote and support OpenESB.
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for building Integration and SOA applications.
OpenESB offers a complete set of tools to design,
develop, test and deploy integration applications and
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(WS-BPEL) was selected as a Language for Scenarios.
It is an OASIS [10] standard executable language for
specifying actions within business processes with web
services. Processes in BPEL export and import
information by using web service interfaces exclusively.

A LISFLOOD hydrological model is developed to
simulate water flows in the riverbed of Daugava and
within the channel network by integrating the digital
map of the relief of the specified area and obtained
hydrological characteristics of the river. To increase an
accuracy of flood forecasts, 3D elevation model data
with low vertical resolution that does not exceed 1
meter is used. Consequently, based on the water flow
discharge data and a digital elevation model,
LISFLOOD-based hydrological model is built which
allow forecasting inundation territories along the river
basin.

Since we have chosen the general structure of the web
portal, it is necessary to define a metric on which
selected development tools for the proposed scheme of
representation and processing of data will be working.
Software development tools need to be open source,
because part of the system users are scientists or
government organizations, and they often do not have
the opportunity to purchase a system based on
expensive software products focused on business.
Development tools must be based on the standards for
obtaining and processing information for easy
integration with other software environments. In
addition, it is desirable that the development tools do
not require depth knowledge of programming and
provide the ability to use of subject matter experts who
do not have expertise in programming in an easy and
understandable way. They should be able to visualize
the process of writing the script, based on the CASEdiagrams.
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be installed on remote servers. In this case for the
specialist in the domain will not have any value, where
the server, and how the data will be processed, as it has
to deal with a set of web services with predetermined
parameters. This means that experts can concentrate on
the design data and simulation modeling.

flooding. Some other models provide good results for
the other steps of flooding or other year time periods.

Figures .5. Business process implements the acquisition
and processing of data for use in geo server.
It should be noted that the hydrological model is quite
complex, has many options to customize and big set of
output data that have to be processed for presentation on
the web portal.

It should be noted that the designed system after
installation does not require any interference in their
work that is operating in automatic mode. That is
automatically requests data from hydrological stations
processes them and sends the results to the database
server. This operation is done once an hour, this means
that the user of web service has updated forecast floods
every hour with the newly received data.

Figures .6. The contours of the flood.

This implies another advantage of this architecture,
which is the ability to run multiple independent business
processes using the system bus. As a result, we have a
number of independent processes, some of which will
implement a continuous and correct operation of the
various models of flooding.

This implies another advantage of this architecture,
which is the ability to run multiple independent business
processes using the system bus. As a result, we have a
number of independent processes, some of which will
implement a continuous and correct operation of the
various models of flooding.

7. CONCLUSIONS
The review of the state-of-the-art in river flood flow
forecasting and simulation allows defining the most
efficient models and tools for water flow forecasting
and river simulation. These models and technologies
provide input data clustering and filtering, using of
digital maps of a relief and river terrain, data

However, this model gives the best results floods only
for certain parameters such as the initial stage of
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flooding. Some other models provide good results for
the other steps of flooding or other year time periods.

Figures .6. The contours of the flood.

The final step is a business process that uses the one
hand data on flooding in real time, on the other hand
compares them with different prognostic floods models,
and has the ability to provide the user with the best
(according to the selected criteria) short-term (24 hours)
forecast of situation in the zone of possible flooding.
The next step of research will be to create a business
process to automate the work of filling the store
geospatial data and their further use in the geo server,
depending on user requests.
Developed software system is an example of the
successful use of the enterprise service bus provides
using BPEL language in flood forecasting problems.

That's what has been written the business process,
which at the entrance receives data from hydrological
stations having information on water consumption, and
output the results operation of a model, after conversion
to the geo- server for later display on the web portal.

be installed on remote servers. In this case for the
specialist in the domain will not have any value, where
the server, and how the data will be processed, as it has
to deal with a set of web services with predetermined
parameters. This means that experts can concentrate on
the design data and simulation modeling.

Figures .5. Business process implements the acquisition
and processing of data for use in geo server.
It should be noted that the hydrological model is quite
complex, has many options to customize and big set of
output data that have to be processed for presentation on
the web portal.
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compares them with different prognostic floods models,
and has the ability to provide the user with the best
(according to the selected criteria) short-term (24 hours)
forecast of situation in the zone of possible flooding.
The next step of research will be to create a business
process to automate the work of filling the store
geospatial data and their further use in the geo server,
depending on user requests.
Developed software system is an example of the
successful use of the enterprise service bus provides
using BPEL language in flood forecasting problems.

That's what has been written the business process,
which at the entrance receives data from hydrological
stations having information on water consumption, and
output the results operation of a model, after conversion
to the geo- server for later display on the web portal.
It should be noted that the designed system after
installation does not require any interference in their
work that is operating in automatic mode. That is
automatically requests data from hydrological stations
processes them and sends the results to the database
server. This operation is done once an hour, this means
that the user of web service has updated forecast floods
every hour with the newly received data.

7. CONCLUSIONS
The review of the state-of-the-art in river flood flow
forecasting and simulation allows defining the most
efficient models and tools for water flow forecasting
and river simulation. These models and technologies
provide input data clustering and filtering, using of
digital maps of a relief and river terrain, data

However, this model gives the best results floods only
for certain parameters such as the initial stage of
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crowdsourcing, different hydrological models for time
scale modelling water flows and geo-simulation,
visualization of the modelling results as well as duly
warning and personal notification on the flood status.
The architecture of software prototype now based on
Service Oriented Architecture (SOA). Approach based
on the use of Business Process Execution Language
(BPEL) for scenarios of system operation of river flood
modeling and forecasting demonstrated its applicability
and efficiency of use in floods forecasting applications.
Implemented approach using previously obtained
diverse solutions to meet the challenges of flooding, and
offer advanced software solutions based on open source
code that allowed various achievements integrated into
a single software package.
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ABSTRACT
This paper presents a simulation study for military land
equipment operational availability (OA). A discrete
event simulation model was developed within this study
to support the analysis of the effect of several
maintenance regimes on OA namely Corrective
Maintenance (CM), Scheduled Preventive Maintenance
(SPM), and Condition-Based Maintenance (CBM). The
model was implemented using the ARENA
environment and simulations were run with various
probability distributions for the various process
durations such as task duration, time between failure,
repair time, supply delay and non-operating time. The
maintenance “cost” metric has been considered in this
model. The results indicate that the simulation model
capture the important trends of an OA such as military
land systems for the CM, SPM and CBM regimes. The
simulations results showed that as time between repairs
becomes larger, the SPM triggers less often, so CBM
catches more failures. The results showed also that the
way the three maintenance regimes (CM, CBM, and
SPM) interact can be complex, particularly because
parts can fail during a task. Many possible
improvements were identified, at the design,
implementation, and results levels.

This paper examines OA of Canadian Armed Forces
(CAF) land equipment and focuses on the impact of
different maintenance regimes on OA when the
maintenance cost is considered as an important metric
in the simulation model. A high level generic
framework, capturing the most important factors
influencing the OA is presented (Boukhtouta and
Ghanmi 2014). The framework considers several
maintenance regimes, such as Corrective Maintenance
(CM), Scheduled Preventive Maintenance (SPM), and
Condition-Based Maintenance (CBM) and was
implemented in discrete event simulation model using
ARENA software. Simulations were run with various
probability distributions for the various process
durations such as task duration, time between failure,
repair time, supply delay and non-operating time. The
maintenance “cost” metric has also been implemented
in this model. A literature review of the military
operational availability simulation studies is given
below.

INTRODUCTION
Maximizing military land equipment availability
without increasing costs is a priority for Land Forces.
Although operational availability (OA) is conceptually
simple, measuring it using the available systems and
data structure is very complex. It appears that the
pursuit of accuracy and agreement in measurement of
OA may at times distract operators from the real
objective of meeting the user’s training and operational
requirements at an affordable cost. Indeed, the problem
of land equipment availability is highly complex, with
multiple interdependencies and external influencers
(Boukhtouta et al. 2012). Best practices for managing
land equipment availability could be applied at different
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Availability of military systems is of major concern for
military forces to meet their operational commitments
(See US DoD 2014 and Lie 1977). Different papers
addressing the OA of military systems from different
perspectives have been published in the literature.
However and in our knowledge there is no discrete
event simulation study of the OA of military systems
under different maintenance regimes and including the
maintenance costs. We discuss below the studies
pertaining to the current paper.
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levels of the chain of command to influence, monitor
and optimise the availability of the equipment to meet
the target operational availability and readiness
imperatives. Many logistics and support factors
contribute to achieving levels of equipment availability
for both training fleets and those deployed to
operations. Studies (simulations, theoretical, etc.) and
analysis are required to identify and understand the
relative contributions of these factors and activities, and
how they can be employed within the supply chain and
the logistics support network to achieve desired levels
of OA within the limited Defence budgets (Commander
Canadian Army 2013).
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OA may at times distract operators from the real
objective of meeting the user’s training and operational
requirements at an affordable cost. Indeed, the problem
of land equipment availability is highly complex, with
multiple interdependencies and external influencers
(Boukhtouta et al. 2012). Best practices for managing
land equipment availability could be applied at different
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Availability of military systems is of major concern for
military forces to meet their operational commitments
(See US DoD 2014 and Lie 1977). Different papers
addressing the OA of military systems from different
perspectives have been published in the literature.
However and in our knowledge there is no discrete
event simulation study of the OA of military systems
under different maintenance regimes and including the
maintenance costs. We discuss below the studies
pertaining to the current paper.
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operating, a vehicle could be down for maintenance
(repair, upkeep, or checkup), on standby, or simply
available and ready for their next task. There are three
main categories of maintenance operations:
 CM : CM deals with repair of system faults and
requires diagnostics for fault identification. CM is
triggered by system failures and the vehicle remains
down until repaired.
 SPM: is a preventive maintenance (PM) which
includes upgrades and checkups to decrease
likelihood of failure. SPM is triggered via a
maintenance tracking system that follows the rules
established by the manufacturer. The vehicle is
down for SPM when required spares are available
only.
 CBM: is a PM triggered by a decision-making
system that uses health and usage monitoring
system (HUMS) data to prognoses what is most
likely to fail, based on current state, if not
maintained within a certain time. Similar to SPM,
the vehicle is down for CBM when required spares
are available only.

Gary (2008) proposed a methodology for estimating OA
of military systems. The equations and methodologies
given in this paper describe the most common
techniques, to determine the OA, as well as their
limitations and shortcomings. From another side, an
investigation study on the effects of the prognostics
capability on OA of military land systems has been
conducted in Koehn et al. (2005). It is also shown in
that paper that OA of military vehicles is significantly
affected by Administrative Logistics Delay Time
(ALDT) and repair times. Koehn et al. recommended in
their paper to use prognostics approaches which allow
the ALDT reduction and OA improvement by
anticipating failure and preparing the necessary
replacement parts. Mi (1998) compared system
availability time interval measures of a single-unit
system based on stochastic orderings and classifications
of lifetime distributions. Murdock (1995) used the
renewal theory to develop an availability model over a
finite time horizon for a continuously demanded
component. He showed that the optimal age
replacement period in an infinite time horizon does not
maximize average availability. The result of Murdock
(1995) study is very useful for lifecycle maintenance
planning. A discrete event simulation model using
Monte Carlo methods is presented by Sadananda and
Srinivasan (2012) to estimate the availability of military
systems but not under different maintenance regimes.
The probability of failure is approximated by a linear
function in Schoenborn, et al. (2014) however this
probability is implemented in our study as a sigmoid
function of the tire thickness. The current study is an
extension of the simulation study presented in
Boukhtouta and Ghanmi (2014). We extended the latter
study by allowing parts to fail during a task (to study
CM, CBM, and SPM interactions) and we also
implemented in the maintenance “cost” metric in the
model presented in this paper. A system engineering
approach is used in this paper and the availability
results obtained may be used for long-term procurement
decisions and strategic planning.

All types of maintenance consume spare parts. If spares
are not available at the maintenance site, they must be
ordered from the Supply System. Demand Forecasting
technologies can be used to reduce the Time to Supply
Spares (TSS). The prefix M is used in this paper to
designate the mean (eg. MTSS, is the Mean Time to
Supply Spares).
A vehicle undergoing CM is considered unavailable
(down) while spare parts are being shipped to
maintenance site. This is referred as TSS. The time
required for CM can be subdivided into Time for
Failures diagnostics (TFD), TSS, and Time To Repair
(TTR). The latter includes an operational checkout
performed to ensure the vehicle is once more
serviceable. If the check passes, the vehicle goes on
standby (the acronym SBT – Standby Time is used for
this time), otherwise the CM must restart with a new
attempt at diagnostics. Repair times are typically much
smaller than TSS. However, for CBM, TSS is
eliminated, and there is no diagnostics time: down time
is approximately equal to repair time.

The paper is organized as follows. The next section
describes Land Force’ OA conceptual model followed
by the presentation of the simulation model and the
impact of different maintenance regimes on OA. The
maintenance cost impact is also presented and
discussed. Possible improvements of the model and the
simulation study are also discussed. Concluding
remarks and are given in the last section.

As indicted above, Figure 1 depicts most important
concepts (boxes) and relationships (lines). The system
could be available (green), in-use (yellow), and
unavailable (orange). The Fleet Vehicles box is the
main component, representing the fleet of vehicles in
standby. On average a vehicle is in a standby state for
the mean standby time (MSBT). Vehicles undergo wear
as a result of the Mission and Task Environment box,
representing the usage of vehicles on mission tasks.
Tasks last on average a time MTMT (the mean time for
mission tasks). A vehicle may become non-serviceable
as a result of wear-induced or combat induced failures,
both experienced during mission tasks. Failures

LAND FORCE’ OPERATIONAL AVAILABILITY
CONCEPTUAL MODEL
A high level OA conceptual model of a land system is
presented in Figure 1. The CAF Land system consists,
for the purpose of this study, of fleets of vehicles, which
partake in missions (tasks). Between tasks, vehicles are
non-operating and awaiting their next task. While non-
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operating, a vehicle could be down for maintenance
(repair, upkeep, or checkup), on standby, or simply
available and ready for their next task. There are three
main categories of maintenance operations:
 CM : CM deals with repair of system faults and
requires diagnostics for fault identification. CM is
triggered by system failures and the vehicle remains
down until repaired.
 SPM: is a preventive maintenance (PM) which
includes upgrades and checkups to decrease
likelihood of failure. SPM is triggered via a
maintenance tracking system that follows the rules
established by the manufacturer. The vehicle is
down for SPM when required spares are available
only.
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Monte Carlo methods is presented by Sadananda and
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systems but not under different maintenance regimes.
The probability of failure is approximated by a linear
function in Schoenborn, et al. (2014) however this
probability is implemented in our study as a sigmoid
function of the tire thickness. The current study is an
extension of the simulation study presented in
Boukhtouta and Ghanmi (2014). We extended the latter
study by allowing parts to fail during a task (to study
CM, CBM, and SPM interactions) and we also
implemented in the maintenance “cost” metric in the
model presented in this paper. A system engineering
approach is used in this paper and the availability
results obtained may be used for long-term procurement
decisions and strategic planning.

All types of maintenance consume spare parts. If spares
are not available at the maintenance site, they must be
ordered from the Supply System. Demand Forecasting
technologies can be used to reduce the Time to Supply
Spares (TSS). The prefix M is used in this paper to
designate the mean (eg. MTSS, is the Mean Time to
Supply Spares).
A vehicle undergoing CM is considered unavailable
(down) while spare parts are being shipped to
maintenance site. This is referred as TSS. The time
required for CM can be subdivided into Time for
Failures diagnostics (TFD), TSS, and Time To Repair
(TTR). The latter includes an operational checkout
performed to ensure the vehicle is once more
serviceable. If the check passes, the vehicle goes on
standby (the acronym SBT – Standby Time is used for
this time), otherwise the CM must restart with a new
attempt at diagnostics. Repair times are typically much
smaller than TSS. However, for CBM, TSS is
eliminated, and there is no diagnostics time: down time
is approximately equal to repair time.

The paper is organized as follows. The next section
describes Land Force’ OA conceptual model followed
by the presentation of the simulation model and the
impact of different maintenance regimes on OA. The
maintenance cost impact is also presented and
discussed. Possible improvements of the model and the
simulation study are also discussed. Concluding
remarks and are given in the last section.

As indicted above, Figure 1 depicts most important
concepts (boxes) and relationships (lines). The system
could be available (green), in-use (yellow), and
unavailable (orange). The Fleet Vehicles box is the
main component, representing the fleet of vehicles in
standby. On average a vehicle is in a standby state for
the mean standby time (MSBT). Vehicles undergo wear
as a result of the Mission and Task Environment box,
representing the usage of vehicles on mission tasks.
Tasks last on average a time MTMT (the mean time for
mission tasks). A vehicle may become non-serviceable
as a result of wear-induced or combat induced failures,
both experienced during mission tasks. Failures

LAND FORCE’ OPERATIONAL AVAILABILITY
CONCEPTUAL MODEL
A high level OA conceptual model of a land system is
presented in Figure 1. The CAF Land system consists,
for the purpose of this study, of fleets of vehicles, which
partake in missions (tasks). Between tasks, vehicles are
non-operating and awaiting their next task. While non-
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manifest on average every MTBF (mean time between
failures) days. The Preventive Maintenance box is the
actual maintenance activity resulting after either SPM or
CBM has been triggered and spares are available (no
TFD).

SIMULATION STUDY
Only one vehicle type is supported, with one spare part
type, and one task type. The sensor variable for CBM is
tire thickness. Tire thickness can be interpreted as a
metaphor for any sort of “system wear”. It was assumed
to be a linear function of time spent on task. Once the
tire thickness goes below Tcbm (thresholds of CBM
which is represented by tire tread thickness expressed in
mm, 25 mm for our study), the vehicle will finish its
task and then go for repair, and the tire thickness is reset
to NewTireThickness. Pf is implemented in the current
study as a sigmoid function of the tire thickness with a
mean Mf (the center of the profile).

Figure 1: High level Conceptual model for Analysis of
OA of Land Systems

Ao = uptime/(uptime+downtime)
= (TMT + SBT) / (TMT + SBT + TSS + TTR)

The task duration is discretized into durations of 0.1
days. That is, the Pf is updated, and the system is given
an opportunity to break, every 0.1 days. The Pf function
was scaled to give approximately the same probability
of failure for each task as before, however the standard
deviation of the “time to fail” will increase with the
time resolution of this approximation.

The task duration is discretized into durations of 0.1
days. That is, the Pf is updated, and the system is given
an opportunity to break, every 0.1 days. The Pf function
was scaled to give approximately the same probability
of failure for each task as before, however the standard
deviation of the “time to fail” will increase with the
time resolution of this approximation.

We also implement a “cost” metric in this model in a
very simple way. Spares have a fixed unit cost in this
simulation for simplicity. Each time a spare is used in a
repair, the total cost of the simulation is incremented by
one (the cost of the spare). Essentially, this method
simply counts the number of spares needed to reach a
given OA. In practice, vehicles have operating costs, the
spare cost is not fixed, repairs have costs that sometimes
outstrip the price of parts, and CBM is usually more
expensive to implement. Nevertheless, this simple
model gives a very clear picture of the “cost” of
maintaining a certain OA with given repair regimes.
The following is a sensitivity analysis of the operational
availability in our model. We increment several
parameters that we feel are illuminating over a range of

Each of those time durations is treated as a stochastic
variable.

Figure 2: Time Subdivision Hierarchy for Vehicle OA
Measurements
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Only one vehicle type is supported, with one spare part
type, and one task type. The sensor variable for CBM is
tire thickness. Tire thickness can be interpreted as a
metaphor for any sort of “system wear”. It was assumed
to be a linear function of time spent on task. Once the
tire thickness goes below Tcbm (thresholds of CBM
which is represented by tire tread thickness expressed in
mm, 25 mm for our study), the vehicle will finish its
task and then go for repair, and the tire thickness is reset
to NewTireThickness. Pf is implemented in the current
study as a sigmoid function of the tire thickness with a
mean Mf (the center of the profile).
All probability distributions are labelled Px where x is a
suffix indicating which component it represents: x=t for
tasks, n for non-operating, r for repair, and s for supply.
Each distribution has a mean Mx and standard
deviations Sx.

Among the variables used in the model we have Mt
(mean duration of task), Mn (mean duration of nonoperating), Mf (mean time between failures), Fspm
(Period or frequency of SPM), and Wr (wear rate of tire
per Km (mm/km)).

(1)

SIMULATION STUDY

All probability distributions are labelled Px where x is a
suffix indicating which component it represents: x=t for
tasks, n for non-operating, r for repair, and s for supply.
Each distribution has a mean Mx and standard
deviations Sx.

If a vehicle breaks down during a task, it goes through
CM, and then completes the remainder of the task
duration. A design decision was made to not allow the
system to undergo CBM or SPM while on task. As
realistically, the vehicle would be far away from base
and not be able to do this. In addition, in practice there
should be a time penalty for system failure while on
task, to represent the addition time to repair, but this
was not implemented.

Figure 2 depicts a graphical representation of a given
Task Cycle Time (TCT) for a vehicle; each cycle has
two times: Time on Missions Tasks (TMT) and Nonoperating Time (NOT). The NOT can be decomposed
into DWT (Downtime) and SBT (Time on Standby).
The DWT is the sum of TFD, TSS, and TTR. Using
these notations, the uptime of a vehicle is TMT + SBT
whereas its downtime is DWT, which can be
approximated by the sum of TSS and TTR (i.e. TFD is
treated as negligible in comparison with TSS and TTR).
The operational availability Ao (this symbol is usually
used in formula to express the OA) of a vehicle is given
by (see Gary 2008):
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actual maintenance activity resulting after either SPM or
CBM has been triggered and spares are available (no
TFD).
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into DWT (Downtime) and SBT (Time on Standby).
The DWT is the sum of TFD, TSS, and TTR. Using
these notations, the uptime of a vehicle is TMT + SBT
whereas its downtime is DWT, which can be
approximated by the sum of TSS and TTR (i.e. TFD is
treated as negligible in comparison with TSS and TTR).
The operational availability Ao (this symbol is usually
used in formula to express the OA) of a vehicle is given
by (see Gary 2008):
Ao = uptime/(uptime+downtime)
= (TMT + SBT) / (TMT + SBT + TSS + TTR)

Among the variables used in the model we have Mt
(mean duration of task), Mn (mean duration of nonoperating), Mf (mean time between failures), Fspm
(Period or frequency of SPM), and Wr (wear rate of tire
per Km (mm/km)).
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We also implement a “cost” metric in this model in a
very simple way. Spares have a fixed unit cost in this
simulation for simplicity. Each time a spare is used in a
repair, the total cost of the simulation is incremented by
one (the cost of the spare). Essentially, this method
simply counts the number of spares needed to reach a
given OA. In practice, vehicles have operating costs, the
spare cost is not fixed, repairs have costs that sometimes
outstrip the price of parts, and CBM is usually more
expensive to implement. Nevertheless, this simple
model gives a very clear picture of the “cost” of
maintaining a certain OA with given repair regimes.
The following is a sensitivity analysis of the operational
availability in our model. We increment several
parameters that we feel are illuminating over a range of

Each of those time durations is treated as a stochastic
variable.
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both realistic values, and nonphysical (but interesting)
boundary cases.

both realistic values, and nonphysical (but interesting)
boundary cases.

Sensitivity of SPM Operational Availability to Wear
Rate, Replacement Frequency and Mt
The effect of the Time between Replacement (TBR) on
OA evaluated with respect to mean task duration (Mt),
and rate of tire wear (Wr), with CBM off is shown
below in Figure 3, Figure 4 and Figure 5. Since CBM is
off, Wr essentially corresponds to Mf. The title of the
axis giving the values of the operational availability is
represented by Ao on the different figures.

Sensitivity of SPM Operational Availability to Wear
Rate, Replacement Frequency and Mt
The effect of the Time between Replacement (TBR) on
OA evaluated with respect to mean task duration (Mt),
and rate of tire wear (Wr), with CBM off is shown
below in Figure 3, Figure 4 and Figure 5. Since CBM is
off, Wr essentially corresponds to Mf. The title of the
axis giving the values of the operational availability is
represented by Ao on the different figures.

When Wr is very low, the system takes a long time to
fail “naturally”, so a low TBR results in many
unnecessary replacements, which causes unnecessary
repair time, lowering the OA. As the Wr rises, the
system fails more often, so SPM repairs have a positive
effect on the OA. SPM is only effective beyond a
certain point. If the Wr and TBR are such that the vast
majority of parts fail before the scheduled maintenance,
SPM has little effect on OA.

When Wr is very low, the system takes a long time to
fail “naturally”, so a low TBR results in many
unnecessary replacements, which causes unnecessary
repair time, lowering the OA. As the Wr rises, the
system fails more often, so SPM repairs have a positive
effect on the OA. SPM is only effective beyond a
certain point. If the Wr and TBR are such that the vast
majority of parts fail before the scheduled maintenance,
SPM has little effect on OA.

Figure 4: Sensitivity of Ao to TBR and Wr, for Mt = 2

Furthermore, the OA as a function of Fspm contains
some “bumps” that seem counterintuitive. This
phenomenon is caused by the way SPM is implemented
with respect to Mt. That is, a part is replaced before a
task if the scheduled repair time is expected (that is, the
calculation uses Mt, the mean task duration) to coincide
with a task.

Furthermore, the OA as a function of Fspm contains
some “bumps” that seem counterintuitive. This
phenomenon is caused by the way SPM is implemented
with respect to Mt. That is, a part is replaced before a
task if the scheduled repair time is expected (that is, the
calculation uses Mt, the mean task duration) to coincide
with a task.

Another result of the implementation is that extreme
combinations of TBR, Mt, and Wr can cause odd
situations where the part is replaced before the task
even begins (when Mt>TBR for instance). However,
parameters like these are nonsensical and would never
occur in the real world. They are included as boundary
cases for completeness and interest’s sake.

Another result of the implementation is that extreme
combinations of TBR, Mt, and Wr can cause odd
situations where the part is replaced before the task
even begins (when Mt>TBR for instance). However,
parameters like these are nonsensical and would never
occur in the real world. They are included as boundary
cases for completeness and interest’s sake.

Figure 5: Sensitivity of Ao to TBR (days) and Wr, for
Mt = 3
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Figure 5: Sensitivity of Ao to TBR (days) and Wr, for
Mt = 3

Cost Simulation Analysis
The following Figures (Figure 6 and Figure 7), illustrate
the relationships that OA and cost (as defined above)
have with Tcbm and TBR. In other words, the graphs
show how the OA and cost are affected by earlier CBM,
or faster time between replacements. The relative
efficiency of CBM vs. SPM is clearly visible. SPM can
attain higher levels of operational availability than
CBM, but at a much greater cost. These findings mostly
agree with intuition regarding these two maintenance
regimes. The bumps in the OA are actually a result of
the Mt and the way that SPM is implemented, as
explained in the above section.

Figure 3: Sensitivity of Ao to TBR and Wr, for Mt = 1

Cost Simulation Analysis
The following Figures (Figure 6 and Figure 7), illustrate
the relationships that OA and cost (as defined above)
have with Tcbm and TBR. In other words, the graphs
show how the OA and cost are affected by earlier CBM,
or faster time between replacements. The relative
efficiency of CBM vs. SPM is clearly visible. SPM can
attain higher levels of operational availability than
CBM, but at a much greater cost. These findings mostly
agree with intuition regarding these two maintenance
regimes. The bumps in the OA are actually a result of
the Mt and the way that SPM is implemented, as
explained in the above section.

Figure 3: Sensitivity of Ao to TBR and Wr, for Mt = 1

376

376

Figure 6: Ao as a function of TBR and Tcbm, Ms = 16

Figure 7: Cost as a function of TBR (days) and Tcbm,
Ms = 16
The Wr is on the lower side because it slows down the
system wear, to allow SPM and CBM to interact more.
Similarly, the Mt was set to 4 because it shows the
relationship more clearly.
Tcbm has little effect on OA when TBR is small,
because the scheduled maintenance “catches” every
failure before CBM has a chance to trigger. As TBR
becomes larger, the SPM triggers less often, so CBM
catches more failures. There is a clear “sweet spot”
where both of them are effective, and that is related to
the Mt, and the tire wear rate. The results are very
chaotic because the way the three (CM, CBM, and
SPM) maintenance regimes interact can be complex,
particularly because parts can fail during a task.

When Fspm is no longer triggering (at around 34 days),
increasing the Tcbm from 14 to 38 results in a ~16%
increase in OA for negligible increase in total cost.

When Fspm is no longer triggering (at around 34 days),
increasing the Tcbm from 14 to 38 results in a ~16%
increase in OA for negligible increase in total cost.

When Tcbm is not triggering (SPM catches failures
first), decreasing the TBR from 14 to 6 results in
approximately 25-37% increase in OA , for a staggering
45-62 unit increase in total cost.

When Tcbm is not triggering (SPM catches failures
first), decreasing the TBR from 14 to 6 results in
approximately 25-37% increase in OA , for a staggering
45-62 unit increase in total cost.

The most “efficient” system state, for these variables, is
at Tcbm = 35, TBR = 8, which results in an average of
2.7% OA per unit cost. The model significantly
decreases in efficiency when TBR is low and Tcbm is
high, because there are a lot of premature replacements.
The highest achievable OA, for these variables and this
system, is 87%, at Tcbm = 35 and TBR = 6, resulting in
an average of 0.98% OA per unit cost. For contrast,
increasing the TBR by one day with the same Tcbm
gives an OA of 82%, for an average of 2.7% OA per
unit cost.

The most “efficient” system state, for these variables, is
at Tcbm = 35, TBR = 8, which results in an average of
2.7% OA per unit cost. The model significantly
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high, because there are a lot of premature replacements.
The highest achievable OA, for these variables and this
system, is 87%, at Tcbm = 35 and TBR = 6, resulting in
an average of 0.98% OA per unit cost. For contrast,
increasing the TBR by one day with the same Tcbm
gives an OA of 82%, for an average of 2.7% OA per
unit cost.

Figure 6: Ao as a function of TBR and Tcbm, Ms = 16

The reason that CBM is so effective and efficient is that
most of the repairs in a simulation (with the exception
of ones where SPM occurs before every task), are CM
repairs that happen when a part fails during a task.
CBM allows parts for both CM and CBM to be ordered
ahead of time, this means that when a part fails during a
task, it bypasses the supply time.

The reason that CBM is so effective and efficient is that
most of the repairs in a simulation (with the exception
of ones where SPM occurs before every task), are CM
repairs that happen when a part fails during a task.
CBM allows parts for both CM and CBM to be ordered
ahead of time, this means that when a part fails during a
task, it bypasses the supply time.

A much lower Ms allows CBM to surpass the maximum
OA of SPM (as shown below in Figure 8 and Figure 9),
for almost no extra spare parts. However, CBM reaches
a ceiling, bounded by the repair time, and any higher
values of Tcbm result in lower OA’s for significantly
more spare parts. This ceiling happens at around Tcbm
= 35 for the settings in Figure 8 and Figure 9.

A much lower Ms allows CBM to surpass the maximum
OA of SPM (as shown below in Figure 8 and Figure 9),
for almost no extra spare parts. However, CBM reaches
a ceiling, bounded by the repair time, and any higher
values of Tcbm result in lower OA’s for significantly
more spare parts. This ceiling happens at around Tcbm
= 35 for the settings in Figure 8 and Figure 9.

Although it seems like CBM is better across the board,
situations with a high relative Ms and/or cheap parts can
create very advantageous scenarios for SPM. The
installation and monitoring of a CBM system can also
cost also more than it is worth in the end. Detailed
models are capable of illustrating the most effective
system and parameters for most scenarios.

Although it seems like CBM is better across the board,
situations with a high relative Ms and/or cheap parts can
create very advantageous scenarios for SPM. The
installation and monitoring of a CBM system can also
cost also more than it is worth in the end. Detailed
models are capable of illustrating the most effective
system and parameters for most scenarios.

Figure 7: Cost as a function of TBR (days) and Tcbm,
Ms = 16
The Wr is on the lower side because it slows down the
system wear, to allow SPM and CBM to interact more.
Similarly, the Mt was set to 4 because it shows the
relationship more clearly.
Tcbm has little effect on OA when TBR is small,
because the scheduled maintenance “catches” every
failure before CBM has a chance to trigger. As TBR
becomes larger, the SPM triggers less often, so CBM
catches more failures. There is a clear “sweet spot”
where both of them are effective, and that is related to
the Mt, and the tire wear rate. The results are very
chaotic because the way the three (CM, CBM, and
SPM) maintenance regimes interact can be complex,
particularly because parts can fail during a task.
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Figure 8: Ao values as a function of TBR and Tcbm,
Ms = 4

Different design improvements could considered in a
future studies. Among these design improvements we
cite: multiple types of breakable parts, damage due to
failure causes more parts to require replacement, enable
vehicles to be taken offline for CBM maintenance as
soon as an ordered spare arrives at the maintenance site,
and include demand forecasting to decrease the wait
time when CM is required, or to decrease the number of
cycles a vehicle experiences after an SPM or CBM has
been triggered.

Different design improvements could considered in a
future studies. Among these design improvements we
cite: multiple types of breakable parts, damage due to
failure causes more parts to require replacement, enable
vehicles to be taken offline for CBM maintenance as
soon as an ordered spare arrives at the maintenance site,
and include demand forecasting to decrease the wait
time when CM is required, or to decrease the number of
cycles a vehicle experiences after an SPM or CBM has
been triggered.

CONCLUSIONS

CONCLUSIONS

The objective of this paper was to study the military
Land
equipment
availability
under
different
maintenance regimes. A generic framework was used to
support the study of several maintenance regimes on
OA namely Corrective Maintenance (CM), Scheduled
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Simulations based on the implementation were run with
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results indicate that the framework and implementation
properly capture the important trends of OA for a
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The simulations results showed that as TBR becomes
larger, the SPM triggers less often, so CBM catches
more failures. There is a clear “sweet spot” where both
maintenance regimes are effective, and that is related to
the Mt, and the tire wear rate. The results showed also
that way the three maintenance regimes (CM, CBM,
and SPM) interact can be complex, particularly because
parts can fail during a task. The simulations results
showed that CBM is an effective and efficient
maintenance regime. The reason that CBM is so
effective and efficient is that most of the repairs in a
simulation (with the exception of ones where SPM
occurs before every task), are corrective maintenance
repairs that happen when a part fails during a task.
CBM allows parts for both CM and CBM to be ordered
ahead of time, this means that when a part fails during a
task, it bypasses the supply time.

Figure 9: Cost as a function of TBR and Tcbm, Ms = 4
POSSIBLE IMPROVEMENTS
Several improvements to the model are possible at the
design and implementation levels. From implementation
perspective, tasks could be implemented in a future
study according to a probability distribution, and the
standby time should be measured as the time the vehicle
was in the waiting queue. Also, current implementation
uses a variable to keep track of spares; this is adequate
when there is only one type of spare modelled (since
there is only one type of part that can fail), but with
multiple types of parts, multiple vehicles, keeping track
of the shipment of spares to maintenance site will be
much easier to handle by representing them as entities
in the ARENA model.

The cost simulations results gave us a very clear picture
of the “cost” of maintaining a certain OA with given
repair regimes. The analysis of these results shows how
the OA and cost are affected by earlier CBM, or faster
time between replacements. The relative efficiency of
CBM vs. SPM is clearly visible. SPM can attain higher
levels of operational availability than CBM, but at a
much greater cost.
Many possible improvements were identified, at the
design, implementation, and results levels.
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De facto, analysis of discrete event time series is widely
dominated by methods of descriptive statistics, e.g.
computation of mean, standard deviation or confidence
intervals (cf. e.g. Fishman 2001, Banks 2010, Law
2014). In doing so, sequential and time-related information of discrete event time series is lost; it might be
questioned as to how far application of methods designed for static sample distributions can comprehensively represent the true, dynamic behaviour of discrete
event processes.
In previous contributions, new methods for analysis of
single discrete event time series have been proposed
(Koors 2013; Koors and Page 2013). A novel approach
for analysis of discrete event time series pairs is described in (Koors and Page 2014). This paper introduces
a method family called Time-Segmented Scatter Plots
(figure 1), conceived for exploration of time-dependent
state relationships between two discrete event simulation time series.

KEYWORDS
Scatter Plots, Discrete Event Simulation, Time Series,
Simulation Dynamics, Experiment Analysis.
ABSTRACT
Pairs of discrete event time series are characterised by
their asynchronous nature, often hampering direct application of otherwise common analysis methods. For correct application of scatter plots, pairs of discrete event
time series first have to be pre-processed and merged
into a new synthetic time series of so-called coobservations. While standard scatter plots suggest analysis of global state correlation, connected scatter plots
support more sophisticated hypotheses, by including
sequence information. The family of time-segmented
scatter plots introduced here additionally contributes
time information, by dividing co-observations into timerelated coloured segments. Time-segmented scatter
plots permit to correlate co-observation states, state patterns and state relationships with time intervals, in order
to explore time-stability of state relationships, discover
otherwise overlooked dynamic patterns and possibly
detect underlying processes that shape the formation of
co-observation relationships. Enhanced concepts like
filtered, tiled or delimited time-segmented scatter plots
are available for unfavourable conditions like very high
number of co-observations, overplotting, high variance
or low autocorrelation. These extensions add visual aids
to focus on the basic nature of co-observation relationships and their possible development. All concepts introduced in this paper are illustrated by means of a
simple cash and carry warehouse example model.
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Connected
Scatter Plot

Tiled
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Delimited
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Figure 1: Time-Segmented Scatter Plot Method Family
This paper is structured as follows (cf. figure 1): Next,
the common use of scatter plots and phase space diagrams is outlined. The succeeding section describes how
pairs of asynchronous discrete event time series have to
be pre-processed into new co-observation series, to allow correct application of scatter plots. Afterwards, the
example model for the rest of this paper is delineated.
The following section presents connected scatter plots.
Subsequently, basic time-segmented scatter plots are
introduced, extended by sub-sections for filtered timesegmented scatter plots, tiled time-segmented scatter
plots and delimited time-segmented scatter plots. The
final section summarises and concludes the paper.

INTRODUCTION
Discrete event simulation is a methodology that models
dynamic systems and runs experiments on these models,
in order to gain insights that can be re-transferred to the
investigated original system (Page and Kreutzer 2005).
Output time series of discrete event experiments are of
non-equidistant and asynchronous nature: it is characteristic for the methodology to allow arbitrary time spans
between discrete events, e.g. continuous stochastic
transport times. In consequence, many common time
series analysis methods are inapplicable here, because
they require equidistant and synchronous basic time
series.
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proximately) the same time instant, e.g. medical or biological studies, public-opinion polls or market surveys. Therefore, scatter plots commonly do not contain sequential or
time-related information.

SCATTER PLOTS
Scatter Plots in Statistics
Scatter plots are diagrams used to explore relationships of
two variables 𝑣𝑖 and 𝑣𝑗 in data sets with associated observations. One of the variables is assigned to the abscissa, the
other one to the ordinate of a Cartesian coordinate system.
Each pair (𝑠𝑖,𝑘 , 𝑠𝑗,𝑘 ) of associated state observations is represented as a discrete data point 𝑝𝑘 in the coordinate system, whose horizontal and vertical location is determined
by the observed states 𝑠𝑖,𝑘 and 𝑠𝑗,𝑘 of the original variables.
An exemplary scatter plot of breast cancer data is shown in
figure 2 (data taken from Lichman 2013).

Phase Space Diagrams
Phase space diagrams are similar to scatter plots in that
they visualise relations of two variables 𝑣𝑖 and 𝑣𝑗 . In contrast to scatter plots, the displayed data generally is continuous and not of discrete nature, thus phase space diagrams
show continuous curves instead of discrete data points
(figure 3).

Figure 3: Phase Space Diagram

Figure 2: Scatter Plot

Phase space diagrams are often used in physics, where
dynamical systems are described by equations. Concrete
valid dynamic paths 𝑠∗ (𝑡) of 𝑛 system variables complying
with the underlying equation set are called trajectories and
can be described in an 𝑛-dimensional phase space. Phase
space diagrams visualise one or a bundle of possible trajectories in phase space as geometric curves in 𝑛-dimensional
Cartesian coordinate systems.
Here as well, limitations of human visual and cognitive
apparatus practically lead to two- or three-dimensional
phase space diagrams, illustrating relations only between
two or three system variables. Sometimes phase diagram
lines are coloured, to display state information of one further variable; however dashing and width of trajectory
curves are usually not employed to convey further information.
Besides of physics, phase space diagrams can be used in
disciplines where systems are modelled by mathematical
equations, e.g. in engineering, biology, ecology or economics. These fields are often application areas for continuous
simulation as well; figure 3 shows the phase space diagram
of a predator-prey model, output by a continuous simulation experiment.
Although the underlying equation systems consistently
include time as independent variable 𝑡, time itself is not
assigned to phase space diagram axes (since time is not
modelled as a state variable). Therefore, phase space diagrams do not indicate when certain state combinations are
observed. Moreover, if trajectories do not approach fix
point attractors but follow periodic orbits or strange attractors, it is not necessarily obvious in which direction the
curves evolve. To sum up, phase space diagrams do not

For analysis of three associated variables, scatter plots may
be extended to the third dimension, by adding a depth axis.
2D or 3D scatter plots can incorporate further variables by
mapping their values to colour, shape or size of data points.
However, analysis of multi-dimensional data by single
scatter plots becomes less intuitive the more dimensions
are involved, since human visual and cognitive capability
is restricted, especially for distinction of colour and size
(Aigner et al. 2011).
Depending on characteristics and quantity of the data given, overplotting may become a problem: a) If more than
one pair of observations with identical variable values
𝑠𝑖,𝑘 = 𝑠𝑖,𝑙 and 𝑠𝑗,𝑘 = 𝑠𝑗,𝑙 exist, corresponding data points
will indistinguishably be plotted one on top of the other
and therefore be lost visually. b) If there exist many observation pairs with merely small differences 𝑠𝑖,𝑘 ≈ 𝑠𝑖,𝑙 and
𝑠𝑗,𝑘 ≈ 𝑠𝑗,𝑙 , visual data points may overlap and thus blur the
scatter plot.
As a sideline, it should be noted that scatter plots formally
only visualise coincidence in observations, not necessarily
causality: Apparent relations in scatter plots may be identified a) because there actually is an underlying causal dependency between two observational variables or b) just by
chance, without fundamental causal relationships (e.g.
Leinweber 2007).
Scatter plots are typically used in descriptive and exploratory statistics, to analyse dependencies between two variables, by visually spotting functional relationships in data
sets, or for identification of (possibly related) data clusters
(Myatt and Johnson 2014).
Regularly, the data sets analysed originate from crosssectional studies, where all observations are taken at (ap-
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directly contain time-related information and need not contain sequential information.

stellations of two variables 𝑣𝑖 and 𝑣𝑗 may be observed (figure 5, left):
a) Both variables may change synchronously (𝑡5 ). This
typically is the case when both variables are affected
by the same event or by different events occurring at
the same simulation time instant.
b) One variable is modified by an event routine, while
the other one remains unchanged (𝑡2 , 𝑡3 , 𝑡4 ). This is
the normal mode of progress for most pairs of state
variables.
c) At the start of a simulation experiment, one variable
may be assigned a (sequence of) value(s), while the
other one remains undefined for a certain time (𝑡1 ).
d) At the end of a simulation experiment, one variable
may have been modified recently, while the other one
remained unchanged for a long time (𝑡6 ).

SCATTER PLOTS FOR DISCRETE EVENT TIME
SERIES
Asynchrony of state variables 𝑣 is one of the distinguishing
features of discrete event simulation, compared to other
simulation techniques.

Synchronous State Observations
In the majority of simulation approaches, e.g. continuous
or agent based simulation, the simulation clock advances in
fixed or variable steps of ∆𝑡, with step size determined by
global settings of the simulation engine. After every time
step, all model constructs (e.g. equations or agents) are
updated concurrently, and new state observations 𝑜∗,𝑘 =
(𝑡𝑘 , 𝑠∗,𝑡𝑘 ) are computed quasi-simultaneously. Afterwards
the simulation clock is advanced again. Dynamics arise as
a sequence of synchronous state observation tuples
(𝑡𝑘 , 𝑠1,𝑡𝑘 , … 𝑠𝑖,𝑡𝑘 , … 𝑠𝑛,𝑡𝑘 ), where all observed states 𝑠∗,𝑡𝑘 are
tied by the same observation time instant 𝑡𝑘 (see figure 4).
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Hence, discrete event simulation experiments do not result
in a sequence of synchronous observation tuples, but in a
set of asynchronous time series. These time series may
start and end at different simulation times and consist of a
different number of observations; they may have deviating
observation densities, and even within one time series
event density may change locally. Moreover, between two
subsequent observations in one time series (e.g. 𝑠𝑗,𝑡1 and
𝑠𝑗,𝑡4 ), a large number of observations in another time series
may have been recorded.
It is not feasible to construct scatter plots for pairs of “raw”
discrete event time series as described above, because no
pairs of corresponding observations will exist for most
time instants.
At this point, it is helpful to recall that there exist two types
of state variables:
The first persisting type holds the last observed state indefinitely, until it is superseded by another state observation.
For example, a waiting queue has a length of 10 not only at
the moment when a new client enters the queue, but for all
subsequent time instants, until another client enters or
leaves the queue. These state variables regularly have to be
time-weighted, because here it is not only important that a
certain state was observed (at a particular frequency), but
how long it was observed. Other examples include server
utilisation, warehousing KPIs, machine breakdown, but
also exposure to harmful substances or performance of
investment decisions.
On the other hand, there exists a second transient type of
often unweighted state variables, where – strictly speaking
– observations are only valid for the particular time instant
they were observed at. These include all observations of
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Figure 4: Synchronous State Variable Observations
It is quite natural and formally feasible to use scatter plots
or phase space diagrams in case of synchronous state variables, because mapping of each observation 𝑜𝑖,𝑘 of variable
𝑣𝑖 to an observation 𝑜𝑗,𝑘 of any other variable 𝑣𝑗 is welldefined by correspondence in time: Both observations refer
to the state of the same system at the same time instant 𝑡𝑘 ,
just from the viewpoint of different state variables.

Asynchronous State Observations
In contrast, advancement of the simulation clock in discrete
event simulation is determined by time stamps of scheduled events. Cyclically, the simulator advances the simulation clock to the time stamp of the next event note on the
event list, executes the corresponding event routine and
then picks the subsequent event note from the event list.
Although the simulator executes the flow of events, it has
no control of inter-event time spans ∆𝑡: time stamps of
event notes are set by simulation model event routines,
(often stochastically) re-/scheduling other events at arbitrary points in time.
Within event routines, some state variables may change
(e.g. length of a waiting queue during the arrival event of a
client), but regularly many entities and their state variables
are not influenced by particular event routines and thus
remain unaltered. In consequence, four state change con-

382

stellations of two variables 𝑣𝑖 and 𝑣𝑗 may be observed (figure 5, left):
a) Both variables may change synchronously (𝑡5 ). This
typically is the case when both variables are affected
by the same event or by different events occurring at
the same simulation time instant.
b) One variable is modified by an event routine, while
the other one remains unchanged (𝑡2 , 𝑡3 , 𝑡4 ). This is
the normal mode of progress for most pairs of state
variables.
c) At the start of a simulation experiment, one variable
may be assigned a (sequence of) value(s), while the
other one remains undefined for a certain time (𝑡1 ).
d) At the end of a simulation experiment, one variable
may have been modified recently, while the other one
remained unchanged for a long time (𝑡6 ).

SCATTER PLOTS FOR DISCRETE EVENT TIME
SERIES
Asynchrony of state variables 𝑣 is one of the distinguishing
features of discrete event simulation, compared to other
simulation techniques.

Synchronous State Observations
In the majority of simulation approaches, e.g. continuous
or agent based simulation, the simulation clock advances in
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(𝑡𝑘 , 𝑠∗,𝑡𝑘 ) are computed quasi-simultaneously. Afterwards
the simulation clock is advanced again. Dynamics arise as
a sequence of synchronous state observation tuples
(𝑡𝑘 , 𝑠1,𝑡𝑘 , … 𝑠𝑖,𝑡𝑘 , … 𝑠𝑛,𝑡𝑘 ), where all observed states 𝑠∗,𝑡𝑘 are
tied by the same observation time instant 𝑡𝑘 (see figure 4).
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leaves the queue. These state variables regularly have to be
time-weighted, because here it is not only important that a
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are not influenced by particular event routines and thus
remain unaltered. In consequence, four state change con-
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time (e.g. waiting time, service time, total processing time)
and often assessment (e.g. client satisfaction) and will be
discussed further below.
ii)

Co-Observation Time Series
To overcome the obstacles of constructing scatter plots for
pairs of asynchronous discrete event time series, it is suggested to generate synthetic compound co-observation time
series as follows (figure 5, right):
a) When both original state variables 𝑣𝑖 and 𝑣𝑗 change
synchronously at 𝑡𝑘 , a new co-observation 𝑜𝑘 =
(𝑡𝑘 , 𝑠𝑖,𝑡𝑘 , 𝑠𝑗,𝑡𝑘 ) is created that contains the observed
state values (figure 5, right, 𝑡5 ).
b) Whenever an observation for one state variable 𝑣𝑖 at
𝑡𝑘 has no time-corresponding observation in the other
state variable 𝑣𝑗 , a new co-observation 𝑜𝑘 =
(𝑡𝑘 , 𝑠𝑖,𝑡𝑘 , 𝑠𝑗,𝑡𝑘−𝑙 ) is created, containing the actually observed variable value 𝑠𝑖,𝑡𝑘 at 𝑡𝑘 and the first existent,
immediately preceding value 𝑠𝑗,𝑡𝑘−𝑙 of the other variable (figure 5, right, 𝑡2 , 𝑡3 , 𝑡4 , 𝑡6 ; artificially generated
state values are marked with “+”). This determination
is justified for all state variables of the first persisting
type, where state is valid until changed: If a state
𝑠𝑗,𝑡𝑘−𝑙 was in force at an earlier time instant 𝑡𝑘−𝑙 in one
time series and did not change when a state 𝑠𝑖,𝑡𝑘 was
observed in the other time series at 𝑡𝑘 , this state can be
considered to also have been in force at 𝑡𝑘 .
c) All initial observations of one state variable 𝑣𝑗 for
which no preceding observations in the other state variable 𝑣𝑖 exist, are discarded (figure 5, right, 𝑡1 ; marked
with “–”). This determination loses part of state observations in the earlier starting time series. However,
when no observations have been made for the complementing variable 𝑣𝑖 , there is no valid basis that
could be merged with leading observations of the variable 𝑣𝑗 to form a valid prefix sequence of initial coobservations.
Note that the procedure above constructs a new time series
of now synchronised co-observations, but that inter-event
time spans remain variable: the event density in the new
time series will still vary randomly. Simulation time deliberately has not been discretised, to maintain the characteristic properties of discrete event time series.

ent expresses (probably before finally leaving a system), represents his rating on previously rendered services, at this very moment; thus it should not be used
to rate future waiting queue lengths.
Alternatively, another approach may be used: Instead
of statistically recording state variable values when
they actually occur, these values can temporarily be
stored in memory (e.g. in entity data fields) until the
values of both corresponding state variables are
known. Just then, both time series are updated simultaneously. This will generate synchronous time series
pairs consistently containing observations of type a)
(cf. figure 5, left), without the need to synthesise additional co-observations from preceding transient state
values.
This option has another benefit: Here, the modeller
can ensure that pairs of observations indeed refer to
state values that conceptually belong together: In the
case of client satisfaction and waiting queue length, it
would make more sense to record the (e.g. average)
actual waiting queue length a client experienced in
combination with his rating, and not his rating along
with the unrelated waiting queue length observed
when he leaves the system.

EXAMPLE MODEL
The types of scatter plot proposed in this paper will be
illustrated and motivated by a simple discrete event model
of a cash and carry warehouse, implemented in our open
source Java simulation framework DESMO-J (Göbel et al.
2013):
In a metropolitan area, clients order major household appliances like refrigerators, washing machines or clothes
dryers via internet, which in turn are delivered to a central
warehouse. Clients are notified by email when their ordered goods are available for collection and payment.
When arriving at the warehouse, they park their cars and
enter a waiting hall, drawing an electronically timestamped smart card from a ticket machine. When a warehouse worker becomes available, he calls the next client in
chronological order and services him by a) picking his
ordered goods from the warehouse, b) handing over a pallet jack carrying the client’s goods and c) collecting the
purchase price plus a deposit for the pallet jack. Next, the
client loads his appliance(s) into the car (probably with the
help of a friend), returns the pallet jack and finally inserts
the smart card into the ticket machine again. After rating
his total experience on a scale of 0 (very poor) to 9 (excellent), the deposit is refunded, and the client leaves the system, now transporting his purchase home.
The smart card ticket machine records clients’ total processing times (time span between entering and leaving the
system = waiting time + service time) for further analysis,
along with the corresponding client ratings.
The warehouse managers suppose that client satisfaction
depends on two aspects: a) The longer a client has to wait
without service, the lower his rating will turn out, and b)
the more accommodating (and longer) a client is serviced,
the better his rating is. In order to increase sales by improving customer satisfaction, the managers test a new service
strategy: In normal operation mode, clients are serviced as
described above. If clients’ ratings decrease, additional
warehouse workers are deployed to reduce waiting queues.

With the newly constructed co-observation time series, a
valid basis for discrete event scatter plots is at hand.

Handling of Transient Observations
There are two options to incorporate time series containing
transient observations:
i) For practical reasons, transient state observations may
be handled like persisting state observations. Though,
one should be aware that in some cases conceptual inaccuracies might arise: Imagine that a time series of
waiting queue length observations is merged with a
time series of client satisfaction observations. Then
two subsequent queue length observations between
two subsequent satisfaction observations will lead to
co-observations where both queue lengths are related
to the same preceding client satisfaction value. This
would be questionable, because the satisfaction a cli-
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time (e.g. waiting time, service time, total processing time)
and often assessment (e.g. client satisfaction) and will be
discussed further below.
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Moreover, clients who have been waiting (too) long are
given special attention by transporting their purchased
goods to their cars and assisting them in the loading process. The measured client processing times and corresponding ratings are shown in figure 6.

similar manner. To examine this hypothesis, a new time
series of co-observations is created as described in the preceding section Scatter Plots for Discrete Event Time Series, as basis for a discrete event scatter plot (figure 9).
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goods to their cars and assisting them in the loading process. The measured client processing times and corresponding ratings are shown in figure 6.

Figure 6: Time Series of Client Processing Times
and Client Ratings
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This pair of time series is to be explored for relationships
between client processing time and client rating, in the
context of the new service strategy described above.
Beyond, there exist further time series in the warehouse
which the company directors want to be analysed:
1. For the last ten years, the average salary of warehouse
managers was recorded, as well as average workplace satisfaction of warehouse workers (figure 7). The company
directors are interested in possible relationships between
these two observation variables.
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which the company directors want to be analysed:
1. For the last ten years, the average salary of warehouse
managers was recorded, as well as average workplace satisfaction of warehouse workers (figure 7). The company
directors are interested in possible relationships between
these two observation variables.

Figure 9: Scatter Plot of Manager Salary
versus Worker Satisfaction
The scatter plot shows events when warehouse manager
salary changed (pay rise events) related to weekly events of
poll outcomes on warehousemen’s workplace satisfaction.
On basis of the standard scatter plot, one could assume
positive correlation between both observation variables in
the last ten years: The higher the average manager salary
rose (scale from 3,500 to 7,500), the higher the average
worker satisfaction was (scale from 30% to 85%).
As stated in sub-section Scatter Plots in Statistics, correlation observations do not necessarily imply causality: Neither workers need to be more satisfied because of manager
pay rises, nor manager salary may rise because workers are
more satisfied (thus perhaps working more productively).
Another simple explanation might just be that life standard
rose in the last ten years, and independently managers
earned higher wages as well as warehousemen experienced
higher workplace quality. However, on the basis of the
standard discrete event scatter plot in figure 9, this question
cannot be decided.

Figure 7: Time Series of Manager Salary
and Worker Satisfaction
2. Likewise, a ten year record of manager’s average weekly
working hours shall be compared with the same manager’s
average assessment of life quality (figure 8).

In scatter plots of common cross-sectional studies, single
observations normally are not collected in special order:
they are virtually independent of one another. In discrete
event scatter plots, observations are linked in an obvious
order, defined by the order of co-observation time instants.
Therefore, it is quite natural to connect data points according to the sequence in which co-observations were recorded. Figure 10 applies this concept to the salary vs.
satisfaction scatter plot.
In the resulting connected scatter plot, an interesting pattern can be discovered, that was not apparent in the standard scatter plot (figure 9): against expectation, worker
satisfaction seems to locally negatively correlate to manager salary. Observe the pattern marked with a blue ellipse in
figure 10: The higher manager salary rises (here from
4,800 to 5,200 currency units), the lower worker satisfaction falls (here from 54% to 40%). Then, worker satisfaction seems to catch up with the global upwards trend, and
the same pattern repeats again, from a steadily increasing
baseline.

Figure 8: Time Series of Manager Working Hours
and Manager Life Quality
In this paper, new advanced versions of scatter plots will
be introduced, first exploring exemplarily the manager
salary vs. worker satisfaction time series, followed by
working hours vs. life quality and concluded by processing
times vs. client rating.

CONNECTED SCATTER PLOTS
After a first view on figure 7, one could suppose that manager salary and warehousemen’s workplace satisfaction are
concordant: In the course of time, both time series rise in a
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similar manner. To examine this hypothesis, a new time
series of co-observations is created as described in the preceding section Scatter Plots for Discrete Event Time Series, as basis for a discrete event scatter plot (figure 9).
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Third, the colour spectrum is divided into 𝑛 segments, and
scatter plot segments as well as corresponding time intervals are mapped on associated colours.
Fourth and last, the basic connected scatter plot diagram is
augmented by a) replacing the original monochrome coobservation sequence by the 𝑛 co-observation segments,
coloured in their associated colours and b) adding a time
scale as bottom legend, where the 𝑛 adjacent time intervals
are coloured according to their associated colours (figure
11). Optionally, the start of every time segment can be
highlighted by a small number icon, showing the ordinal
number of the segment.

Third, the colour spectrum is divided into 𝑛 segments, and
scatter plot segments as well as corresponding time intervals are mapped on associated colours.
Fourth and last, the basic connected scatter plot diagram is
augmented by a) replacing the original monochrome coobservation sequence by the 𝑛 co-observation segments,
coloured in their associated colours and b) adding a time
scale as bottom legend, where the 𝑛 adjacent time intervals
are coloured according to their associated colours (figure
11). Optionally, the start of every time segment can be
highlighted by a small number icon, showing the ordinal
number of the segment.

Figure 10: Connected Scatter Plot
of Manager Salary versus Worker Satisfaction

Figure 10: Connected Scatter Plot
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An explanation could be that manger salary is coupled to
company profit. Managers may try to increase profit by
lowering workplace costs and/or by streamlining warehousemen’s work. The resultant measures are often not
welcome to workers and could be perceived as decrease in
workplace quality. The nonetheless rising global trend may
be explained by a combination of two factors: a) increasing
life standard within the 10 year observation period b) survivorship bias: workers not getting along with their reorganised workplace leave the company or are made
redundant. In consequence, their negative workplace satisfaction is not incorporated in future polls any more, and
average workplace satisfaction of the “surviving” workers
stays at least at the level observed before workplace reorganisation.
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Figure 11: Time-Segmented Scatter Plot
of Manager Salary versus Worker Satisfaction
Comparable to figure 10, figure 11 shows manager salary
vs. worker satisfaction, now containing additional colourcoded information when pay rises resp. worker polls were
recorded.
Generally, the number of time segments is freely selectable. Here, it was decided to divide the scatter plot into
ten segments, because original observations spanned an
interval of ten years (3650 days). Thus, the small time interval ordinal numbers (1..10) in the diagram denote the
start of one year segments. Without the need to resort to
the original time series diagrams, it can quickly be spotted
that in years 1-3 and 7-8 salary and satisfaction were rather
stable. Years 4 and 10 saw a fast rise in salary, whereas in
years 3, 4 and 9 the detected phenomenon of negative correlation between satisfaction and salary was particularly
pronounced.

To sum up, connected scatter plots can help identifying
local event dynamics patterns that are not visible in the
standard unconnected scatter plot, but may confirm or
(here) object – respectively even negate – hypothesis merely based on global correlation observations.

TIME-SEGMENTED SCATTER PLOTS
Connected scatter plots visualise sequence information that
is contained in original time series pairs but disregarded in
derived standard scatter plots. As a next step, it is proposed
to also visualise time information in scatter plots. For this
purpose, a basic connected scatter plot is constructed and
then enhanced as follows: First, the sequence of coobservations is divided into 𝑛 adjacent and disjoint segments of a) equal size or b) equal time span. Note that
these concepts differ in discrete event simulation, because
discrete event time series may have changing local densities: two scatter plot segments with equal number of coobservations 𝑚 may cover time intervals ∆𝑡1 and ∆𝑡2 of
differing duration; on the other hand, two segments of
equal duration ∆𝑡 may consist of different numbers 𝑚1
resp. 𝑚2 of recorded co-observations.
Second, each of the 𝑛 scatter plot segments is mapped to a
simulation time interval, based on the co-observations it
contains: Corresponding simulation time intervals start at
the observation time of the first co-observation of a segment (inclusively) and end at the observation time of the
first co-observation of the following segment (exclusively)
or at the simulation end time instant, for the last segment.

Time-segmented scatter plots document the historical development process of standard scatter plots by colour
codes. They often relieve the modeller from the overhead
of resorting to the original pair of time series diagrams,
ending up analysing three diagrams side by side. Timesegmented scatter plots facilitate relating (connected) scatter plot patterns to simulation time intervals. Vice versa,
they can help detecting temporary relationships between
two variables at given sub-intervals of overall simulation
time. In this respect, time-segmented scatter plots can help
determine whether the relationship between two variables
is either characterised by stable patterns in time or subject
to consecutive regime changes.
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Unfortunately, the increased number of observations and
their stochastic nature hamper discovery of a clear path
which life quality vs. working hours may follow.
At this point, it is proposed to first filter (i.e. smooth) the
original co-observation sequence and only afterwards timesegment the new filtered co-observation sequence, as introduced in the previous sub-section. To avoid visual blur,
original co-observations remain unconnected, but still coloured according to their correspondent time segment. Figure 14 shows the result of this procedure.

Filtered Time-Segmented Scatter Plots
Next, analysis focuses on the ten year recording of manager’s average weekly working hours compared to their average assessment of life quality. Average manager working
hours were recorded in weekly events every Friday evening; average life quality assessment was recorded in manager interview events, irregularly carried out by the
personnel department, on average four times per month.
The scatter plot of manager working hours vs. perceived
life quality is shown in figure 12.

Figure 12: Scatter Plot of Manager Working Hours
versus Manager Life Quality

Figure 14: Filtered Time-Segmented Scatter Plot
of Manager Working Hours versus Manager Life Quality

At first glance, the scatter plot appears unremarkable, and
working hours and life quality seem to be uncorrelated. For
arbitrary weekly working hours (from 28 to 52 hours per
week), the whole range of life quality (from 20% to 90%)
has been recorded.
However, employing the new approach of time-segmented
scatter plots gives a different picture (figure 13; ten time
segments again): The sequence of co-observations follows
a certain path, and some scatter plot regions can easily be
assigned to time intervals, e.g. low working hours and high
perceived life quality exclusively in year 10.

In this example, filtering is performed by a simple moving
average on the co-observation components (i.e. abscissa
and ordinate values are averaged independently). The moving average window size 𝑤 is automatically set to 5% of
co-observations, but may be set manually to any natural
number. The moving average function itself may be substituted by alternative functions which implement a given
software interface.
In order not to drop the first window of 𝑤 co-observations
(the 𝑤-moving average is undefined before), the 𝑤-moving
average of the first 𝑣 co-observations (𝑣 < 𝑤) is replaced
by the respective 𝑣-moving averages. Therefore, the first 𝑤
filtered values are less smooth then the rest of the series,
but not lost.
When now looking again at the filtered time-segmented
scatter plot, a clear development of life quality vs. working
hours is recognisable over time: In the first five years, life
quality and working hours were positively correlated: The
longer managers worked, the higher their perceived life
quality was. Presumably life quality was linked to income,
which again might have been dependent on hours worked.
The positive correlation gradually became weaker from
year 1 to 5, and almost vanished in year 6. Year 7 saw a
turning point: With work load remaining very high, perceived life quality decreased. In years 8 to 10 life quality
increased again as work load tended to lower levels. Perhaps in the last four years, managers had reached a life
standard where additional material income did not further
impact on perceived life quality, and spare time became
more a defining factor of life quality than higher wages.

Figure 13: Time-Segmented Scatter Plot
of Manager Working Hours versus Manager Life Quality
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Employing the proposed filtered time-segmented scatter
plot, the apparently uncorrelated scatter plot of figure 12
turned out to have been shaped by three consecutive phases, inconsistently relating working hours and life quality
over time: The role of working hours in definition of life
quality radically changed over the examined ten year period, from strong positive correlation to strong negative correlation. As a consequence, further analysis of these two
factors, alone or in combination, should be handled with
special attention.
It should be noted here that similar conclusions as above
also could have been drawn by directly comparing the original time series from figure 8 side by side; however with
less comfort and precision, and only due to the simple nature of this example. The more complex relationships resp.
dynamics of time series become, the more beneficial the
integrative time-annotated scatter plot approach turns out.

Overplotting poses a problem here (cf. sub-section Scatter
Plots in Statistics), due to the high number of nearly two
thousand co-observations, which were recorded in two sixday weeks of ten-hour working days. In this context, timesegmented scatter plots cannot clearly reveal a timedependent structure, because connection lines also suffer
from heavy overplotting (figure 16, left). Filtered timesegmented scatter plots are just as unhelpful: Compared to
the highly autocorrelated time series of the previous example, observations now are not locally correlated, but widely
dispersed. Thus, all (smoothed moving) averages of the
scattered time segments consistently gravitate towards their
geometrical centre (figure 16, right).

Filtered time-segmented scatter plots superimpose an extra
polyline of time-segmented filtered co-observations onto
an unconnected cloud of time-coloured co-observations. In
presence of many and/or stochastic co-observations, they
help working out basic relationships of two variables over
time, where otherwise too many co-observations would
distract from the underlying nature of relationships.

Figure 16: Time-Segmented Scatter Plot and
Filtered Time-Segmented Scatter Plot
of Client Processing Time versus Client Rating

Tiled Time-Segmented Scatter Plots

In this situation, it is proposed to replace the multitude of
data points by coarser structures that possibly reveal inherent relationships with less noise: The plane is divided into
squares of equal parametrisable size, called tiles. Within
every tile, the number of co-observations per time segment
is counted and ranked. The time segment with the maximum number of co-observations per tile passes its associated colour to the whole tile (figure 17).

Last, the relationship between client processing time and
client rating will be analysed.
Recall that clients were requested to rate their total experience at the smart card ticket machine, when service had
ended. Client ratings were recorded along with their total
processing times (= waiting time + service time). Both
client processing times and client ratings are transient observation types, without a persisting impact on their state
variables, beyond the instant when they were recorded.
With regard to sub-section Handling of Transient Observations the data constellation is unproblematic, because both
observations logically become available at the same time
(system exit) and are synchronously recorded as well.
Also note that average client rating decreases over time
(figure 6, right), which causes management to deploy more
and more workers according to their new service strategy.
The scatter plot of client processing time vs. client rating is
shown in figure 15.

Figure 15: Scatter Plot of Client Processing Time
versus Client Rating
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In this way, local concentrations of time segments become
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segments with long diameters determine overall colour
patterns (figure 16, left), but the very time segments actually dominating certain scatter plot regions.

In this way, local concentrations of time segments become
more recognisable. Compared to standard time-segmented
scatter plots, not the last (topmost) drawn segments resp.
segments with long diameters determine overall colour
patterns (figure 16, left), but the very time segments actually dominating certain scatter plot regions.

Figure 15: Scatter Plot of Client Processing Time
versus Client Rating

387

Tiles are drawn on top of an unconnected time-segmented
scatter plot. By setting a threshold level, the user can require a minimum number of “winning” co-observations for
a tile before it is displayed. In this manner, tiles may be
overlaid only in highly frequented scatter plot regions,
whereas seldom frequented regions will still display their
original (small) data points.
An alternative option of colouring tiles (not implemented
yet) could guarantee each time segment the same fixed
number of tiles, e.g. number of populated tiles / number of
time segments. By distributing tiles to segments (and not
segments to tiles) it could be prevented that certain time
segments never show up, because they never reach the
topmost rank in any tile. Apart from that, further tile colouring schemes are conceivable, e.g. cellular automata-like
rules etc.

Sometimes, knowledge of the full area covered by time
segments is expedient, e.g. when it can be shown that their
form is not constant over time but changes according to an
underlying process. For this kind of scenarios it is suggested to first generate an unconnected time-segmented scatter
plot and to subsequently construct the convex hull for every time segment. Then, every convex hull is coloured according to the time segment it delimits (figure 18).

To explore possible temporal relationships in the warehouse managers’ new service strategy, the basic scatter plot
(figure 15) is divided into twelve time segments, one per
operating day within the examined two-week period (see
figure 17). At a glance, a clear time-dependency between
client processing time and client rating is observable: In the
first days of normal operation mode, client processing time
and client rating are negatively correlated. The longer a
client waits for hand-over of the pallet jack, the lower his
rating turns out (red, orange and yellow tiles). When the
new service strategy becomes effective due to decreasing
client ratings (figure 6, right), client waiting times shorten
and service time becomes the major component of total
processing time. In consequence, client rating schemes
change fundamentally towards the end of the observation
period (blue, purple and pink tiles): Eventually client processing time and client rating are positively correlated, as
more intensive and longer service is rewarded by higher
client ratings.
A first formal result is that the basic time series (cf. figure
6) are not suitable for standard descriptive statistics as a
whole, because they were generated by a non-stable underlying process.
In substance, the warehouse managers’ new strategy does
not prove successful: Gradually, clients take instant service
for granted and commence assigning poor marks for shorter service, despite high costs incurred by additional workers. Moreover and despite all efforts, the average client
rating still decreases over time.

Figure 18: Delimited Time-Segmented Scatter Plot
of Client Processing Time versus Client Rating
Following the colour-ordered sequence of convex hulls can
reveal development tendencies in the cloud of coobservations. Object of investigation may e.g. be a) location b) form c) orientation d) perimeter and diameters and
e) centroids of convex hulls.
It is conceivable to exclude outlier co-observations from
convex hulls, to keep delimited areas more compact and
concentrate on their basic form. On the other hand, protruding co-observations can well be distinguishing marks
of certain hulls and carry non-negligible information, like
relative position to the main cloud of a time segment,
thereby indicating the (history of) direction(s) in which
unusual behaviour might be expected.
As an option and in case of abundant co-observations in
the scatter plot, a large number of shorter time segments
may be chosen. Then, each time segment would receive its
own delimited time-segmented scatter plot, containing only
its own co-observation cloud and the corresponding hull.
Stringing this sequence of snapshots together (e.g. in a .giffile) would result in a film that could be traversed forward
and backward as desired. Doing so would add a new analysis dimension, because in this manner the original scatter
plot formation process could comfortably be tracked and
possibly better comprehended.

Tiled time-segmented scatter plots support identification of
state regions where certain time segments are predominant,
in circumstances where overplotting, high variance and/or
low autocorrelation would blur standard, connected or (filtered) time-segmented scatter plots. Analysis of tile patterns can support detection of inherent state-time
relationships that may be hard to recognise otherwise.

In the context of the warehouse model, the sequence of
convex hulls 1..12 in figure 18 shows the state space development of processing time vs. client rating over time.
The same conclusions as for tiled time segmented scatter
plots may be drawn, but additional insight can be gained:
On days 6 and 7, client ratings are rather moderate between
1 and 8. There are no extreme ratings, and maximum processing time is quite short, below 11 minutes. The two
convex hulls are rather compact and have horizontal orien-

Delimited Time-Segmented Scatter Plots
Tiled scatter plots concentrate on indicating highly frequented state regions. At the same time, seldom frequented
time segment sections are layered by tiles of other colours
and are visually lost (which is intended). Consequently,
tiled scatter plots hide the full state region in which time
segments extend.
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tation. This means that clients appreciate comparatively
short, reliable processing times: in these cases they assign
moderate, lower-variance ratings which are virtually independent of processing time – even though a number of
clients do not receive costly extra services.
As a consequence, the warehouse managers could be advised to focus on the parameters and processes of days 6
and 7 (number of workers, waiting time / rating threshold
for additional services, etc.), to base further optimisation
measures on these configurations.
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Delimited time-segmented scatter plots show convex hull
boundaries of time segments. Analysis of their developmental process can yield insight into possibly time-varying
relationships of the original variables, even under difficult
conditions where other methods described before may fall
short or mask relevant observations.

SUMMARY AND CONCLUSION
Discrete event time series are characterised by their asynchronous nature, often hampering direct application of
downstream analysis methods used by other simulation
techniques. In order to correctly use common scatter plots
in discrete event simulation, pairs of asynchronous discrete
event time series first have to be pre-processed and merged
into new synthetic time series of compound coobservations. On this basis, standard scatter plots can promote state pattern discovery, with extended connected scatter plots optionally complementing sequence information.
The family of time-segmented scatter plots introduced here
additionally contributes time information, by dividing coobservations into time-related coloured segments. Timesegmented scatter plots permit to correlate scatter plot patterns respectively regions with time intervals, in order to a)
confirm or object relationship hypothesis gained from e.g.
standard scatter plots b) analyse time-stability of state relationships c) discover unexpected relational patterns or
event dynamics, of local or global type in state/time d)
possibly detect and describe an underlying process that
drives the formation of co-observation relationships.
Advancing from basic time-segmented scatter plots, enhanced concepts like filtered, tiled or delimited timesegmented scatter plots are recommended for unfavourable
conditions like very high number of co-observations, overplotting, high variance or low autocorrelation. These extensions add visual aids, to concentrate on the basic nature of
co-observation relations and their possible relationship
development.
The standard, connected and time-segmented scatter plot
classes described in this paper have been implemented as
extensions of our open source discrete event simulation
framework DESMO-J. DESMO-J is developed and maintained in the Informatics Modelling and Simulation
Workgroup at the University of Hamburg and free for
download at www.desmo-j.de.
Concluding, the method family of time-segmented scatter
plots often can relieve the modeller from the overhead of
complementing standard scatter plots with their two original time series diagrams. It substitutes three traditional
diagrams by one integrative approach, adding supplementary information to more deeply explore time-dependency
of co-observation states, state patterns and state relationships.
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tation. This means that clients appreciate comparatively
short, reliable processing times: in these cases they assign
moderate, lower-variance ratings which are virtually independent of processing time – even though a number of
clients do not receive costly extra services.
As a consequence, the warehouse managers could be advised to focus on the parameters and processes of days 6
and 7 (number of workers, waiting time / rating threshold
for additional services, etc.), to base further optimisation
measures on these configurations.

REFERENCES
Aigner, W.; S. Miksch; H. Schumann; and C. Tominski. 2011.
Visualization of Time-Oriented Data. Springer London,
Guildford, Surrey.
Banks, J. 2010. Discrete-event system simulation. Pearson, Upper
Saddle River, N.J, Singapore.
Fishman, G.S. 2001. Discrete-event simulation. Modeling, programming, and analysis. Springer, New York.
Göbel, J.; P. Joschko; A. Koors; and B. Page. 2013. “The Discrete
Event Simulation Framework DESMO-J: Review, Comparison to other Frameworks and Latest Development”. In Proceedings of 27th European Council for Modelling and
Simulation, European Council for Modelling and Simulation
(Aalesund, Norway, 27th-30th May 2013).
Koors, A. 2013. “Assessing Risk in Discrete Event Simulation by
Generalized Deviation”. In Proceedings of the 8th EUROSIM
Congress on Modelling and Simulation, K. Al-Begain, D. AlDabass, A. Orsoni, R. Cant; and R. Zobel (Eds.) (Cardiff ,
Wales - UK, 10th-13th September 2013), 336–344.
Koors, A. and B. Page. 2013. “Application and Visualization of
Financial Risk Metrics in Discrete Event Simulation - Concepts and Implementation”. In Proceedings of The International Workshop on Applied Modeling and Simulation 2013,
A. Bruzzone, C. Frydman, S. Junco, E. Cayirci; and C. ZanniMerk (Eds.) (Buenos Aires, Argentina, 25th-26th November
2013), 118–130.
Koors, A. and B. Page. 2014. “Analysis by State: An alternative
View on Discrete-Event Time Series”. In Proceedings of 28th
European Simulation and Modelling Conference, EUROSIS
(Porto, Portugal, 22nd - 24th October 2014).
Law, A.M. 2014. Simulation modeling and analysis, Boston,
Mass.
Leinweber, D.J. 2007. “Stupid Data Miner Tricks”. The Journal of
Investing 16, No.1, 15–22.
Lichman, M. 2013. “UCI Machine Learning Repository”. Available
at
http://archive.ics.uci.edu/ml/datasets/
Haberman%27s+Survival. Accessed 10th April 2015.
Myatt, G.J. and W.P. Johnson. 2014. Making sense of data I. A
practical guide to exploratory data analysis and data mining.
John Wiley & Sons Inc, Hoboken, New Jersey.
Page, B. and W. Kreutzer. 2005. The Java simulation handbook.
Simulating discrete event systems with UML and Java. Shaker, Aachen.

Delimited time-segmented scatter plots show convex hull
boundaries of time segments. Analysis of their developmental process can yield insight into possibly time-varying
relationships of the original variables, even under difficult
conditions where other methods described before may fall
short or mask relevant observations.

SUMMARY AND CONCLUSION
Discrete event time series are characterised by their asynchronous nature, often hampering direct application of
downstream analysis methods used by other simulation
techniques. In order to correctly use common scatter plots
in discrete event simulation, pairs of asynchronous discrete
event time series first have to be pre-processed and merged
into new synthetic time series of compound coobservations. On this basis, standard scatter plots can promote state pattern discovery, with extended connected scatter plots optionally complementing sequence information.
The family of time-segmented scatter plots introduced here
additionally contributes time information, by dividing coobservations into time-related coloured segments. Timesegmented scatter plots permit to correlate scatter plot patterns respectively regions with time intervals, in order to a)
confirm or object relationship hypothesis gained from e.g.
standard scatter plots b) analyse time-stability of state relationships c) discover unexpected relational patterns or
event dynamics, of local or global type in state/time d)
possibly detect and describe an underlying process that
drives the formation of co-observation relationships.
Advancing from basic time-segmented scatter plots, enhanced concepts like filtered, tiled or delimited timesegmented scatter plots are recommended for unfavourable
conditions like very high number of co-observations, overplotting, high variance or low autocorrelation. These extensions add visual aids, to concentrate on the basic nature of
co-observation relations and their possible relationship
development.
The standard, connected and time-segmented scatter plot
classes described in this paper have been implemented as
extensions of our open source discrete event simulation
framework DESMO-J. DESMO-J is developed and maintained in the Informatics Modelling and Simulation
Workgroup at the University of Hamburg and free for
download at www.desmo-j.de.
Concluding, the method family of time-segmented scatter
plots often can relieve the modeller from the overhead of
complementing standard scatter plots with their two original time series diagrams. It substitutes three traditional
diagrams by one integrative approach, adding supplementary information to more deeply explore time-dependency
of co-observation states, state patterns and state relationships.

AUTHOR BIOGRAPHIES
ARNE KOORS obtained his master degree
in Computer Science from University of
Hamburg, Germany. Since then he has been
working as a software developer and management consultant in the manufacturing
industry, primarily in the field of demand
forecasting and planning. Furthermore, he works as a research associate and on his PhD thesis on analysis and
visualisation of discrete event simulation dynamics in the
Modelling & Simulation research group led by Prof. Dr.
Page.
BERND PAGE holds degrees in Applied
Computer Science from the Technical University of Berlin, Germany and from Stanford University, USA. As professor for
Modelling & Simulation at the University of
Hamburg he researches and teaches in Computer Simulation and Environmental Informatics. He is the
head of the workgroup which developed DESMO-J and the
author of several simulation books.

389

390

390

Simulation
and
Optimization

Simulation
and
Optimization

391

391

392

392

INFLUENCE OF ECCENTRICITY ON SYNCHRONOUS REACTIVE
FREQUENCY DOUBLER

INFLUENCE OF ECCENTRICITY ON SYNCHRONOUS REACTIVE
FREQUENCY DOUBLER

Aleksandrs Mesņajevs
Faculty of Power and Electrical Engineering
Riga Technical University
Azenes Str. 12/1, LV-1048, Riga, Latvia
E-mail: kbl@inbox.lv

Aleksandrs Mesņajevs
Faculty of Power and Electrical Engineering
Riga Technical University
Azenes Str. 12/1, LV-1048, Riga, Latvia
E-mail: kbl@inbox.lv

HT

T

Eccentricity of a stator (from electromagnetic
process point of view) leads to periodic variation or
pulsation of magnetic conductivity of an air gap. This
pulsation has double the frequency of a supplying
network.
Increased frequency pulsations with respect to
supplying network arise due to alternatively passing,
under a stator’s inner surface position where the air gap
width was changed, south and north poles. Increased
frequency magnetic conductivities’ pulsations lead to
magnetic field pulsations with the same frequency.
Operating principles of all alternating current
electrical machines is, approximately, the same – torque
is produced due to stator’s magnetic field interaction
with:
1. rotor’s magnetic field (synchronous machine);
2. current conductors in a rotor (asynchronous
machine).
In synchronous machine energy is simultaneously
supplied to rotor from direct current source, to stator
from supplying network. In asynchronous machine
energy is supplied only to a stator, because of that in
order operate the machine a part of that energy must be
transmitted through an air gap to a rotor, and only then
the electromagnetic interaction can be started. Energy
transfer through an air gap explains a smaller air gap’s
width in asynchronous machines, as well as sensitivity to
nonlinearity of an air gap’s width between stator and
rotor.
Eccentricity of a rotor – inequality in distance
between outer lair of a rotor and it’s rotation axis. It is a
very common cause of vibrations of electrical machines.
If eccentricity of a rotor exist in particular electrical
machine that leads to several peculiarities in
electromagnetic field distribution. Electromagnetic
field’s density varies with the rotation of the rotor and
leads to (due to inequality of air gap’s width) uneven
torque in motors, increased higher harmonics in
generator’s output voltage form (Rusov 1996; Intesar et
al. 2011; Ebrahimi et al. 2011).
After clarifying possible eccentricity causes and
variants, author concentrates on effects that arise due to
eccentricity. The main concern for synchronous reactive
frequency doubler is that eccentricity could lead to
drastic output voltage (of EMF for no-load condition)
drop or increase.

KEYWORDS
Finite element method, QuickField, frequency converter,
frequency doubler.
ABSTRACT
This paper describes the influence of rotor eccentricity
synchronous
reactive
frequency
doubler’s
characteristics. Specifically, the research is concentrated
on the influence of rotor eccentricity on increased
frequency EMF E2 value, that is induced it stator’s
secondary winding.
To clarify this question the simulations by using the
finite element method implemented in QuickField
software, are applied.
There are many reasons why does eccentricity occur:
 unbalance – an uneven distribution of a rotor’s
mass;
 bent shaft – damaged or curved shaft produces
unequal air gap;
 bearing – a bearing that for some reason has
lost it’s lubrication, wear out fast (may also fail
and damage remaining components;
loose foundation – the improper mounting of the
machine without holding it rigidly to the ground causes
the machine to vibrate and eventually leads to air gap’s
inequality (Rezig and Mekideche 2010).
Eccentricity is considered because of the influence of
the air gap variance on the electromagnetic field
distribution. Both the voltage and current sine waves can
be altered, and when viewed in a fast Fourier-transform,
they appear as harmonic sidebands of main eccentricity
frequency.
INTRODUCTION
Eccentricity of a stator – ellipticity of inner lair of a
stator with respect to rotor’s rotation axis. This
eccentricity arises due to improper bearing support
mounting, bearing shield’s defect or deformation of a
stator.
Most common cause of eccentricity of a stator is
laminated packages manufacturing defect. Very high
possibility of stator’s eccentricity occurrence is during
electrical machine assembly, especially if the stator and
bearing supports are mounted separately. This fault can
arise in case of loose foundation or as a result of heat or
other deformation.

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

393

HT

T

Eccentricity of a stator (from electromagnetic
process point of view) leads to periodic variation or
pulsation of magnetic conductivity of an air gap. This
pulsation has double the frequency of a supplying
network.
Increased frequency pulsations with respect to
supplying network arise due to alternatively passing,
under a stator’s inner surface position where the air gap
width was changed, south and north poles. Increased
frequency magnetic conductivities’ pulsations lead to
magnetic field pulsations with the same frequency.
Operating principles of all alternating current
electrical machines is, approximately, the same – torque
is produced due to stator’s magnetic field interaction
with:
1. rotor’s magnetic field (synchronous machine);
2. current conductors in a rotor (asynchronous
machine).
In synchronous machine energy is simultaneously
supplied to rotor from direct current source, to stator
from supplying network. In asynchronous machine
energy is supplied only to a stator, because of that in
order operate the machine a part of that energy must be
transmitted through an air gap to a rotor, and only then
the electromagnetic interaction can be started. Energy
transfer through an air gap explains a smaller air gap’s
width in asynchronous machines, as well as sensitivity to
nonlinearity of an air gap’s width between stator and
rotor.
Eccentricity of a rotor – inequality in distance
between outer lair of a rotor and it’s rotation axis. It is a
very common cause of vibrations of electrical machines.
If eccentricity of a rotor exist in particular electrical
machine that leads to several peculiarities in
electromagnetic field distribution. Electromagnetic
field’s density varies with the rotation of the rotor and
leads to (due to inequality of air gap’s width) uneven
torque in motors, increased higher harmonics in
generator’s output voltage form (Rusov 1996; Intesar et
al. 2011; Ebrahimi et al. 2011).
After clarifying possible eccentricity causes and
variants, author concentrates on effects that arise due to
eccentricity. The main concern for synchronous reactive
frequency doubler is that eccentricity could lead to
drastic output voltage (of EMF for no-load condition)
drop or increase.

KEYWORDS
Finite element method, QuickField, frequency converter,
frequency doubler.
ABSTRACT
This paper describes the influence of rotor eccentricity
synchronous
reactive
frequency
doubler’s
characteristics. Specifically, the research is concentrated
on the influence of rotor eccentricity on increased
frequency EMF E2 value, that is induced it stator’s
secondary winding.
To clarify this question the simulations by using the
finite element method implemented in QuickField
software, are applied.
There are many reasons why does eccentricity occur:
 unbalance – an uneven distribution of a rotor’s
mass;
 bent shaft – damaged or curved shaft produces
unequal air gap;
 bearing – a bearing that for some reason has
lost it’s lubrication, wear out fast (may also fail
and damage remaining components;
loose foundation – the improper mounting of the
machine without holding it rigidly to the ground causes
the machine to vibrate and eventually leads to air gap’s
inequality (Rezig and Mekideche 2010).
Eccentricity is considered because of the influence of
the air gap variance on the electromagnetic field
distribution. Both the voltage and current sine waves can
be altered, and when viewed in a fast Fourier-transform,
they appear as harmonic sidebands of main eccentricity
frequency.
INTRODUCTION
Eccentricity of a stator – ellipticity of inner lair of a
stator with respect to rotor’s rotation axis. This
eccentricity arises due to improper bearing support
mounting, bearing shield’s defect or deformation of a
stator.
Most common cause of eccentricity of a stator is
laminated packages manufacturing defect. Very high
possibility of stator’s eccentricity occurrence is during
electrical machine assembly, especially if the stator and
bearing supports are mounted separately. This fault can
arise in case of loose foundation or as a result of heat or
other deformation.

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

393

SYNCHRONOUS REACTIVE FREQUENCY
DOUBLER

Figure 2 schematically represents the rotor’s crosssectional view. The rotor’s parts which are made of the
ferromagnetic material are marked with stripes; the
unmarked parts are made of the nonmagnetic material
(aluminum, plastic). To star-up the SRFD in the rotor’s
magnetic part, the starting winding (“squirrel cage”
shaped, made of aluminum bars and short-circuit rings)
is placed.
Power with help of magnetic field is transferred from
the primary winding to the secondary winding by means
of specific transformation. In this case, the link between
the primary and the secondary winding is not provided
by the mutual induction flux, but by a part of it – the
higher harmonic exuded flux. Power transfer is
depending on the geometrical shape of the converter.

The synchronous reactive frequency doubler (SRFD)
is the synchronous reactive machine, which uses the
second harmonic - higher harmonics of the magnetic
field. In slots of the SRFD, two windings are placed: the
primary, which is connected to the industrial frequency
AC network, and the secondary, which is used to receive
the increased frequency. It is possible to note, that the
synchronous reactive frequency converter is the onemachine aggregate, in which the synchronous reactive
motor (stator’s primary winding – salient pole rotor) and
the inductor generator (salient pole rotor – secondary
winding) are combined together.
The primary winding is consuming magnetizing
current, which produces the rotating magnetic field in
the air gap. From induction’s distribution curve, the
necessary (second) harmonic is used due to the specific
form of the rotor’s magnetic system and due to the
appropriately selected width of the air gap.
This harmonic induces the increased frequency
electromotive force (EMF) in the secondary winding. To
achieve this, the secondary winding’s step must be equal
(or almost equal) to the higher harmonic pole pitch of
the necessary field.

STATOR’S SECONDARY WINDING
Salient pole synchronous machines magnetic induction’s
distribution in air gap is not sinusoidal. That means, that
magnetic induction curve contains not only fundamental
harmonic, but also higher harmonics. Higher k
harmonic’s magnetic field in synchronous machines
rotates with synchronous rotation frequency and its pole
number 2 pk is k -times bigger than fundamental
harmonic’s pole number 2 p (Zviedris 1984). So, to use
k harmonic’s energy in synchronous machines slots
secondary winding with pole number

2 pk  2kp
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where  z – fundamental harmonics pole pitch; Z k – for
secondary winding used slots number, must be inserted.
To use k harmonic’s energy more efficiently it is
important to choose secondary winding shame and
parameters correctly. Constructively it is efficient to
insert secondary winding in the same slots in which
primary winding is placed. If secondary winding is
organized as two lair loop winding, it will occupy all Z
armature slots. Generally secondary winding can be
organized with different phase number
mk
(Mesņajevs et al. 2013).

Figures.1. Stator Winding’s Scheme
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As experience shows while studying the magnetic
field, it can be assumed that the machine’s magnetic
field is plane-parallel (two-dimensional), the field
characteristics vary only in radial and tangential
direction. Furthermore, the machine’s cross-section area
can be chosen for calculations. This area is limited by
the stator outer surface, on which, as it can be assumed,
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the normal component of the magnetic flux density is
equal to zero.
It is appropriate to substitute the electromagnetic
field equations system with one equation which depends
on the magnetic vector potential, having only one (axial)
component
A  Az in a plane-parallel field
(Mesņajevs and Ketnere 2014).
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where I m  2 I - the armature current as the peak
value of the field source;  i - rotor position angle
(Mesņajevs and Zviedris 2010).
To determine the magnetic flux  d (ti ) with
sufficient accuracy, it is preferably that the time step is
chosen small enough. The magnetic flux of one pole can
be obtained with different armature current
instantaneous values according to Equation (5) with the
rotor position angle  i . After a series of magnetic field

(3)

calculations for time moments t i

where  - magnetic permeability,  – medium electric
conductivity; 
– medium’s relative velocity
comparatively to the magnetic field and j a – the
external field source’s current density.
In this equation, A is spatial coordinates x, y and
time t function, which means that the Equation (3)
describes space and time alternating magnetic field.
Solving this type of equation is rather difficult,
therefore, it is appropriate to reduce it to number of
simpler tasks, in which the electromagnetic field
described by the equation
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where A1i and A2i - the vector potential values on the
surface of the armature in points 1 and 2 (Fig.3.) w number of turns per phase, l - the machine length in
axial direction.
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In this case, the task is based on the fact that in time
varying process (  t  0 ) can be viewed as a single
fixed process set of different consecutive time points
t1 , t 2 , ... , t i , ... , t n . So, for example, if the field

source current density is in time varying sinusoidal
function j a (t )  j am sin t , then Equation (4) must be
solved n times, each time in the right side of that
equation define moment of time ti that corresponds to
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Figures 3. SRFC’s Model
Numerical harmonic analysis of the function
 d (t i ) allows to obtain the fundamental harmonic
amplitude value 1md and higher harmonics (second)
amplitude value 2md , which are required for
determination of EMFs E1d and E2d .
Similarly the EMFs E1q and E 2q can be obtained if



is replaced with   90  while simulating
quadrature axis magnetic field in Equation (5).
The fundamental harmonic’s effective value of the
EMFs E1d and E1q can be determined using the
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axial direction.

current densities moment value j a (t i )  j am sin t i .
Solving such a task as the results receive vector
potentials, which are essentially a table formed
functional dependence A  f (t ) . A similar approach is
used solving non-stationary field equations, when   0 .
In this case, it is possible to solve a number of
magnetostatic field equations. Each of them corresponds
to different consecutive rotor positions related to stator.
The instantaneous value of current in armature
windings phases may be determined by the following
formulas:
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winding’s distribution coefficient; q – slot number per
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numbers; a – parallel branch number; A1md – directaxis VMP’s amplitude value; 1md – direct-axis
magnetic flux’s amplitude value (Mesņajevs and
Zviedris 2010).
In the same way the higher harmonics EMF are
determined. In last two equations winding’s data and
corresponding VMP amplitude value must be inserted.
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respectively, decreased on diametrically opposite side
by  from 0 to 0,8 mm with a step of 0,1 mm (total
width of an air gap is 1 mm). The task is solved by using
the finite element method implemented in QuickField
software.
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of a rotor has greater impact on EMF effective value at
lower currents. Also at lower currents the influence is
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parts. It is necessary to note that manufacturing of the
configured templates is based on computer numerical
control programming (CNC-programming) oriented on
the use of appropriate CAD-system and laser cutting
machine.
The life cycle of template manufacturing includes the
stages that require the creative-intensive activity of
workers that participate in designing of the templates. It
is caused by the need to take account of future ways to
move the laser beam on all lines that represent a
template for its steel billet. The projected CNC-program
must specify and control the laser beam along the way.
There is a number of specialists (with different
professional experience) who obviously or indirectly
participate in designing indicated CNC-programs. Only
some of them are programmers. It is our deep
conviction that conceptually algorithmic models of
CNC-processes can help in reaching a common
understanding on the projected CNC-processes and
reduce the complexity of CNC programming.
The paper presents the approach to simulating the CNCprocesses with using the software models the content
and dynamic of which are expressed in the specialized
language of the pseudo code type. In addition, any of
such modes is activated in a semantic memory of the
toolkit WIQA (Working In Questions and Answers) that
included means for pseudo code programming (Sosnin
2013). The process of simulation is visualized in an area
of a graphical editor embedded to WIQA.

KEYWORDS
Computer numerical control, designing, precedent,
configured template.
ABSTRACT
This study is concerned with a precedent-oriented
approach to structural designing of configured templates
of airplane parts. The specificity of the approach is
defined by the use of means for simulating the template
from the viewpoint of its computer numerical control
programming (CNC-programming). The simulation is
implemented with the use of template reflections on a
semantic memory that supports pseudo code
programming of CNC-processes.
INTRODUCTION
In the aircraft industry, for manufacturing the parts of a
fuselage, wings and aileron, including details of their
covering, technological templates are widely used. It is
caused by such specificities of aviation parts as their
large sizes, complicated configurations, low mechanical
rigidity, high requirements for machining and linking in
assembling. In addition, for linking the parts included in
each plane section of an aircraft construction, a system
of rigid equipments is necessary for fixing the contours
of the internal parts that make up this section. For
example, large-largest parts have to be linked to the
sheet metal control-contour templates.
Any template for the part is a kind of its machining
attachment that supports definite technological
operations, for example, manufacturing of the
corresponding part, its checking on specifications and
linking with another part in the frame of the definite
plane section. For this reason, designing the template
should take into account the required technological
functions.
In the general case, the template is a plane figure that
geometrically consists of the definite configuration of
the corresponding part and additional elements that
provide the implementation of technological functions.
Any template is produced from a steel sheet with using
of laser cutting. Below, such templates are called as
“configured templates” (or shortly CT).
For manufacturing the actual airplane, enormous
number of various templates must be designed,
produced and applied. This work is usually
implemented by using the technology that is applied to
manufacturing of the aviation parts indicated above.
But the creation of configured templates is more
complicated then the creation of the corresponding
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RELATED WORKS
Problems and possibilities of CNC-programming in
CAD/CAM-environments are described in detail in
numerous publications (Zhang et al. 2011).
An important group of works is associated with: a
description of how to direct the use of CAD / CAM
systems "as is" (Yoh-Fong 2006) and the problems
involved constructing qualitative models of control
trajectories (Yeung 2003 ); the need to verify the
control path and enter corrective action (Wang et al.
2012); simulation of CNC processes (Hongmei et al.
2013).
The other group of works are focused on the decision of
a concrete kind of problems (Reidinger and Morarescu
2014), concrete software products (Raja and Baskar
2012), or descriptions of development under concrete
kinds of machine tools (Al-Kindi and Zughaer 2012).
In a number of publications and articles, scientists and
researchers adapted several Artificial Intelligence
methods or hybrid method for tool path optimization
such as Genetic Algorithms (Kovacic et al. 2005),
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modification or not) the templates from the called
library.
The production and use of configured templates have a
number of stages in their life cycle the works in which
are supported by different computerized means. The
CAD/CAM systems (for example, the toolkit NX,
Unigraphics) occupy the important place among such
means. The offered means are combined with NX, the
use of which helps in labour-intensive mathematical
calculations and in solving the normative geometrical
tasks. All necessary working drawings are implemented
in the NX environment.
In addition, the toolkit NX supports designing the CNCprograms. But despite the deep study and power
potential of the toolkit NX, its means do not cover all
spectrum of CNC-tasks that stand in front of CNCprofessionals and can be used for creating the additional
useful toolkits. Combining the CAD/CAM-systems with
means of simulating the CNC-processes is estimated as
one of the prospective ways of increasing the
effectiveness of CNC-programming.
In the deep belief of authors of this paper, the means of
simulations should support the possibilities of
conceptual experimenting with CNC-programs. We
understand the conceptual experimenting as a mental
experiment, the content and process of which are
operatively reflected on a semantic memory, and results
of reflections are used in the process of experimenting
with the useful purposes. The role and place of offered
means of solving the useful tasks of designing the CNCprograms are indicated in figure 2.
The scheme of life cycles for the part and its configured
template demonstrates basic practices the inclusion of
which in designing the template leads to positive
effects. All included practices are fulfilled with models
of configured templates and their components that have
been materialized in a semantic memory of the toolkit
WIQA. Results of such way of working are used in the
processes of templates' designing.

Artificial Neural Network (Zuperl and Cus 2003),
Artificial Immune Systems (Ülker et al. 2009), Ant
Colony Optimization (Kanon and Faez 2008) and
Particle Swarm Optimization (Gao et al. 2008).
All of the indicated studies were taken into account in
the offered approach. They were used as sources of
requirements for the study described in this paper. But,
mapping the templates onto the programmed semantic
memory aren’t used in publications referenced above.
LIFE CYCLE OF DESIGNING THE
CONFIGURED TEMPLATE
As told above, designing the configured templates is
similar to designing the airplane parts, and, for this
reason, their life cycles are similar too. After designing,
parts and their templates are produced with the use of
programmable laser cutting machines. Similarity and
differences between parts and their templates are
demonstrated in figure 1.
On this figure, the chosen part and templates are
conditionally shown in the context of the airplane
construction (for underlying the specificity of parts’
dimensions). The template structure includes forms that
are identical to the corresponding part. But such a
structure has additional components that are intended
for solving the technological tasks. For this reason,
templates include normative specifications that are
written on their plate by the laser beam.
Selecting and implementing the elements of the
template structure, which complements the form of the
corresponding part included in the template, lead to a
number of design problems that admit alternative
solutions. A role of an important source of appropriate
and alternative solutions can play a library of templates’
models that are prepared for the reuse in designing. But,
even in such case, the production of the new aircraft
will require creating the necessary templates again by
designing the new templates and/or using (with

modification or not) the templates from the called
library.
The production and use of configured templates have a
number of stages in their life cycle the works in which
are supported by different computerized means. The
CAD/CAM systems (for example, the toolkit NX,
Unigraphics) occupy the important place among such
means. The offered means are combined with NX, the
use of which helps in labour-intensive mathematical
calculations and in solving the normative geometrical
tasks. All necessary working drawings are implemented
in the NX environment.
In addition, the toolkit NX supports designing the CNCprograms. But despite the deep study and power
potential of the toolkit NX, its means do not cover all
spectrum of CNC-tasks that stand in front of CNCprofessionals and can be used for creating the additional
useful toolkits. Combining the CAD/CAM-systems with
means of simulating the CNC-processes is estimated as
one of the prospective ways of increasing the
effectiveness of CNC-programming.
In the deep belief of authors of this paper, the means of
simulations should support the possibilities of
conceptual experimenting with CNC-programs. We
understand the conceptual experimenting as a mental
experiment, the content and process of which are
operatively reflected on a semantic memory, and results
of reflections are used in the process of experimenting
with the useful purposes. The role and place of offered
means of solving the useful tasks of designing the CNCprograms are indicated in figure 2.
The scheme of life cycles for the part and its configured
template demonstrates basic practices the inclusion of
which in designing the template leads to positive
effects. All included practices are fulfilled with models
of configured templates and their components that have
been materialized in a semantic memory of the toolkit
WIQA. Results of such way of working are used in the
processes of templates' designing.

Artificial Neural Network (Zuperl and Cus 2003),
Artificial Immune Systems (Ülker et al. 2009), Ant
Colony Optimization (Kanon and Faez 2008) and
Particle Swarm Optimization (Gao et al. 2008).
All of the indicated studies were taken into account in
the offered approach. They were used as sources of
requirements for the study described in this paper. But,
mapping the templates onto the programmed semantic
memory aren’t used in publications referenced above.
LIFE CYCLE OF DESIGNING THE
CONFIGURED TEMPLATE
As told above, designing the configured templates is
similar to designing the airplane parts, and, for this
reason, their life cycles are similar too. After designing,
parts and their templates are produced with the use of
programmable laser cutting machines. Similarity and
differences between parts and their templates are
demonstrated in figure 1.
On this figure, the chosen part and templates are
conditionally shown in the context of the airplane
construction (for underlying the specificity of parts’
dimensions). The template structure includes forms that
are identical to the corresponding part. But such a
structure has additional components that are intended
for solving the technological tasks. For this reason,
templates include normative specifications that are
written on their plate by the laser beam.
Selecting and implementing the elements of the
template structure, which complements the form of the
corresponding part included in the template, lead to a
number of design problems that admit alternative
solutions. A role of an important source of appropriate
and alternative solutions can play a library of templates’
models that are prepared for the reuse in designing. But,
even in such case, the production of the new aircraft
will require creating the necessary templates again by
designing the new templates and/or using (with

Figures 1: Airplane Part, Templates, and Technological Specification

Figures 1: Airplane Part, Templates, and Technological Specification

399

399

Figures 2: Life Cycle of Designing the Template
such simplest object can have a rich semantic
expression.

The scheme of life cycles for the part and its configured
template demonstrates basic practices the inclusion of
which in designing the template leads to positive
effects. All included practices are fulfilled with models
of configured templates and their components that have
been materialized in a semantic memory of the toolkit
WIQA. Results of such way of working are used in the
processes of templates' designing.
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The feature of the toolkit WIQA is defined by its
semantic memory oriented on the work with models of
essences that are investigated by designers with using of
question-answer reasoning (Sosnin 2013). This kind of
reasoning helps to create the following types of models
in the semantic memory:
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1.

Declarative models that are mapped constructs
from the viewpoint of their static (their states or
their nature), for example, models of template
geometry.

2.

Imperative models that can be used as computer
programs, for example, pseudo code programs of
the search in the ontology of templates.

3.

Behavioral models that reflect actions of the
designer with models of templates, for example,
pseudo code programs of experimenting.

Figures 3: Specification of the Interactive Object
1.

The interactive object inherits a number of basic
attributes of the cell that helps to register for the object
its unique identifier (address in QA-memory), type,
description, name of the creator, time of storing or last
modification, name of the parent object, quantity of
“children” and a number of other characteristics. These
attributes with their values and the definite subsystem of
operations (commands) support interactions of
designers with visualized object stored in the
corresponding cell.
To underline features of such memory, it was named
“question-answer memory” or shortly QA-memory
(Sosnin 2013).
Additional attributes are attached to the definite simple
object for enriching its computerized potential, for
example, to enrich the semantics of the object
representation in QA-memory. It is necessary to note

A pair of units such as a question (Q) and corresponding
answer (A) helps to build the simplest QA-model (or
QA-object) that is uploaded in the cell of the semantic
memory. But, as it is shown in figure 1, a description of
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model PI in a form of a pseudo code program and the
model which presents its executable code PE.

that additional attributes, attached files, and useful
references are applied in a number of system processes
implemented with the toolkit WIQA. For example, these
attributes are applied in following cases:
1.

In workflows that support documenting, one of the
additional attributes automatically provides
replicating the content of “description” in a group
of cells marked with this attribute.
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In workflows that support documenting, one of the
additional attributes automatically provides
replicating the content of “description” in a group
of cells marked with this attribute.

2.

The toolkit supports a pseudo code programming
with using the possibilities of QA-memory. More
detail, data and operators of such programs are
coded in described cells. They found their
symbolic expression in attributes “description” of
those cells in which the source code of each
pseudo code program is written.
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The toolkit supports a pseudo code programming
with using the possibilities of QA-memory. More
detail, data and operators of such programs are
coded in described cells. They found their
symbolic expression in attributes “description” of
those cells in which the source code of each
pseudo code program is written.

Pseudo code programming in the WIQA-environment
has differences with other of its versions (Sosnin 2013),
and, for this reason, WIQA-version of pseudo code
programming
was
called
“question-answer
programming” (QA-programming).
So, the designer, who works in the WIQA-environment,
has the possibility of reflecting on the QA-memory any
useful task in designing the templates. The designer has
the possibility for solving the necessary task of taking
into account its semantic features.
In addition, for the reusable task, the toolkit WIQA
supports creating its model in a form of a precedent
framework presented in figure 4.
The structure of the framework is coordinated with the
process of task-solving and preparing the solution of the
task for the reuse. This structure includes a textual
model PT of the solved task Z, its model PQA in the form
of the registered QA-reasoning, the logical formulae PL
of the precedent regularity, a graphical (diagram)
representation PG of the precedent, its pseudo-code

Figures 4: Framework of Precedent
The use of the precedent model helps to accumulate
reuse results in designing the definite template. Such
way is applied for building the model templates that are
loaded into the library, shown in figure 2.
In figure 5, the example of the template model is
presented partially only for demonstrating the forms of
components PT, PG, PI and PE. The content of the logical
component PL is opened above at figure 4. The
component PQA defines the description of the solution
way, and it includes the results of normative
documenting (by attached files).
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3.

It is necessary to mark that models of templates in
precedent forms exist in QA-memory where they are
located in the specialized library. More exactly, this
library is included in an applied ontology that supports
designing the configured templates.
The toolkit WIQA includes a set of means for creating
the applied ontologies, and it has been used for
developing the ontological maintenance of designing the
configured templates. The built ontology consists of the
following sections:
1.

Fitting the similar template to the requirements
(task “Adaptation”).

If the appropriate template is absent in the library, the
designer should create its model in the NC-environment.
There are a number of utilities that supports the transfer
of models from NC to WIQA and back.
SIMULATION OF CNC-PROCESSES
Reflection of working drawings in the graphical
editor of WIQA

The system of typical templates as concepts.

The toolkit WIQA contains the graphical editor that
supports the program access to any component of
template drawing. The example of such drawing is
presented in figure 7.
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The system of typical templates as concepts.

2.

The visualized classification of templates.

3.

Templates in manufacturing of aviation parts.
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The visualized classification of templates.
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Templates in manufacturing of aviation parts.

4.

Templates in a production control of parts.

4.

Templates in a production control of parts.

5.

Templates as models of precedents.

5.

Templates as models of precedents.

The classification of templates is visualized as it shown
in figure 6. All interfaces in the screenshot use Russian
language. For this reason, some screenshot areas are
marked in English.
Route of classification

Route of classification

Template model

Figures 7: The Drawing of the Templates
The example presents the outside of the template and
technological information that should be engraved by
the laser beam on the template surface.
The designer can convert the presented drawing (or
drawing of any other template) into its description in
the form of the pseudo code program that can be used
for dynamic visualization (step by step) in the plane of
the graphical editor in any time.
It is necessary to note that the conversion is
implemented automatically, and it can be switched in
any state of the work with drawing. The drawing can be
uploaded from the NC-system or can be built by the
designer in the frame of the graphical editor. The
template scheme can be transferred from WIQA into
NC and back with the help of specialized utilities. The
described way is a base for the simulation of CNCprocesses including the steps of experimental laser
cutting.

Figures 6: Classification of Typical Templates
The classification helps in the search for appropriate
templates at the initial stage of their designing. This task
is indicated as “Access” in figure 2.
So, at the beginning of designing the necessary
template, the designer implements the following
actions:

2.

Analyzing the similarity and differences with the
required template (task “Analysis”).
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designing the configured templates.
The toolkit WIQA includes a set of means for creating
the applied ontologies, and it has been used for
developing the ontological maintenance of designing the
configured templates. The built ontology consists of the
following sections:

Cartographic specification of the template structure
In the general case, the template has a complicated
configuration. To reduce the complexity, the proffered
approach uses a cartographic model of the geometry of
the template. The cartographic model assumes that the
template presentation is composed of a set of layers,
each of which combines data collected from a particular
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The extension includes three subset of rules the first of
which helps in the work with contours. Some rules of
this subset are presented above.bset of rules specifies
the motion of the laser beam on the controlled
trajectory.

feature. In designing, the order of the work with layers
depends on the priority of design tasks associated with
layers. An example of the division of layers is presented
in figure 8.
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in figure 8.
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Figures 8: Cartographic Model of the Template
It is necessary to note that the structure of the created
CNC-program inherits the layer structure of the
corresponding template.
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The second subset of rules specifies the motion of the
laser beam on the controlled trajectory. This subset
includes, for example, following rules

The second subset of rules specifies the motion of the
laser beam on the controlled trajectory. This subset
includes, for example, following rules

Line = Ln, [‘G0, Point_1,] ‘G1 Point_2 /
GO – Enter_Point, G1 – Exit_Point
Arc= Ar, [‘G0 Point_1, ] (‘G3 Point_2, Center, Radius)
/ G3 – Clockwise, G4 – Counter-clockwise,   
Name
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where symbol G marks the CNC-operators of the laser
cutting machine. The third subset reflects maintenance
operations of CNC-processes (for example, preparation
to laser cutting).

where symbol G marks the CNC-operators of the laser
cutting machine. The third subset reflects maintenance
operations of CNC-processes (for example, preparation
to laser cutting).

The developed extension (with other means of the
language LWIQA) supports QA-programming of a set of
useful tasks that arise in designing the templates. One of
the important subsets of such tasks is concerned with
experiments aimed at the search of variants for
technological components built-in the template. The
other important subset of experiments can help in
creating the ways of moving the laser beam on template
contours or their fragments.
It is necessary to note that tasks of both subsets are
oriented on experimenting with template contours that
should be cut out by the laser beam. In a graphical
editor of the toolkit WIQA, any of such contour or its
fragment is described by the pseudo-code operators of
the language LCNC. Operators are executed (step by
step) with the use of the specialized interpreter that
builds the trajectory of moving for the laser beam. This
process demonstrates the laser cutting in simulated time.
By other words, pseudo-code descriptions of controlled
trajectory or its fragments are interpreted in actions
aimed at their drawing in the plane of the graphical
editor. For this reason, QA-programming of the
simulation for the laser cutting relate to declarative
programming.
It is necessary to note that the source code of any
pseudo code program can be translated to the G-code
executed on the CNC-machine. Consequently, in the
offered approach, the CNC-processing of the template
has two faces. The first face is concerned with QAprogram for the simulation of laser cutting while the

Any template or its layer can be divided into simple
geometrical elements such as point, line or arc. In the
proffered approach, simple elements and constructions
from them are modeled with using the specialized
generating grammar (GS, S-simulation) the formalisms
of which are described in extended BNF-notations. For
example, the following basic elements are defined by
the following rules:
Template = {((Contour, Position), Processing}
Processing=Cutting | Engraving |Documenting
Contour = {Element};
Element = Line | Arc | Spline;
Line = Ln, (Point_1, Point_2); /
Arc= Ar,(Point_1, Radius, Poin_2,Point_3);/Ar Name
Circle = Cr, ( Point_1, Radius);/ 
Spline = Sp, {Point}; 
Point=(X,Y)} / X,Y - coordinates.
In the proffered approach, these rules and others that are
oriented on the simulation of CNC-process, has been
used to expand the pseudo code language LWIQA built-in
the toolkit WIQA. This extension (LCNC) is figuratively
shown in figure 9. It is necessary to note that indicated
libraries include sections of programs written in pseudo
code and C#.
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The rational choice corresponds to the following
algorithmic reasoning:

second face directs on G-program controlled the laser
cutting in real time. This possibility is presented in
figure 10.

1.

Pseudo code
in Russian

At the first stage, a list L of “soldering points” for
TSP(L) will be formed as points of tie-in contours:

1.2. The next element of the list L is the point X of
crossing the line, going between IP and the center
of the nearest contour Yi. The point X lies on the
intermedia route R the length Ln of which satisfies
the condition:
X  Min (Ln1(R1), Ln2(R2),
where R1 = TSP(IP, X1, C2, …Ck, … CK),
R2 = TSP(IP, X2, C2, …Ck, … CK).

1.2. The next element of the list L is the point X of
crossing the line, going between IP and the center
of the nearest contour Yi. The point X lies on the
intermedia route R the length Ln of which satisfies
the condition:
X  Min (Ln1(R1), Ln2(R2),
where R1 = TSP(IP, X1, C2, …Ck, … CK),
R2 = TSP(IP, X2, C2, …Ck, … CK).

The rational choice of the laser beam way
3.

Compute idling I as I= IK+ R*, where IK   last
piece of idling and R* = TSP’(L). Route R*
doesn’t include the back way to IP.
Unite contours
{Yi} with idling I in the
geometrical description of the controlled
trajectory.

In figure 11, for example, points B1 and B2 are
alternative for the first choice of the point X. Idling I
includes points S1, B1, D2, E1, F1 and A1.
The presented reasoning reflects the idea of the rational
choice. Algorithmic scheme of reasoning is only
similar to the working algorithm that additionally
supports the experimenting with the routes of idling.

Pseudo code
in Russian

1.3. Than IP =X, the variable list = (IP,C2, …Ck … CK )
and GOTO step 1.2.

Figures 10: Two Faces of Pseudo Code Programs
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Compute idling I as I= IK+ R*, where IK   last
piece of idling and R* = TSP’(L). Route R*
doesn’t include the back way to IP.
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Unite contours
{Yi} with idling I in the
geometrical description of the controlled
trajectory.

The rational choice of the laser beam way
It should be noted the created trajectory must consist of
a set of lines processed by the laser beam and a set of
lines that correspond to the beam's idling. Hence, there
exists the task to build the way for idling. In our study,
the choice of rational way of idling is based on solving
the Traveling Salesman Problem (TSP).
The used solution will be explained with the scheme of
the abstract template (with simple contours and without
technological engraving) that combines contours
presented in figure 11.
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similar to the working algorithm that additionally
supports the experimenting with the routes of idling.

Documenting of the CNC-process

Documenting of the CNC-process

There are two versions of documenting the CNCprocess in designing of templates that are additional
each other. The first version uses registering of the
technological information on the face side of the
manufactured template. This method is implemented by
using the laser beam, and it requires locating the units of
such information on the plane of the template. An
example of such locating is shown in figure 12.
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The template includes outside contour A and contours
B, D, E and F that should be cut by the laser beam. Let
us suggest that the point S1 on the steel sheet S is the
initial point of the controlled trajectory.

The template includes outside contour A and contours
B, D, E and F that should be cut by the laser beam. Let
us suggest that the point S1 on the steel sheet S is the
initial point of the controlled trajectory.

Figures 12: Documenting on the Templates
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At the first stage, a list L of “soldering points” for
TSP(L) will be formed as points of tie-in contours:

1.1. The initial point of the trajectory is included in the
list L as the initial point IP of TSP(L).

2.

It should be noted the created trajectory must consist of
a set of lines processed by the laser beam and a set of
lines that correspond to the beam's idling. Hence, there
exists the task to build the way for idling. In our study,
the choice of rational way of idling is based on solving
the Traveling Salesman Problem (TSP).
The used solution will be explained with the scheme of
the abstract template (with simple contours and without
technological engraving) that combines contours
presented in figure 11.

1.

1.1. The initial point of the trajectory is included in the
list L as the initial point IP of TSP(L).

1.3. Than IP =X, the variable list = (IP,C2, …Ck … CK )
and GOTO step 1.2.
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The rational choice corresponds to the following
algorithmic reasoning:

second face directs on G-program controlled the laser
cutting in real time. This possibility is presented in
figure 10.

Figures 12: Documenting on the Templates
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The second version uses traditional normative
documenting in a table form (in our case with the
content in Russian language). The example of such
document is presented in figure 13 in order to show the
constructs that can be created in WIQA-environment.
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Figures 13: Normative Document of the CNC-process
Similar documents are prepared electronically, but they
are also applied as hard copies. The task of documenting
can be solved in NC and WIQA environment that can
supplement each other. The toolkit WIQA supports realtime work with documents the content of which reflects
on the semantic memory.
CONCLUSION
The described approach and its means support the
pseudo-code simulation of CNC-processes in designing
the configured templates of airplane parts. The use of
such means opens the possibilities for experimental
estimations of CNC-processes in questionable points of
their life cycle. The set of such points is concerned, for
example, with untypical characteristics of the controlled
trajectory. A number of such points are concerned with
the use of templates for different technological
applications.
The specificity of the described approach is defined by
following features: the use of reflections of CNCprocess on the semantic memory that opens the
possibility of pseudo code programming actions of the
designer and moving the laser beam on the controlled
trajectory; the use of models of precedents for
registering the results of designing for the future reuse;
the use of the ontological maintenance of real-time
actions in designing.
Offered versions of conceptual experiments are
implemented in visual forms with using the specialized
graphical editor that supports the conversions of the
template geometry to the pseudo code program of its
simulation in experimental aims. All achieved positive
effects facilitate increasing the quality in designing of
the CNC-programs.
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The second version uses traditional normative
documenting in a table form (in our case with the
content in Russian language). The example of such
document is presented in figure 13 in order to show the
constructs that can be created in WIQA-environment.
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CREATING A SIMULATION MODEL USING
EPC-SIMULATOR
For generating a simulation model with Epc-Simulator
all required business processes must modeled as event
process chains (EPC) in Bflow (Bflow 2014), (Kern et.
al. 2010). Bflow is an EPC modeling system and runs as

ABSTRACT
Business processes of modern companies are
characterized by a huge complexity which is caused for
example by quickly changing markets, short product life
cycles or dynamic interactions between particular
subsystems of a company. Business process
management is intended to implement efficient and
customer-oriented processes whereby the simulation of
business processes can be used to evaluate the quality of
processes and to identify areas of improvements. For
modeling of business processes as an event driven
simulation model Rump(1999), Scheer(2000) we use
the Epc-Simulator (Figure 1) as simulation system
(Müller 2012), (Müller 2014a). Extensions of EpcSimulator are discussed in (Steglich and Müller 2013)
and (Müller 2014)
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Beside the EPC diagrams, the available resource entities
and the frequencies of master entities, that are running
through the process chains, are described in a separate
model diagram. The Epc-Simulator checks the validity
of process chains and the model diagram. When all
diagrams are valid the simulation model is generated as
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a Java program. The simulation model uses the DesmoJ
simulation frame-work (DesmoJ 2014), (Page 2005).
DesmoJ runs with Apache 2 License (Apache License
2004). This concept is painted in the Epc-Simulator
concept image (Figure 1).

function or join gateway groups.
With an animation viewer application every simulation
run can be animated in posterior. For this all changes of
states of animated entities are stored during the
simulation run in a file, named cmds file (Figure 4). The
animation viewer reads the cmds file afterwards. The
viewer can pause, restart and repeat the animation. It is
also possible to have an detailed look on every entity.
The writing of cmds file by simulation model increase
its running time by a factor between 1.4 and 4.0. This is
a result of some internal investigations.

A sample process is shown in Figure 2. Every master
entity that runs through this process is splitted at the
first gateway into two parallel running siblings. At the
second gateway both siblings are waiting together for
synchronization and running afterwards into the next
step as one integrated entity. For processing of function
0 and 3 resources are required. Before a master entity
can pass this function it must wait for an available
resource entity.

Figure 3 shows an animated simulation run of the
example model. In the function nodes are some master
entities processed together with there associated
resource entities. In front of some function nodes are
waiting master entities for processing. Inside the join
gateway (17_AND) some paralleled siblings and there
parent are waiting on synchronization.

For classical statistical analysis by Epc Simulator the
data for all master and resource entities are registered.
For master entities these are:
• the process times inside a function,
• the waiting time before entering a function,
• the synchronization time inside a join gateway,
• the lifetime and there
• key performance indices.

EPC-ANALYZER
In the Area of "Enterprise manufacturing intelligence
(EMI)" (Davidson 2014) are some tools to analyze
production data in an enterprise manufacturing process.
Normally these tools collect data from production
entities, like robots, normalize their data to a unique
format for analyzing. The target of EMI Systems is to
improve the interaction of different production entities
in a production process.

And for resource entities these are:
• the process times inside a function,
• there utilization and there
• key performance indices.
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gateway. For statistical representation the data are
reported unchanged or aggregated as entity groups or
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The Epc-Analyzer supports a detailed study of the
behavior of all master and resource entities inside of the
simulation model. This includes views from the
different perspectives on the simulation model:
• The master entity view draws a different image
about the behavior of every master entity
(Figure 5) with all its process-, waiting- and
synchronization- times. It supports also a
aggregated view on its master group.
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University Library is trying to document, analyze and
optimize their processes. With this they want to increase
the transparency and flexibility, specialty to manage
substitutions in the case of illness and holidays of staff
members. With a simulation based what-if analysis they
want to have a tool to forecast the consequences of there
management decisions. There is a expectation, that the
analysis results can be useful in the discussion between
library and university management about the evolution
of financial and stuff resources in the next years.

The resource entity view shows the behavior of
every resource entity with its process- and
waiting times. It supports also a aggregated
view on its resource group.
The queue resource view analyzes the queue
where the resources are waiting on there next
tasks.
The function and the queue function view
describe all activities inside of a function and
there waiting queue.
The event view give information when which
master entity is passing this event.
The connector view describes all activities
inside of a join gateway (of OR or AND type)
and there synchronization times.
The route view give an overview about all used
ways through the simulation model.

For this the actual processes are analyzed. The catalog
process of print book titles is one of these library
processes. This Process is described in Figure 6.
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•
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For a classical statistical analysis of a simulation run,
the simulation must prepared with data observers at
points of interest in the model. During the analysis
process these points of interest may be changed. In this
case new observation points must integrated in the
simulation model and the simulations must run again.
By using Epc-Analyzer the analyst must not decide
about the required observation points and there
aggregations before a simulation run. Because all data,
that are visible in the animation are stored in the cmds
file, they can be analyzed by Epc-Analyzer without a
new simulation run. This is the advantage of EpcAnalyzer against the classical approach in EpcSimulator. On the other side the generation of cmds files
increases the simulation running time by a factor
between 1.4 and 4.0. In cases for serial examinations of
parametrized simulation models, without animation
requirements, remains the classical way still useful.
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CASE STUDY:
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In the last years the business of a university library has
changed. New challenges are located in the area of ebooks, e-journals and in teaching scientific searching
and writing technics for novice students must supported.
For this, a reorganization of the business processes in
the library are necessary. In this context the Wildau

In a first step of the catalog process, the title of new
book acquisition must searched and indexed in a library
database. This is done with the catalog request process.
In a second step the book- and RFID labels of this title
are printed and glued in the book. Sometimes the library
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buys more than one book of a title. In this case every
book must be labeled.

peak- and upper-time, are subjective estimations of the
librarians, based on there daily experience.
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The catalog request process is shown in Figure 7. In a
first step the title is searched in a local SISIS database.
In 40% this search is successful and the data are correct.
In the other case the title must also searched in the
union catalog, which based on the integrated library
systems ALEPH. Then the SISIS database entry of this
title is updated by Aleph and the new acquisition is
written in SISIS.

The book titles are delivered by book stores on every
working day (MONDAY until FRIDAY) between 8 AM
and 5 PM. The inter arrival times between 2 titles are
given by exponential distribution with a mean of 45
minutes. In all described processes works one librarian
in part time (MONDAY until FRIDAY between 9 AM
and 1 PM). For printing the back labels, the back label
deceive is working 24 hours daily.
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The book labeling process is shown in Figure 8. It is
called by the print cataloging process. In this process a
back label and RFID label is written and glued in the
book. For printing the back label a special back label
print device is used.
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The duration time of every function is modeled by a
triangular distribution. There parameters, the lower-,

This process is analyzed with classical technics by
(Dierking and Wilke 2013). For this they must include a
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data observer at every point of interest into the simula
tion model. In this paper the Epc-Analyzer is used. In
opposite to a classical analysis no statistical observation
points must included.
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In a first step it makes sense to look at the the first event
(Figure 9) and last event (Figure 10) of the print catalog
process (Figure 6). These diagrams shows the number of

In a first step it makes sense to look at the the first event
(Figure 9) and last event (Figure 10) of the print catalog
process (Figure 6). These diagrams shows the number of
The resulting passing times is shown in Figure 13. The
big outlier are consequences of weekends and the small
of the end of every day.

Both diagrams show clearly the weekends, where the
number of entities is not changed, because only on
working days new entities are generated and processed
by the library staff. The difference between both curves
describes the number of entities inside the process.

The librarian is working 4 hours per day, 5 days per
week and 4 weeks. These are 80 hours or 3 days and 8
hours. The librarian is 91.3 % of this time working and
8.7 % waiting on new tasks.

The function “read book title” is the first function in the
print catalog process. In its waiting queue (Figure 11)
the unprocessed book titles are waiting. The diagram
show clearly the 4 weeks and the single working days.
Since the daily working hours of the librarian are
shorter than the delivery time of book titles, the number
of titles in the queue is increased when book titles are
delivered, but not processed by a librarian.

A detailed view of staff utilization is given by the
resource queue (Figure 15), where the librarian is
waiting on new tasks. These happens only in the first an
d the last week. The waiting in the first week may be
caused by attunement of the model.

In Figure 11 we have seen that the level of waiting
books is changed in the last week to a lower level. This
is the reason of the staff waiting time in the 4 th week in
Figure 15.

The inter arrival times between new book titles and the
process times of each function is given by a random
distribution. The variability of the total process times is
shown in Figure 12. These fluctuations are the reason
for changing the levels of waiting titles in Figure 11.

CONCLUSION
The presented case study shows the applicability of Epc
Analyzer on practical tasks. For animation purposes the
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simulation model writes a cmds file. This file is the
basis of all investigations of Epc-Analyzer. Hence, the
simulation model needs no special preparations for
studys made by Epc Analyzer afterwards. The price of
this independence is the investment of creating the cmds
file. The writing of cmds file by simulation model
increase its running time by a factor between 1.4 and
4.0. On the other side, for serial examinations of para
metrized simulation models, without animation require
ments, remains the classical way still useful.
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population would then occur. Periodically, the islands interact using a migration process which is responsible for
sending and receiving certain individuals across islands
controlled by migration rate and migration frequency. If
there is no migration, an island model is nothing more
than a set of separate runs and thus migration is very important (Al-Betar et al., 2015).
Recent research trends have taken different algorithms
as ensemble (Tasgetiren et al., 2010), different constraints within the objective functions as an ensemble
approach (Mallipeddi and Suganthan, 2010) alongside
niching algorithms (Yu and Suganthan, 2010) and subpopulations (Pan et al., 2010). Harmony search has also
been applied using the ”islands model” (Al-Betar et al.,
2015), where the researchers have conducted an islands
model based on the concept of (Pan et al., 2010). The
main idea of this approach is the convergence behaviour
of each subpopulation applied to real-domain problems.
This research takes a different track to the aforementioned paper, as the main onus here is the tuning of
parameters for different sub-populations applied to a
combinatorial optimisation problem. HS is perturbed
by changing the operating parameters independently for
each sub-population, thereby the search space occupied
by the sub-groups is generally non-overlapping, with a
lower level of stagnation.
The paper is organised as follows: section 1 introduces
the HS algorithm and section 2 introduces the ensemble
HS approach. Section 3 described the job shop scheduling problem. The experiment is given in section 4 and
the research is concluded in section 5.

Ensemble population, Harmony Search algorithm, Job
shop scheduling
ABSTRACT
A novel ensemble population based Harmony Search
(HS) algorithm based on different operating parameters
is proposed in this paper. A sub-population based HS
based on differing scaled pitch adjusting rate and bandwidth is devised, with the objective of searching different
search space in the fitness landscape. The algorithm is
tested on the job shop scheduling problem and favourably
compared with the reported optimal values in literature.
INTRODUCTION
The Harmony Search (HS) algorithm, proposed by
(Geem et al., 2001), uses musical phenomena such as
pitch and tune to emulate a evolutionary algorithm. The
objective then, as in any orchestra, is to obtain a perfect
pitch; an optimal solution. This algorithm has gained
traction due to the inordinate amount of scientific research into different formulation and applications (AlBetar et al., 2015).
One of the recent trends in evolutionary algorithm design has been the ensemble population structure. The
canonical algorithms generally had a singular population,
where its size was generally problem dependent. This
provided the algorithm with a large diversity of selectable
”gene pool” materials. While this is a valid strategy, generally the extent of interaction of the different individuals
in the population and the need to obtain optimal ”operating” parameters of the algorithm, in order to maximise
the interaction of the individuals in the population, has
led to the ensemble approach.
The ensemble approach, is not a novel concept, having
first appeared in the form of the ”islands model” (Corcoran and Wainwright, 1994), where the population is divided into sub-populations, which each sub-population
tasked with a different objective. These sub-populations
were combined into a structure, such as ring, star or random, where the exchange of information regarding the
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HARMONY SEARCH

HS is meta-heuristic algorithm developed by Geem
(Geem et al., 2001) and was originally inspired by the
improvisation process of Jazz musicians. A musical instrument improvisation corresponds to a decision variable in optimization. Its pitch range corresponds to a
value range. HS is good at identifying the high performance regions of the solution space at a reasonable time.
HS algorithm uses stochastic random searches, so derivative is unnecessary.
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initialize parameters
for p = 1 to n do
for i = 1 to HMS do
randomly generate harmony vector Xpi
calculate f (Xpi )
end
end
for imp = 1 to NI do
for p = 1 to n do
PARp = PAR(imp, p)
BWp = BW (imp, p)
if r1 < HMCRp then
X new = Xpr2
if r2 < PARp then
perturbate X new of BWp
end
end
randomly generate X new
calculate f (X new )
if f (X new ) is better than f (Xpworst ) then
replace Xpworst by X new
end
end
end
Algorithm 1: Harmony Search algorithm

HS algorithm contains a number of operating parameters, including harmony memory size (HMS), harmony
memory considering rate (HMCR), pitch adjusting rate
(PAR), number of improvisation (NI) and distance bandwidth (BW).
⎡
⎢
⎢
⎢
⎣

x11
x21
..
.
xHMS
1

x12
x22

...
...

x1D
x2D

...
xHMS
2

...
...

...
xHMS
D

f (X 1 )
f (X 2 )
..
.
f (X HMS )

⎤
⎥
⎥
⎥
⎦

HS uses memory storage, named harmony memory (HM),
which consists of HMS harmony vectors, where HMS is the
harmony memory size parameter. The harmony vectors and
corresponding objective function values are stored in the harmony memory (HM) expressed as a matrix.
In the HS algorithm, each solution is called a ”harmony” and
represented by a D-dimension vector. The initial population of
harmony vectors are randomly generated and stored in HM.

xnew
i

⎧
{xi (1), xi (2), ..., x+i (k)}
⎨ xi (k) ∈ *
←
xi (k) ∈ x1i , x2i , ..., xHMS
i
⎩
xi (k) ∈ {xi (k) + r3 ∗ BW }

r1 >HMCR
r1 ≤ HMCR
r1 ≤ PAR

In each improvisation, a new harmony is improvised, and if
it is better than the worst vector in the harmony vector, the worst
is replaced by the new vector. A new harmony vector xnew is
improvised by applying three rules: a memory consideration, a
pitch adjustment and random selection. r1 is random number
generated in the range [0, 1]. If r1 is less than HMCR, the
decision variable xnew (k) is chosen from harmony memory;
otherwise, xnew (k) is obtained by a random re-initialization
between the search bounds. Each new harmony vector can be
adjusted by perturbance with probability of PAR.
PAR and BW in HS algorithm are very important parameters
in fine-tuning of optimized solution vectors. The traditional
HS algorithm uses fixed value for both PAR and BW - PAR
and BW values adjusted in the initialization step and cannot be
changed during new improvisations. Improvement here is to
dynamically change these two parameters according to the improvisation number. Small BW values in final improvisations
increase the fine-tuning of solution vectors, but in early improvisations BW must take a bigger value to enforce the algorithm
to increase the diversity of solution vectors. Large PAR values with small BW values usually cause the improvement of
best solutions in final generations which causes the algorithm
to converge to the optimal solution vector. Therefore, we propose to change parameters PAR and BW as given in Equations
(1), (2) and (3).
BW (i) = BWmax ∗ exp (c ∗ i),
c=

BWmin
ln ( BW
)
max

NI

2

ENSEMBLE POPULATION APPROACH

Obtaining the optimal parameter values is a complicated process, and generally empirically driven. One of approach as to
how to find good parameter values is tuning, but this can be
applied only to specific problem instances. Basically, parameter tuning leads to a next subsequent optimization task. After
several tunings with different parameter values, we can obtain
sufficient good values.
Ensemble population approach run algorithm with different
parameter values in each population as shown in Figure 2. Convergence rates in populations are not the same and individuals
which can lead to better solutions are not abandoned due to different parameter settings.
Tuned parameter values obtained by stochastic method for
the problem instance of ft06 is given in Table 1. These parameter values were subsequently used for all experimentations in
this paper.

3

JOB SHOP SCHEDULING

A job shop scheduling problem (JSP) is a problem where the
route of the job is fixed, however not necessarily the same for
each job. If a job has to visit certain machines more than once,
the job is said to recirculate (Pinedo, 1995). The problem designation is
Jm ∥ Cmax

(1)

(2)

(3)

The JSP can be described by a set of n jobs {Ji }1≤j≤n which
is to be processed on a set of m machines {Mr }1≤r≤m . The
problem can be characterized as follows:

where i ∈ {1, 2, . . . , N I}, with N I being the number of
total improvisations.

1. Each job must be processed on each machine in the order given in a pre-defined technological sequence of machines.

P AR(i) = P ARmin +

(P ARmax − P ARmin )
∗i
NI
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Table 1: Tuned parameter values for HS with 4 populations for ft06 instance (S is schedule size)
HMS1
HMS2
HMS3
HMS4

13
14
3
7

HMCR1
HMCR2
HMCR3
HMCR4

0.42
0.75
0.99
0.147

PAR1
PAR2
PAR3
PAR4

BW1
BW2
BW3
BW4

HMS1
HMS2
HMS3
HMS4

⟨1, 2 · S⟩
⟨2, 3 · S⟩
⟨5, 4 · S⟩
⟨1, 2 · S⟩

and the result is presented in Table 4. The highest PRD is for
the ft10 instance at -5.913, and the minimum is -0.458 for the
la02 instance. The average PRD is -1.553 for all instances.
For the Taillard instance, the PRD is taken between the lower
bound and EPHSbest and is given in Table 5. The differences
are from -18.2 to -60.8. The average PRD for the Taillard’s
instances is -29.32.

2. Each machine can process only one job at a time.
3. The processing of job Jj on machine Mr is called the
operation Ojr .
4. Operation Ojr requires the exclusive use of Mr for an
uninterrupted duration pjr , its processing time; the preemption is not allowed.
5. The starting time and the completion time of an operation Ojr is denoted as sjr and cjr respectively. A
schedule is a set of completion times for each operation
{cjr }1≤j≤n,1≤r≤m that satisfies above constraints.

5

The problem is “general”, in the sense that the technological
sequence of machines can be different for each job as implied
in the first condition and that the order of jobs to be processed
on a machine can be also different for each machine. The predefined technological sequence of each job can be given collectively as a matrix {Tjk } in which Tjk = r corresponds to the
k-th operation Ojr of job Ji on machine Mr . The objective
of optimizing the problem is to find a schedule that minimizes
Cmax (Yamada, 2003).

EXPERIMENTATION

The experimentation was conducted on ten selected problem
from the Operations Research library (Beasley, 2009) and Taillard’s scheduling instances (Taillard, 2015) with sizes from ten
jobs and ten machines for the abz5, abz6, ft10 and la16 instances, ten jobs and five machines for the la01, la02, la03,
la04 and la05 instances, six jobs and six machines for the ft06
instance and larger instances from the Taillard’s sets.
Thirty experiments were conducted on each instance to get
statistical variance. The results are presented in Table 2 and
Table 3. Four parameters are of interest, the best makespan
obtained, the average makespan from 30 runs of the experiment,
the standard deviation of the makespan of these 30 runs and the
average time.
From the obtained results, for four instances of ft06, la01,
la04 and la05, the optimal result was obtained by EPHS. Additionally, the average value for these instances is also the optimal
and the standard deviation is zero. For the other instances, the
highest standard deviation is 5.584 for the ft10 instance and the
lowest is 0.456 for the la02 instance. The lowest average time
is 2773.33 milliseconds for the ft06 instance and 8410.13 milliseconds for the ft10 instance. The cumulative average standard deviation is 1.495 and time is 5304.48 milliseconds for all
instances.
The percentage relative difference (PRD) between the optimal and the EPHSbest can be computed as:
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BW1
BW2
BW3
BW4

⟨1, 2 · S⟩
⟨2, 3 · S⟩
⟨5, 4 · S⟩
⟨1, 2 · S⟩

CONCLUSION

A ensemble population based HS algorithm based on different parameter values is proposed in this paper to solve the
job shop scheduling problem. Based on the ”islands” model,
with non-interactive, or no-exchange topology, concentrated
sub-populations are generated randomly and then driven with
different tuned parameters of evolving pitch adjusting rate and
bandwidth.
The new algorithm (EPHS) is tested on 19 different instances
of the job shop scheduling problem based on two classifications. In the first set, out of the 10, EPHS obtains the optimal
value for four instances and the average PRD of all instances is
-1.553, with the highest being -3.605 for the abz6 instance. In
the second set, the best instance is 50 x 20 and the worst is 20
x 20, with average being -29.32. Form the second experiment,
we confer that neighbourhood search techniques would be required inside HS in order to sample the best regions and also
to utilise some good starting seed solutions using NEH, which
could provide a catalyst for initial exploration.
Some of the unique features of the algorithm is the separate ensemble population evolution, a wide mapping of operating parameters and an exploitation of constrained search space,
without penalisation of ”inferior” solutions. These attributes
improve the general behaviour of the HS algorithm.
Future direction of this research is its application to different
constraints within the job shop problem such as tardiness, local search routines and the parallel application of the algorithm
using OpenMP and CUDA to speed up the execution time.

6. The time required to complete all the jobs is called the
makespan, which is denoted as Cmax . By definition,
Cmax = max1≤j≤n,1≤r≤m cjr .
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Cmax (Yamada, 2003).

4

⟨0.4, 0.8⟩
⟨0.5, 0.99⟩
⟨0.1, 0.6⟩
⟨0.3, 0.7⟩

and the result is presented in Table 4. The highest PRD is for
the ft10 instance at -5.913, and the minimum is -0.458 for the
la02 instance. The average PRD is -1.553 for all instances.
For the Taillard instance, the PRD is taken between the lower
bound and EPHSbest and is given in Table 5. The differences
are from -18.2 to -60.8. The average PRD for the Taillard’s
instances is -29.32.

2. Each machine can process only one job at a time.

CONCLUSION

A ensemble population based HS algorithm based on different parameter values is proposed in this paper to solve the
job shop scheduling problem. Based on the ”islands” model,
with non-interactive, or no-exchange topology, concentrated
sub-populations are generated randomly and then driven with
different tuned parameters of evolving pitch adjusting rate and
bandwidth.
The new algorithm (EPHS) is tested on 19 different instances
of the job shop scheduling problem based on two classifications. In the first set, out of the 10, EPHS obtains the optimal
value for four instances and the average PRD of all instances is
-1.553, with the highest being -3.605 for the abz6 instance. In
the second set, the best instance is 50 x 20 and the worst is 20
x 20, with average being -29.32. Form the second experiment,
we confer that neighbourhood search techniques would be required inside HS in order to sample the best regions and also
to utilise some good starting seed solutions using NEH, which
could provide a catalyst for initial exploration.
Some of the unique features of the algorithm is the separate ensemble population evolution, a wide mapping of operating parameters and an exploitation of constrained search space,
without penalisation of ”inferior” solutions. These attributes
improve the general behaviour of the HS algorithm.
Future direction of this research is its application to different
constraints within the job shop problem such as tardiness, local search routines and the parallel application of the algorithm
using OpenMP and CUDA to speed up the execution time.

6. The time required to complete all the jobs is called the
makespan, which is denoted as Cmax . By definition,
Cmax = max1≤j≤n,1≤r≤m cjr .

4

⟨0.4, 0.8⟩
⟨0.5, 0.99⟩
⟨0.1, 0.6⟩
⟨0.3, 0.7⟩

Table 1: Tuned parameter values for HS with 4 populations for ft06 instance (S is schedule size)

EXPERIMENTATION

The experimentation was conducted on ten selected problem
from the Operations Research library (Beasley, 2009) and Taillard’s scheduling instances (Taillard, 2015) with sizes from ten
jobs and ten machines for the abz5, abz6, ft10 and la16 instances, ten jobs and five machines for the la01, la02, la03,
la04 and la05 instances, six jobs and six machines for the ft06
instance and larger instances from the Taillard’s sets.
Thirty experiments were conducted on each instance to get
statistical variance. The results are presented in Table 2 and
Table 3. Four parameters are of interest, the best makespan
obtained, the average makespan from 30 runs of the experiment,
the standard deviation of the makespan of these 30 runs and the
average time.
From the obtained results, for four instances of ft06, la01,
la04 and la05, the optimal result was obtained by EPHS. Additionally, the average value for these instances is also the optimal
and the standard deviation is zero. For the other instances, the
highest standard deviation is 5.584 for the ft10 instance and the
lowest is 0.456 for the la02 instance. The lowest average time
is 2773.33 milliseconds for the ft06 instance and 8410.13 milliseconds for the ft10 instance. The cumulative average standard deviation is 1.495 and time is 5304.48 milliseconds for all
instances.
The percentage relative difference (PRD) between the optimal and the EPHSbest can be computed as:
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programming approaches have been employed to
support investment decisions making and simulation
under random market uncertainty (Gaivoronski, Krylov
et al. 2005, He and Qu 2014).

KEYWORDS
Goal programming, compromise programming, fuzzy
set theory, portfolio optimisation

In addition to random uncertainty, many nonprobabilistic factors in the securities market have also
been investigated by researchers using fuzzy
techniques. Fuzzy set theory has been applied to
determine a rough estimation for the security’s
turnover rate (Gupta, Mehlawat et al. 2008).
Knowledge and preferences of experts have also been
integrated in decision making (Bilbao-Terol, PérezGladish et al. 2006) . A flexible goal programming
decision-making simulation model has been designed
in (Bilbao, Arenas et al. 2007) for portfolio selection,
where expert’s knowledge and imprecise preferences
were considered. We refer to a survey by (Aouni,
Colapinto et al. 2014) for more details.

ABSTRACT
In this paper we investigate a multi-objective portfolio
selection model with three criteria: risk, return and
liquidity for investors. Non-probabilistic uncertainty
factors in the market, such as imprecision and
vagueness of investors’ preference and judgement are
simulated in the portfolio selection process. The
liquidity of portfolio cannot be accurately predicted in
the market, and thus is measured by fuzzy set theory.
Invertors’ individual preference and judgement are
cooperated in the decision making process by using
satisfaction functions to measure the objectives. A
compromise based goal programming approach is
applied to find compromised solutions. By this
approach, not only can we obtain quality solutions in a
reasonable computational time, but also we can achieve
a trade-off between the objectives according to
investors’ preference and judgement to enable a better
decision making. We analyse the portfolio strategies
obtained by using the proposed simulation approach
subject to different settings in the satisfaction functions.

Expected return and risk are two fundamental factors in
portfolio selection, and thus have been used as the most
common two objectives in the literature. However,
return and risk cannot provide all relevant information
for making a sound investment decision. In addition to
the expected return and variance, other criteria have
also been proposed to make an investment decisions in
recent years (Li and Xu 2013) (Steuer, Qi et al. 2005)
(Arenas Parra, Bilbao Terol et al. 2001) (Fang, Lai et al.
2006) (Gupta, Mehlawat et al. 2008).

INTRODUCTION
The foundation of the modern portfolio selection
theory originated from Markowitz’s mean-variance
model (Markowitz 1952), which formulates the tradeoff between return and risk of portfolios. The essence
of portfolio selection problem (PSP) can be described
as finding a combination of assets that best satisfies an
investor’s needs.

In this paper, we propose a constrained multi-objective
portfolio selection model for investors. This model
defines three criteria/objectives, namely return, risk and
liquidity. A compromise based goal programming with
satisfaction function solution approach is designed to
obtain a compromised portfolio strategy. The model
considers investors’ preferences and judgment (fuzzy
information) by introducing satisfaction functions into
the portfolio selection process, thus is able to obtain a
satisfactory personal portfolio selection in accordance
with the attitudes of different investors.

To make a proper investment decision, along with the
trading constraints, another important factor faced by
the investors, i.e. decision makers, is the market
uncertainty. Random uncertainty factors of the market,
i.e., in terms of asset prices and currency exchange
rates, etc. have been investigated using probability
theory based techniques. A wide variety of stochastic
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In this section, we formulate the portfolio selection
problem as an optimization problem with multiple
objectives.
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objectives.
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We have a given set of n assets. Each asset i is
associated with an expected return (per period) ri, and
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covariance matrix  nn

Let the trapezoidal fuzzy number li  (ai , bi ,  i , i )
(shown in Fig.1) denote the turnover rate of asset i.
Then the turnover rate of the portfolio X = {x1, …,

diagonal element  ii represents the variance of asset i.
In the modern mean-variance portfolio theory, the
variance  ii represents the risk of investing asset i;

xn } is

while the covariance  ij represents the correlated risks
between pairs of assets. Rational investors should pick
combination of diversified assets, i.e. a portfolio, to
reduce the risk, which is measured by the covariance of
combined assets, whiling achieving a specified return.
A portfolio strategy can be represented by a set X =
{x1, …, xn}, where xi represents the percentage wealth
invested on asset i.
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Fig. 1. The Trapezoidal Fuzzy Membership Function
(Li and Xu 2013)

portfolio, and is considered as the measure of the risk
associated with the portfolio.

According to (Carlsson and Fullér 2001), the crisp
possibilistic mean value (denoted by M) of the fuzzy
number defined by the above membership function (1)
is calculated as the following:

Return
For a portfolio X = {x1, …, xn},the expected return of
n
the portfolio is expressed as r x .
ii
i 1

1

M ( A )    (a  b)d 

Liquidity
Liquidity is defined as the degree of an asset or
security that can be bought or sold in the market
without affecting the asset's price significantly.
Liquidity is characterized by a high level of trading
activity. Assets that can be easily bought or sold are
known as liquid assets. Generally, investors prefer to
choose securities with greater liquidity. According to
(Gupta, Mehlawat et al. 2008), the measurement of
liquidity can be simulated on a security’s turnover rate.
However, a security’s turnover rate cannot be
accurately predicted in the stock market. To capture
this imprecise nature of the market in the decision
making, fuzzy set theory (Zadeh 1965, Zadeh
1999)( Coupland and John 2007) is applied in this
paper.

(2)

0

Based on (2) and with the following lemma by (Li and
Xu 2013), we can obtain the possibilistic mean value of
the turnover rate of the portfolio as a rough estimation
for the portfolio’s turnover rate.
Lemma

Let

the

trapezoidal

fuzzy

number

li  (ai , bi ,  i , i ) be the turnover rate of asset i with

membership function (1). Then the possibilistic mean
value of the turnover rate associated with portfolio X =
{x1, …, xn } is
a  b   i
M (l ( x))   ( i i  i
)xi
2
6
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Compromise Programming (CP) is a multi-objective
decision making technique, proposed in (Zeleny 1973),
to obtain compromise solutions. The basic idea is to
firstly identify an ideal solution as a point where each
single objective under consideration achieves its
optimal value. Then it seeks a solution that is as close
to the ideal point as possible by minimizing the
distance between the achievement level fi (x) and the
ideal values fi* associated with each objective i. The
ideal value fi* for objective i can be obtained by
applying the above GP model (12) for the objective
without considering the other objectives. For example,
in case of minimizing objective i, the ideal value can be
obtained as follows:

Objectives (4) (5) and (6) describe risk, return and
liquidity of the portfolio that an investor concerns. We
assume that the investor does not invest additional
capital during the period, i.e., we have a self-financed
budget constraint (7). The cardinality constraint (8)
restricts the number of assets included in the portfolio.
Investors can define the number of assets, C, in the
portfolio. n extra binary variables zi are introduced to
indicate if an asset is held or not in the portfolio. zi =1
if the investor hold asset ai (i.e., wi > 0), zi = 0
otherwise. Constraint (9) sets the relation between xi
and zi. The minimum position constraint prevents
investors from holding very small amount of assets.
We introduce a prescribed percentage value xmin>0.
That is, holding a position strictly less than xmin is not
advised. Constraints (9) and (10) together ensure this
minimum position constraint. Domains of the decision
variables are defined by (11).
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It is well known in the literature that a solution of a GP
model is not necessary a Pareto optimal solution. The
GP model produces a solution to a multi-objective
problem with a given level of satisfaction. To reduce
the computational difficulty of evaluating and selecting
the best solution to obtain a Pareto optimal solution,
compromised solution can be applied to resolve the
conflicting objectives.
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Goal programming (GP) was first introduced in
(Charnes, Cooper et al. 1955) and (Charnes and Cooper
1961) as a well-known procedure for solving multiobjective optimisation problems. Many conflicting
objectives are taken into account simultaneously in the
optimisation. The standard mathematical formulation
of the GP model is as follows:
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After generaating the ideeal solution point, we ccan
measure the quality of a feasible solu
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assumption is usually not
n
true in the real-wo rld
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Fig.5. The logistic satisfaction functions for liquidity
For the investor that takes aggressive and optimistic
investment strategies, we take the following middle
satisfaction values: midrisk = 0.016, midreturn = 0.00525,
and midliquidity = 0.7. The computational results are
summarized in Table 2.
Table 2. The portfolio obtained for two aggressive
investment strategies (row 1 and row 2)
Achievement value
Satisfaction value
Risk
Return
Liquid Risk Return Liquid
0.002627
0.008358
0.8896 1
1
0.796
0.0033352 0.0093586 0.7675 1
1
0.392

For the investor that takes conservative and pessimistic
investment strategies, we take the following middle
satisfaction values: midrisk = 0.012, midreturn = 0.002,
and midliquidity = 0.5. The computational results are
summarized in Table 3.
Table 3. Portfolio obtained for conservative investment
strategies (row 1 and row 2).
Achievement value
Satisfaction value
Risk
Return
Liquid Risk Return Liquid
0.000953 0.006358 0.8489 1
1
1
0.002610 0.008331 0.893
1
0.657
1

f(100,0.012)

0.4
0.2
0
0

0.01

0.02

0.03

0.04

0.05

A comparison of the solutions listed in Tables 2 and 3
highlights that if the investor chooses an aggressive
strategy a higher level of expected return will be
obtained than choosing conservative strategy, but with

0.06

deviation

Fig.3. The logistic satisfaction functions for risk
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In Fig.3, function f (200, 0.016) and f (100, 0.016) are
satisfaction functions for an aggressive investment
strategy with different shape parameters, i.e. srisk =200
and srisk =100 (shown in Table 1.). On the contrary,
functions f (200, 0.012) and f (100, 0.012) are from a
conservative investment strategy. The middle
satisfaction values of functions f (200, 0.016) and f(100,
0.016) is higher than that of f (200, 0.012) and f (100,
0.012). This indicates that f (200, 0.016) and f (100,
0.016) represent an aggressive investment strategy
comparing against f (200, 0.012) and f (100, 0.012).
The above same philosophy applies to Fig.4 and Fig.5.
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ABSTRACT

Researchers working in the field of airport operations
have developed many models and tools, using both,
analytical and simulation approaches (Manataki and
Zografos 2010). But not all areas of airport operations
challenges have yet been completely resolved. Faboya
and Siebers (2014) recently developed an airport model
classification. They adopted Greasley's worldview
framework (Greasley 2013) which provides a view into
the kind of insight each of the available simulation
modelling paradigms (System Dynamics (SD); Discrete
Event (DE); Agent Based (AB)) provides. The airport
model classification exercise also revealed some areas
of airport operations where there is a lack of appropriate
decision support tools. One of the gaps identified was
the lack of airline marketing strategy models. The goal
of this paper is to investigate the feasibility of using SD
simulation modelling for studying airline marketing
strategies.

Marketing airline products and services has always been
highly competitive and requires that rigorous strategic
planning is put in place for achieving maximum growth
and profitability. Customer relationship management
which is one of the factors that has direct impact on the
overall performance of an airline must be guided and
maintained by changing organisational internal and
external marketing plans. However, it is very dangerous
to find solutions to problems that involve customers and
strategic planning by experimenting with real subjects.
Therefore, simulation studies have become one of the
ways of proffering solutions to such problems. In this
paper we present a hypothetical proof-of-principle study
that was conducted to demonstrate the feasibility and
applicability of using System Dynamics (SD) simulation
for studying airline marketing strategies. In conclusion
we can say that SD simulation has shown strong
potential as a decision support tool in this instance, and
we are confident that our prototype can be used as a
basis for investigating real-world cases.

LITERATURE REVIEW
Simulation Methods

INTRODUCTION

Modelling various operations in airport have attracted
substantial research interest, and quite a number of
models and tools proffering solutions to airport
operations have been developed with the objective of
supporting decision making. Besides analytical
methods, which are often used in airport operations
management, several simulation modelling methods
exists that can be used for this purpose. The main
methods used in this context are SD, DE, and AB
simulation modeling. SD simulation modelling is a
process-oriented, continuous, deterministic simulation
modelling approach where processes are modelled at a
very high level of abstraction and entities are aggregated
(i.e. they lose individual properties, histories, and
dynamics). Real-world processes are represented in
terms of stocks, flows between these stocks, and
information that determines the values of these flows
(Forrester 1997). SD simulation modelling is an
offspring of the SD methodology which focusses on
understanding the behaviour of complex systems over
time by dealing with internal feedback loops and time

Marketing is a core business component in the aviation
industry, where the environment is highly competitive
and profit margins are often low. Strategic decisionmaking in airline marketing is a process of high
complexity, as it demands effective and careful
planning. Furthermore, selling products and services in
today's airlines, as it is in other market places, require a
specialised skill set and attention to industry needs.
Rankin (2009) pointed out that marketing planning in an
airport as with other organisations is all about selecting
appropriate target groups and formulating a marketing
mix to achieve marketing objectives and financial
targets. The factors which need to be considered in the
dynamic and ever changing airport industry means that
airport marketing planning is more than just applying
general theory to practice.
Airports are complex socio-technical systems facing
constant pressure to improve (among other things)
products, facilities, methods, revenue, and general
organisation performance. These complexities can be
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of this paper is to investigate the feasibility of using SD
simulation modelling for studying airline marketing
strategies.
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and profitability. Customer relationship management
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external marketing plans. However, it is very dangerous
to find solutions to problems that involve customers and
strategic planning by experimenting with real subjects.
Therefore, simulation studies have become one of the
ways of proffering solutions to such problems. In this
paper we present a hypothetical proof-of-principle study
that was conducted to demonstrate the feasibility and
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LITERATURE REVIEW
Simulation Methods

INTRODUCTION
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offspring of the SD methodology which focusses on
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time by dealing with internal feedback loops and time
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planning. Furthermore, selling products and services in
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Rankin (2009) pointed out that marketing planning in an
airport as with other organisations is all about selecting
appropriate target groups and formulating a marketing
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targets. The factors which need to be considered in the
dynamic and ever changing airport industry means that
airport marketing planning is more than just applying
general theory to practice.
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constant pressure to improve (among other things)
products, facilities, methods, revenue, and general
organisation performance. These complexities can be
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delays that affect the behaviour of the entire system
(Sterman 2001). It is a very powerful methodology and
simulation modeling technology for framing,
understanding, and discussing complex issues and
problems. DE simulation modelling is a processoriented, discrete, stochastic modelling approach where
the operation of a system is modelled as a discrete
sequence of events in time. Each event occurs at a
particular instant in time and marks a change of state in
the system (Robinson 2004). Finally, AB simulation
modelling is an object-oriented, discrete, stochastic
modelling approach where a system is modelled as a
collection of autonomous decision-making entities
called agents. Each agent individually assesses its
situati
2002). While the individual agents
interact with each other and their environment, they
produce complex collective behaviour patterns at
system level. In this paper we focus on SD modelling
and simulation, and the reasons are given next.

community, namely Causal Loop Diagrams (CLD). This
is a qualitative modelling approach and helps with the
conceptual modelling of the system. The CLD can then
be translated into a SD simulation model, which is a
quantitative modelling approach that allows studying
the dynamics of the system over time. We use some
graphical notation for the SD simulation modelling and
the software we use for the implementation will then
translate the model into a set of ordinary differential
equations which, when the simulation is executed, will
be solved repeatedly while considering time
progression.

Among the scholars that used SD models in the past to
address air transport management problems are
Manataki and Zografos (2009, 2010), Odoni (1991), and
Tosic (1992). Their work focused on the management of
airport terminals. Miller and Clarke (2007) used SD
models to evaluate strategies for investment in aviation
infrastructure and Suryani et al. (2010) used them for
simulating different scenarios for expanding passenger
terminal capacity.

A small airline company is faced with low patronage
challenges. As a result, the management decided to
embark on developing a medium-term strategy to
improve the performance of the airline over a period of
time, but there are other competitors' airlines around in
the same airport competing for the same set of
passengers. The total number of people living in the
area is considered as the target population of the
airlines. Due to limited service counter availability in
the terminal, the airline in question currently only uses
three service counters to serve their customers.

CASE STUDY DESCRIPTION
In this section we take a closer look at the airline
marketing strategy through a hypothetical proof-ofprinciple simulation case study. The description of the
problem is given below.
Problem Description

Simulation models related to airport and airline
marketing are very rare. One study we found that is
remotely related is that of Minato and Morimoto (2011),
which focuses on analysing regional airports as
ecosystems. SD simulation modeling is used to propose
optimal strategy for sustaining these ecosystems. The
study concluded that ticket subsidies combined with
measures to enhance non-aeronautical revenue are
needed for viability of these regional airports. Another
study loosely related to the topic is that of Kuhn et al.
(2010), who present an AB model to assist in market
share analysis. The model is supposed to help
investment analysts to develop earnings forecast for the
year ahead. For the case of airport and airline
marketing, however, the application of AB simulation
modelling to investigate macro level factors, such as
those presented by the market share analysis may not
give appropriate results. The model needs to be able to
consider several feedback loops that result from the
structural organisation of the system. Following
Greasley's framework (Greasley 2013), these kinds of
studies would benefit from using an aggregate
modelling approach. For this reason we have decided to
use SD simulation modelling for studying marketing
behaviour in airline industry.

Airline performance is measured by the revenue and
profits the organisation makes over a given period of
time, and this depends largely on the number of
passengers that the airline can win and retain during this
period. Passengers can be won by attractive fares,
ranges of services, opening new routes and overall good
customer experience. On the other hand, passengers can
be lost due to the activities of competitors, poor service
quality that may resulted into delay and cancellation of
flight, and overall bad customer experience.
Conceptual Model
For defining our conceptual model we have employed
A
’
p
g
w
SD A
1997). The specific objectives of our hypothetical case
study are "to increase airline performance by wining
and retaining at least 70% of the total population living
in a given area as passengers for a period of 5 years, and
to determine the optimum ticket-life-time policy and
number of services that wins". Our constraint is that the
available number of counters is limited to three. Our
assumptions are that members of staff never fail, and
that they never go on breaks (they work in shifts). Our
simplification is that staff members work 24 hours a
day.

METHODOLOGY
For approaching the simulation modelling task we first
used a tool often used in the "Systems Thinking"
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APs increases (low fares etc. strengthen the current
effect). If the number of PPs increases then "adoption
from recommendation" decreases (recommendation
depends on the number of adopters; more potential
adopters
means
less
adopters
to
provide
recommendation). If "adoption from recommendation"
decreases then the number of APs decreases (adoption
fraction etc. strengthen current effect). If number of APs
decreases then "adoption from recommendation"
decreases (less APs means less people provide
recommendations to convince PPs to buy a ticket). If the
number of APs increases then - with a delay - the
number of PPs increases (once APs have used their
return ticket they become PPs again). If number of APs
increases then "service quality" decreases (staff cannot
cope with increase in passenger numbers). If "service
quality" decreases then the gap increases. The gap
defines the difference between desired and actual
service quality (gap = desired service quality – actual
service quality). If the gap increases (expectations are
not reached) then - with a delay (a reputation does not
change instantly) - "adoption from service reputation"
decreases. If "adoption from service reputation"
decreases then the number of DPs increases. If the
number of DPs increases then - after a certain delay the number of PPs increases (once DPs have used their
return ticket they become PPs again).

MODEL DESIGN
A causal loop diagram provides a way for expressing
our understanding of the dynamic, interconnected nature
of our world. Such diagrams are constructed by linking
together key variables and indicating the causal
relationships between them, often ending up in feedback
loops. By stringing together several loops, we can create
a coherent story about a particular problem or issue
(Kim 1992).
The initial CLD in Figure 1 summarises the story of our
hypothetical case study. "+" signs are interpreted as "if
the cause increases, then the effect increases (above
what it would otherwise have been)" while "-" signs are
interpreted as "if the cause increases, then the effect
decreases (above what it would otherwise have been)".
"R" refers to a reinforcing feedback loop (feedback loop
that reinforces change with even more change) while
"B" refers to a balancing feedback loop (feedback loop
that seeks a goal).
The diagram presented in Figure 1 consists of three
main variables, each expressing a "number of people" in
a specific state and of a number of causal loops which
influence their states. The variables are: Potential
Passengers" (PPs), which are people who might buy a
ticket (the base population), "Actual Passengers" (APs),
which are people who bought a ticket, and "Dissatisfied
Passengers" (DPs), which are people who bought a
ticket and are dissatisfied with the current service
standard. After a certain delay (which represents the
period between purchase and usage of the return ticket)
APs and DPs become PPs again. Once they are back in
PP state they have forgotten everything that happened to
them in the past. In the following we describe the causal
loops in form of if-then statements. If the number of PPs
increases then "adoption from promotion" increases. If
"adoption from promotion" increases then the number of

There are four feedback loops in our diagram. Two of
these are reinforcing (leading to exponential growth)
and two of these are balancing (leading to goal seeking
behaviour). Combined with the fact that we have some
delays we would expect some kind of oscillating pattern
of behaviour for this kind of system structure
(Kirkwood 1998).
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Figure 1: Initial CLD for hypothetical case study
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for the hypothetical system during execution. It includes
three stocks and four flows. Located at the bottom are
two time series windows displaying stock level changes
over time as well as rate changes over time. A copy of
the model is available from the authors upon request.

MODEL IMPLEMENTATION
The model described above has been implemented in
form of a Stock and Flow Diagram (SFD) in AnyLogic
7.0 (University Edition). AnyLogic is a multi-paradigm
Eclipse-based commercial drag and drop modelling and
simulation IDE. It can be programmed and extended
using Java. A SFD shows relationships among variables
which have the potential to change over time (like
causal loop diagrams) but distinguishes between
different types of variables. Main elements are stocks,
flows, information, auxiliaries, and parameters. A stock
(depicted as a box) represents an accumulation of
"something" over time. A flow (depicted as a valve on a
thick arrow) represents a flow or movement of the
"something" from one stock to another. Information
(depicted as a curved thin arrow) is placed between a
stock and a flow and indicates that information about a
stock influences a flow. An auxiliary (depicted as a
circle) arise when the formulation of a stock's influence
on a flow involves one or more intermediate
calculations. Parameters (depicted as circles with a
triangle) are constants that are set during the
initialisation of the model. Figure 2 shows the SD model

The dynamics of the system are defined as follows. At
the initial stage, the stock PPs comprises the total
population of the area. The other stocks are empty.
Changes in the stocks over time can be expressed
through the following equations:
ɗ(PPs) / ɗt = -PassengerWonRate +
ActualPassengerTicketUsageDelay +
DissatisfiedPassengerTicketUsageDelay
ɗ(APs) / ɗt = PassengerWonRate – PassengerLossRate ActualPassengerTicketUsageDelay
ɗ(DPs) / ɗt = PassengerLossRate DissatisfiedPassengerTicketUsageDelay
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Figure 2: SD simulation execution for hypothetical case study

Figure 2: SD simulation execution for hypothetical case study
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The flows between stocks can be expressed using the
following equations:

efforts. Scenario 1 and 2 both focus on testing the
impact of ticket life time on airline performance.
Scenario 3 and Scenario 4 both focus on testing the
effects of competitive fare advantages on airline
performance. The results of the experimentation are
represented in Table 2.

PassengerWonRate = AdoptionFromPromo +
AdoptionFromPassengersRec
PassengerLossRate = AdoptionFromServiceReputation
+ AdoptionFromNegExp

Table 1: Experimental setup for the different scenarios

The flows between stocks can be expressed using the
following equations:
PassengerWonRate = AdoptionFromPromo +
AdoptionFromPassengersRec
PassengerLossRate = AdoptionFromServiceReputation
+ AdoptionFromNegExp

PassengerTicketUsage = delay(PassengerWonRate,
TicketLifeTime)

PassengerTicketUsage = delay(PassengerWonRate,
TicketLifeTime)

LossPassengerTicketUsage = delay(PassengerLossRate,
TicketLifeTime)

LossPassengerTicketUsage = delay(PassengerLossRate,
TicketLifeTime)

MODEL VERIFICATION AND VALIDATION

DISCUSSION

While developing simulation models, it is crucial to
gain credibility through verification and validation. This
is particularly important for real-world case studies. The
model discussed in this paper, however, is purely
academic and based on a hypothetical situation due to
non-availability of real-world data. It has been
thoroughly verified to ensure that the model is
programmed correctly, the algorithms have been
implemented properly, and the model does not contain
errors, oversights, or bugs. Model design and
implementation have both been validated by domain
experts (face validation). This ensures that the model
design is a reasonable representation of the real-world
system and that the model implementation produces
reasonable outputs. Having done this kind of validation
also allows us to draw some conclusions about the
potential value of such models for real-world cases.

There are some general observations that can be made
from the diagrams in Table 2. Providing four service
counters (i.e. having four staff present) does not have a
practical significant impact on stock or rate changes in
the long run compared to the base case of three service
counters. On the other hand, opening only two service
counters seems to create a space/staff shortage and has a
practical significant impact on all stocks and flows in
the long run (less potential passengers become
passengers, etc.) which is even stronger when ticket life
time goes up. Scenarios with space shortage (i.e. only
two service counters open) are the only ones where the
airline loses passengers in the long run. This is even
stronger when ticket life time goes up. We have not
invested a huge amount of time in trying to find
explanation for all the observed phenomena as we are
not solving a real-world case and therefore the
explanations are secondary. If this was a real-world
case, we would get together with the domain experts
and other stake holders to find the causes behind the
observed phenomena within the system structure, using
the CLD and SD simulation model for discussions.

MODEL EXPERIMENTATION
When we run the simulation for a while we can see
some patterns occurring in the two time series windows
at the bottom of Figure 2 which are displaying stock
level changes over time and the rate changes over time.
All outputs in these windows show some oscillating
behaviour in the beginning which gets weaker over time
and stabilises when the simulation is run for long
periods. The fluctuations are caused by the delays
embedded in the system. In the following experiments
we waited until outputs were stabilising.

In the long run, the results suggest that an optimum
profit can be made by having three service counters and
applying the two year ticket life time policy. The fares
do not seem to have a big impact – perhaps the
differences between the prices were not radical enough
to attract passengers from competing airlines. A
sensitivity analysis for this factor would be useful in
order to see at what point fares start having an impact.

For the experimentation we have created four scenarios
(see Table 1 for the scenario setup). The goal was to test
the usability of the model for decision support. Each of
the four scenarios has varying values for the following
experimental factors: Number of staff; Ticket Life Time
(TLT) [years]; average Competitors' fare (C) [£];
Airline's fare (A) [£]. The total population is 10,000.
Our base scenario is Scenario 1 with three service
counters open. The investigation could help us to decide
if we should rent an additional counter from our
competitors or if we could rent out one of our counters
to our competitors. In addition, we are able to
investigate the payback of some of our marketing

For this hypothetical case study we are taking a very
crude approach to the analysis of the results by just
looking at the steady state outcome of the experiments.
In a real-world case where the main goal of the
experiments would be to influence system behaviour
and optimise system performance, we would also have
to look at the dynamics of the system over time for each
individual scenario and sub scenario (i.e. different
number of staff) and not only at the outputs in steady
state. Once we have identified a pattern of behaviour
that is a problem, we can look for the system structure
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For this hypothetical case study we are taking a very
crude approach to the analysis of the results by just
looking at the steady state outcome of the experiments.
In a real-world case where the main goal of the
experiments would be to influence system behaviour
and optimise system performance, we would also have
to look at the dynamics of the system over time for each
individual scenario and sub scenario (i.e. different
number of staff) and not only at the outputs in steady
state. Once we have identified a pattern of behaviour
that is a problem, we can look for the system structure
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that is known to cause this pattern. By finding and
modifying this system structure we have the possibility
to permanently eliminate the problem pattern of
behaviour. Another point is that we get the wrong
impression if we only look at the steady state; for
example, in the diagrams in Table 2 it looks like we
have nearly no lost passengers, while in reality (if we
look at the diagrams in Figure 2) we have quite a lot of
lost passengers over time due to the oscillating
behaviour of the model. This kind of information is not
contained in the diagrams in Table 2.

In this paper we have presented a hypothetical case
study that employed SD to optimise the marketing
strategy of a hypothetical airline. We presented a CLD
of the system under study as well as the corresponding
SFD. The SFD was then implemented and we run some
simulation experiments to test our hypothesis that such
SD simulation models and their outputs could benefit
decision makers that deal with optimising airline
marketing strategies. We found that our diagrams as
well as the simulation results revealed some (nontrivial) insights related to the effect of the different
marketing strategies we tested.

CONCLUSION

After showing the potential of SD for developing airline
marketing strategies, we are now looking for an airline
company that provides us with access to data and expert
knowledge, so that we can validate our model through a
real-world case study. Once the model has been
validated it could be used as a template for other case
studies. Another area of development with high
potential is the integration of monetary measures. Here
we have to consider the costs/benefits in monetary terms
for implementing certain marketing strategies, which
plays a major role for optimising revenue and profits the
organisation makes over time.

Previously we put together an airport model
classification with the goal to identify gaps, where
simulation modelling would have potential to aid
decision making, but is not yet commonly used. One of
the gaps we identified was in the area of "airline
marketing strategy modelling". As such models would
be used for strategic decision making it seemed
appropriate to use a SD approach. SD is a powerful
methodology and computer simulation modeling
technique for framing, understanding, and discussing
complex issues and problems and is commonly applied
at the strategic level of decision making.
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We conclude that we have achieved our objective by
finding a new opportunity for simulation modelling
within the field of airport/airline operation management.
We have demonstrated the feasibility of using SD
simulation modelling for "airline marketing strategy
modelling" and are looking forward to try it out in the
real world.
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switching
mode
and
single-valued
state-flux
characteristics. The Biolek model uses a special window
function appropriate only for multi-valued state-flux
characteristics (Biolek et al. 2009). The BCM model is
comparatively accurate and suitable for simulations; it
uses a linear window function and switched-based
algorithm for the boundary conditions. The BCM model
is used for presenting both soft-switching and hardswitching modes. By its nature the relationship between
the velocity of moving the boundary between the doped
and un-doped regions, and the current flowing through
the memristor, for high intensity electric fields in the
memristor structure is nonlinear and this is the reason
for Joglekar to propose the use of nonlinear parabolic
window functions. The Joglekar window function has
several types that are similar, but they use different
exponents of the window function for modeling of the
memristors. It is interesting that to this moment the
scientists are not sure which exponent of the Joglekar’s
function is appropriate for computer simulations and for
realistic representation of the processes (Prodromakis et
al. 2011, Majetta et al. 2012, Zaplatilek 2011). The new
idea in this paper is to propose a comparison between
the Pickett’s model and the modified switch-based
Joglekar model for several values of the exponent. After
comparison of the results, several values of the exponent
in the Joglekar’s window function are chosen in
accordance to represent the nonlinear ionic drift.
The paper is organized as follows: in Section 2 a
description and simulations of the Pickett’s model are
realized in PSpice; in Section 3 an analytical
investigation of the Joglekar’s model is made; a pseudocode algorithm for realizing the modified Joglekar
memristor model is illustrated in Section 4; in Section 5
the experimental results from the simulations are
presented, and adjusting of the new model with varying
the exponent of the window function, with respect to the
results of Pickett’s model, are realized. In Section 6 the
concluding remarks are given.

KEYWORDS
Memristor; modeling; computer simulation; nonlinear
dopant drift; window function.
ABSTRACT
The main purpose of the present investigation is to
propose a new, modified Joglekar’s memristor model
and to compare it with the Pickett model using several
different window functions. The appropriate value of the
exponent in the Joglekar’s window function is
determined to approach the new model to the Pickett’s
memristor model, which is based on practical
experiments and measurements. The new memristor
model is based on both Williams’, Joglekar’s and BCM
models and it has their advantages - considerations of
the boundary conditions for hard-switching mode and
ability for representation the nonlinear dopant drift. The
memristor model proposed here is tunable and correctly
expresses the behavior of the memristor element for
low- and high-intensity electric fields, and is appropriate
for computer simulations of different memristor
nanostructures.
INTRODUCTION
The first idea of the theoretical existence of the
memristor element is found in the Chua’s articles written
in 1971 (Chua 1971) and in 1976 (Chua 1976). Since
the practical invention of the memristor prototype by
Stanley Williams and his team by the Hewlett Packard
laboratories in 2008 many research papers about this
new element are published (Strukov et al. 2008). In the
literature, several basic models appropriate for the
memristors are described. Some of these memristor
models are: the classical Williams’s model with linear
dopant drift (Strukov et al. 2008), the Joglekar’s model
with nonlinear window function (Joglekar and Wolf
2009), the Biolek’s model (Biolek et al. 2009), the BCM
model (Corinto and Ascoli 2012), and others. The
Pickett-Simons model is based on real experiments and
measurements of the parameters and characteristics of
the memristor element (Abdala and Pickett 2009,
Simmons 1963). The Pickett’s model is very accurate
but it is very hard and non-applicable for computer
simulations – several problems with bad convergence
occur. The classical Williams model and the Joglekar
model use linear drift and non-linear window function,
respectively, and they can be used only for soft-
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A BRIEF DESRRIPTION AND SIMULATION OF
PICKETT’S MEMRISTOR MODEL
The structure of a memristor cell according to the
Pickett’s model is shown in Fig. 1. The electrodes are
made of platinum and the insulating layer is made of
pure titanium dioxide. The conducting channel in the
memristor cell is formed by a thin layer of doped with
oxygen vacancies titanium dioxide material. There is
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also a thin tunnel barrier with a length of w. The
resistance of the conducting layer is approximately equal
to Rs = 215 Ω. When the memristor is switched in open
state (i>0), the differential equation has to be expressed
with (1) (Abdala and Pickett 2009). Formulas (2) – (11)
are also taken from (Abdala and Pickett 2009).
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where ug is the voltage drop over the tunnel barrier.
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Figure 1. Structure of a memristor element according to the
Pickett’s memristor model (Abdala and Pickett 2011)
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The parameters used in (1) and their corresponding
values are given in Table 1.
Table 1. Quantities for open switched memristor
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where m is the electron weight.
The quantity Φ1 is expressed as follows:

The current flowing through the tunnel barrier of the
memristor element is :
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where k = 5 is the permittivity of the material, ε0 is the
absolute permittivity of the vacuum.

When the memristor is switched in closed state (i<0),
the differential equation is:

dt

(6)

where Φ0 = 0.95 V is the height of the potential barrier.
The quantity λ from (7) is obtained as follows:

After transformation of (7) we have: w1 = 0.126 nm.
Using (6) we obtain:
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where e is the elementary charge of the electron, h is the
Planck’s constant. The area of the tunnel junction is
equal to A = 104 nm2.
The deviation of the length of the tunnel junction is:
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Using formulas (1) – (11) a PSpice memristor library
model is created and a computer simulation is made. It
is theoretically possible generation of MATLAB code or
SIMULINK scheme also but several convergence
problems occur. So our results are obtained by using a
PSpice computer simulation (Abdala and Pickett 2009).
The time diagrams of the memristor voltage and current
for the Pickett’s memristor model are presented in Fig.
2. The experiment was made using a sinusoidal voltage
with a magnitude of 0.7 V and a frequency of 0.5 Hz.
The same parameters of the voltage source are used also
for the other results obtained for this model.

Figure 4: State-Flux Relationship of the Memristor element
for sine-wave voltage with f = 0.5 Hz and um = 0.7 V
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The structure of a memristor cell according to the
Williams-Joglekar’s models is presented in Fig. 5. The
lengths of the doped and un-doped regions are denoted
with w and with D, respectively. (Strukov et al. 2008).
The contacts of the element are made of platinum.
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The current-voltage characteristics of the memristor
element are given in Fig. 3.
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The formulas (12) – (18) are also obtained from
(Strukov et al. 2008).
The equivalent resistance of the memristor element Req
is expressed as a resistance of the series connection of
the doped and un-doped regions, which maximal
resistances for the full length of D are RON = 100 Ω and
ROFF = 16 kΩ. The resistances of the regions are
proportional to their normalized length:
Req  Rdoped  Rundoped  RON x  ROFF 1  x 
Figure 3: Current-Voltage Characteristics of the Memristor for
sine-wave voltage with f = 0.5 Hz and um = 0.7 V

The state-flux relationship for the memristor element
using the Pickett’s model is presented in Fig. 4.
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The voltage drop over the doped region uw is expressed
with the following formula (15):
w
(15)
uw  iRdoped  iRON x  iRON
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switch-based algorithm for the window so it would be
appropriate for soft- and hard-switching modes.
Joglekar window functions
1
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The intensity of the electric field in the doped layer is:
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The rate of moving of the boundary between the doped
and un-doped regions due to the electric field is:
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The basic differential equation of the memristor model
(9) could be numerically solved. For this purpose we
transform (9) in difference equation substituting the
differentials of the quantities with finite differences.
Follows the pseudo-code used for the computer
simulation of the modified Joglekar’s model (Joglekar
and Wolf 2009, Corinto and Ascoli 2012).

(19)

1: Procedure: A modified memristor model
with nonlinear dopant drift
2: Given: Voltage source with instantaneous value v(t)
3: Given: Duration of the simulation: T = tmax – tmin
4: Given: The number of samples n
5: Given: The sample step time: deltat = T / n; p = 5;
6: Given: Memristor parameters: Ron = 100;
Roff = 16e3; mu = 1e-14; D = 10e-9; xmin = 0.05;
xmax = 0.9999; k = mu*Ron/(D^2); x0 = 0.2;
7: set x = x0 for t = 0
8: for t = tmin:deltat:tmax
9:
psi = int(v(t)dt,-∞,t);
10: for n=1, x1=x0;
11: for n=2:1:n+1,
x1(n)=x1(n-1)+deltat*u(n-1)*(1/(1-x1(n-1)))*(k/Roff)*(1-((2*x1(n-1)-1)^(2*p)));
12: if x1(n)<=xmin & u(n)<=0, x1(n)=xmin;
13: elseif x1(n)>=xmax & u(n)>=0, x1(n)=xmax;
14: else x1(n)=x1(n-1)+deltat*u(n-1)*(1/(115: x1(n-1)))*(k/Roff)*(1-((2*x1(n-1)-1)^(2*p)));
16 end
17: end cycle
18: return u,i,psi, x, M;
19: end procedure

(20)

If we choose p = 1, then (20) has a closed-form solution:

 4k t

x  x0 exp 
ud 


 ROFF t0

0.2

(21)

where x0 is the initial value of the state variable x.
If p > 1, then (20) is solvable only in Gaussian hypergeometric form. In the next section we will solve (20)
numerically using transformation from differential
equation to difference equation. The Joglekar’s window
functions for several values of p are presented in Fig. 6.
For p = 1 it is a parabolic function and the nonlinearity
in this case is higher. From Fig. 6 it is obvious that if we
increase the exponent p, then the window function
obtains a linear region and very steep regions in the left
and in the right fields of the function. Theoretically, if
we choose the exponent p to be equal to infinity, then
the window function will tend to the BCM linearized
window function. In the next section, we will use a
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where p = 1, 2, 3, …, N.
Using (19) and (14), the basic differential equation of
the memristor element is obtained:
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Figure 6. Joglekar’s parabolic window functions for different
values of the exponent p
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where x0 is the initial value of the state variable x.
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The state-flux relationships of the modified Joglekar’s
memristor model for several different values of the
exponent p are given in Fig. 7. It is evident that when
the exponent p is from 1 to 10, the characteristics really
differ from one to another. When p has higher values,
then the state-flux relations almost coincide to each
other. This phenomenon is also valid for the currentvoltage relationships which are obtained for the same
conditions. The current-voltage relationships of the
memristor are illustrated in Fig. 8. Both the state-flux
and the current-voltage relationships are obtained for the
so called soft-switching mode. For this mode the values
of magnitude and frequency of voltage are the same as
these used for simulation of Pickett’s model.
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One of the advantages of the new modified Joglekar
memristor model is the possibility for adjusting the
window function so that the model is able to represent
the processes in the memristor structure for low and high
intensities of the internal electric field. The next
paragraph illustrates the results obtained for high
magnitude voltage, for example 3 V. The state-flux
characteristics are given in Fig. 9. The current-voltage
characteristics are presented in Fig. 10, respectively.
They are both obtained for the hard-switching mode,
using high voltage and low frequency signal.
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After a careful consideration we can conclude that the
new memristor model is a good-quality one because it
characterizes the processes in memristor structures for
low and high intensities of the electric field. The new
algorithm is also a tunable model – it is adjusted with
varying the exponent p. The new model correctly
reproduces the boundary conditions for soft-switching
and hard-switching modes. In other words, the new
pseudo-code presented above illustrates successfully the
behavior of memristors based on titanium dioxide. It
includes the advantages both of the BCM and Joglekar’s
memristor models.
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It is interesting to compare the results obtained for the
Pickett’s memristor model and the Joglekar’s modified
model – Fig. 3, Fig. 4 and Fig. 7, Fig. 8. Obviously,
these characteristics are similar to each other.
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After comparison of the results obtained by the
computer simulations of the Pickett’s memristor model
and the Joglekar modified model, it is clear that the
exponent have to be selected between 2 and 10. If we
choose p = 1, the model is strongly nonlinear and then
this model is appropriate for high intensity electric
fields. If we increase the exponent, the window function
of the modified Joglekar’s model tends to coincide with
the BCM window function, which is appropriate for
linear ionic drift, or – for low intensity electric fields.
Another advantage of the modified Joglekar’s model is
its ability to model both soft-switching and hardswitching modes. This memristor model is also
appropriate for computer simulations unlike Pickett’s
model, which has many convergence problems and is
not very appropriate for simulations. In the end, we can
say that the new memristor model is a good one because
it represents the processes in memristor structures for
low and high voltages. It is also a tunable model and it
contains the advantages of the BCM and Joglekar’s
models. The new model is adjusted by varying of the
exponent p, and it represents the behavior of the
memristor structure for different modes.
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ABSTRACT
This paper presents new strategies for offline traffic
engineering, when designing multiservice-UMTS networks, based on an efficient modification of basic genetic optimization techniques. More specifically, the
problem setup includes Mobile Internet access as the
most emergent trade in the telecommunications industry
due to the advancement of cellular smartphones, tablets,
notebooks and netbooks based computing and communicating technologies. In this real world set-up, the
integration of deployed wireless networks with the Internet and the transparent interworking among different
wireless
technologies,
namely
EDGE/GPRS/
CDMA2000 cellular and Wireless LAN (WLAN), appears to be a demanding objective for mobile communications service providers. The mixture and convergence
of mobile and fixed infrastructures related services
make it urgent to tackle quality of service and traffic
engineering for mobile networks at the fundamental
transport level with regards to OSI network analysis. A
good solution to address such issues is the MultiProtocol Label Switching (MPLS) technology providing
a fused control instrument with connectionless multiprotocol capabilities, functioning over different communication media while supporting traffic engineering and
quality of service (QoS) offering smooth traffic over the
complex network of mobile and fixed communication
infrastructures. Therefore, the MPLS architecture offers
the required capacity to integrate different services over
wired and wireless infrastructures in a unified convergent approach. Based on these concepts, this research
proposal investigates traffic engineering solutions in
MPLS involved wireless cellular networks. In this
paper, two new methods for the solution of the off-line
Traffic Engineering (TE) problem in multi-service wireless networks based on a certain efficient modification
of basic genetic optimisation are presented. In the first
method the off-line TE problem is formulated as an
optimisation model with linear constraints and then
solved using a new modified version of the Genetic
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Algorithm for Numerical Optimisation for Constraint
Problems (GENOCOP). Besides, a hybrid method for
the solution of the aforementioned problem involving
modified GENOCOP and a heuristic TE algorithm is
also provided. The performance of the above methods
against a standard LP-based optimisation method is
examined in terms of two different network topologies
mixing both wireless and wired links and numerical test
results are provided.
1 INTRODUCTION
Recent years have witnessed a tremendous increase in the
carried traffic volume and the need for high bit rates
UMTS networks. The trend is towards the development of
hybrid multi-service wireless networks capable of handling together voice, video and data traffic with different
Quality of Service (QoS) and survivability requirements.
These networks should be seamlessly integrated with
fixed infrastructure wired networks or we could have
hybrid networks involving wired and wireless links. Both
the increasing number of users as well as their escalating
demands for various mobile wireless data services such as
wireless Internet, multimedia MMS messages, video on
demand, video telephony, etc., involving the up-andcoming WLAN technologies (such us Bluetooth, 802.11g
etc.) and 2.5G and 3G mobile communication technologies (more specifically GPRS, UMTS, CDMA2000 and
W-CDMA) result in the development and deployment of
huge and complex hybrid networks (Rita Girao-Silva, et al. ,
2013).
The critical issue for the 3G and extended WLAN
network technologies administrators would be to provide
a steady and scalable user-to-user QoS architecture to
offer flawless multimedia content to the mobile users
without unnecessary delay. A second issue involves how
to develop optimal traffic engineering strategies for the
converged IP transport network in order to deal with the
heavy traffic expansion and grasp the great changeability
in the stream distribution generated from the increasing
number of mobile users. However, providing such a solution is complex, and this would be as effective as the
slowest link in the network. Moreover, since the number
of mobile users and terminals connected to the present
wireless systems would be very huge, the scalability of
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the QoS and traffic engineering solution and clearly of the
whole backbone is of immense concern. To address this
challenge, the MPLS protocol can give us very stretchy
and shining likelihood to dynamically and efficiently
route the data streams on a traffic engineering and resource allocation basis, and to configure the protection
paths for any resource failures. MPLS indeed presents the
main player delivering QoS and traffic engineering features in IP fixed networks and can be regarded a hopeful
technology to enhance the ability of the network administrators in controlling the network behavior to provide high
quality mobile IP services to users.
In such networks, Traffic Engineering (TE) mechanisms can be applied for the efficient utilisation of the
existing network resources (e.g. link capacity). TE basically combines together traffic admission control and
routing. Applying TE mechanisms, appropriate paths for
routing network traffic demands, with either QoS guarantees or not, can be established, which essentially satisfy
the QoS prerequisites (if any) of the traffic demands. The
QoS prerequisites may refer to minimum end-to-end path
delay, minimum delay jitter, minimum guaranteed link
bandwidth along the path, packet loss etc. However, with
TE, the required paths are created in such a way that the
network traffic is evenly distributed among the links, load
balancing is achieved and congestion (leading to unwanted packet losses and traffic blocking) is avoided. As a
result the network resource (link) utilisation is more reasonable; no overloaded or under-utilised links are normally anticipated in the network. Multiple protection (backup) paths can also be established. Nevertheless, protection
is not considered in this paper.
TE is a major issue in the emerging multi-service wireless networks supporting the Multi-Protocol Label
Switching (MPLS) protocol as well as in DiffServ / nonDiffServ supporting Internet Protocol (IP) and frame
relay networks (Rita Girao-Silva, et al., 2013). This paper concentrates in MPLS-based and DiffServ-supported IP wireless networks. In these networks, traffic flows (demands)
with the same source-destination address having the same
QoS requirements are aggregated forming what is called a
traffic trunk in IP networks or a Label Switched Path
(LSP) in MPLS networks. To the rest of the paper aggregated flows will be referred to as traffic trunks. Besides,
in these networks, traffic corresponding to a specific trunk
demand can be divided into more than one paths (traffic
bifurcation) thus enabling better load balancing.
One of the main problems in TE is how to map traffic
trunks in the wireless network, while satisfying the QoS
requirements of the trunks. In order to solve this problem
a number of on-line (J. C. N. Clımaco, et al. 2007),( Casas, P.,
Fillatre,et al. 2008) and off-line (Rita Girao-Silva, et al., 2013),
(Elwalid, A., et al. , 2001), (Karasan, E., et al., 2002) TE approaches
have been already developed. In the on-line approaches,
traffic trunks are mapped onto the wireless network one at
a time as soon as a new demand for a trunk emerges. Online TE is state-dependent and applies on a short timescale. The main objective of the on-line approaches is to
allow the wireless network to respond rapidly to any
changes in traffic load or network topology. However,

routing randomly emerging demands one at a time may
cause an unfair utilisation of network resources. On the
other hand off-line TE aims at establishing well-defined
routes for trunks in such a way that the utilisation of network resources is globally optimised. Specifically, instead
of focusing on instantaneous network states and individual connections, the latter mechanism considers statistical
behavior of traffic trunks. Combining this information
with a centralised view of wireless network topology and
link capacities, off-line TE selects the topology of routes
for traffic trunks and provisions resources (e.g. link capacities) on the selected routes for carrying trunk traffic in
an optimal manner using special optimisation models
(usually based on mathematical programming) and algorithms. In fact, the output of each off-line TE method is a
set of paths that can be used for effectively routing all
potential traffic trunks, while efficiently satisfying their
QoS requirements (if any) and also normally enabling
load balancing in the network. This paper concentrates on
off-line TE, which essentially offers much greater potential for high bit rates wireless network resource utilisation
optimisation than on-line TE.
Genetic Algorithms (GA) are based on the idea of natural selection. It is suggested that an individual’s strength
to survive in the world is determined by its gene structure
and that over many generations only “good” genes prevail, whereas “bad” ones are rejected. Furthermore, it is
expected that bringing together individuals with good
gene combinations produces again good or even better
ones. The GAs were firstly introduced by John Holland
(Jäntschi, L. , 2010) in early seventies and are primarily
“search procedures” based on principles derived from
dynamics of natural population genetics. They have been
successfully applied to numerous large space problems
known to be NP-complete.
The problems to be solved using GAs should be formulated as one-dimensional or multi-dimensional structures, representing a search point in the overall search
space. This means that the problem should be encoded,
that is to find a pattern to represent each solution, called
chromosome, as a chain of characters taken in a finite
alphabet. The GAs operate on chromosomes grouped into
a set called population. Successive populations are called
generations. Each chromosome is evaluated by the fitness
function, which reflects its merit and its chances to survive in the next generation. The study included in this
paper uses the Genetic Algorithm for Numerical Optimisation for Constraint Problems (GENOCOP) (Xiao Yuan,et
al., 2012) based on the floating-point representation. It is
concerned with optimising a linear/non-linear function
subject to a set of linear constraints.
Several studies make use of GAs based techniques to
solve network problems. GAs are especially used for the
solution of non-linear problems. The motivation behind
the use of GAs in nonlinear function optimisation problems is that the problem can be expressed as such that
natural evolution, as reported, can provide an attractive
paradigm for implementing general nonlinear searches
(Xiao Yuan,et al., 2012), (Fogel, D.B.,2007). Due to the broad
applicability of GA techniques, a broad application do-
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main exists in solving telecommunication network problems (Pedrycz, W., et al., 2000). (Elbaum et. al., 1996) use a
GA to design the topology of Local Area Networks
(LAN) and (Ko et. al., 1997) to design Mesh Networks.
(Shimamoto et. al., 1993) consider call blocking probability as a network constraint and apply GAs for network
routing. (Pan and Wang, 1991) code the traffic distribution to represent each chromosome, and use the average
delay, derived from an M/M/1 queuing model, as an optimisation constraint to maximise bandwidth allocation.
(Taterdtid et. al. 1997a, 1997b) address the network configuration problem (i.e. obtain best path for each origindestination pair), based on the VP concept. They use an
M/M/1/K queuing model to derive the blocking probability and the total average packet delay as constraints to
maximise total network throughput. (Swaminathan et al.,
1999) use GAs to predict the bandwidth-demand patterns
to enable better VP management. (Medhi and Tipper at al.
1996) utilize a GA to solve the capacity assignment problem in multi-hour broadband networks, while at
(Walkowiak et al., 1999) a GA for backup path planning
in ATM networks is presented. (Konak and Smith, 1999)
as well as (El-Sayed M. El-Alfy, et al. , 2013) illustrate hybrid
GAs for backbone network design and traffic engineering
in MPLS networks. (Riedl et al., 2002) uses a hybrid GA
for routing optimisation. (Ericsson et. al. , 2002) present a
method for Open Shortest Path Setting (OSPF) weight
setting based on a GA, while (Pitsillides et al., 2002)
solve the Aggregated Bandwidth Allocation problem in
ATM networks using GENOCOP, but considering only
small networks.
In this paper, genetic optimisation is used for the solution of the off-line TE problem in multi-service high bit
rates wireless networks. Precisely, the basic off-line TE
problem is formulated as an optimisation model with
linear constraints, called TEM, and it is solved using
GENOCOP. This procedure is referred to as GENOCOP
Method (GM) to the rest of this paper. To the best of our
knowledge, GENOCOP and more generally numerical
constrained optimisation methods based on genetic algorithms have not been previously used for the solution of
off-line TE problems in large high bit rates wireless networks, where large numbers of constraints and variables
are involved. In addition, a hybrid method for the solution
of the aforementioned problem is presented. It is called
GHM and it combines GM with heuristic TE algorithms.
The remaining of the paper is organised as follows: in
Section 2 TEM is presented, while in Section 3 the two
genetic optimisation-based methods are described; the
simulation results concerning the efficiency of GM over
standard Linear Programming (LP) techniques and the
comparison between the off-line TE methods are illustrated in Section 4; finally Section 5 concludes the paper.
2 THE
OPTIMISATION
MODEL
MULTISERVICE
WIRELESS
NETWORKS

FOR
UMTS

Consider a weighted undirected graph G = (N, L) where
N denotes the set of nodes and L denotes the set of edges

(links). The graph is 2-connected, i.e. even if one link or
node fails a path between each source-destination pair can
still be found. Each link l ∈ L has capacity Cl, propagation and processing delay Dl, length Ll and cost Kl.
In this paper the link cost Kl is defined based on the expected utilisation of the corresponding link. Specifically,
first a special algorithm called Path Finding Algorithm
(PFA) is applied in order to find the set of candidate admissible routes for all trunks. Then for each link the number Jl of candidate paths traversing this link is calculated.
Next Jl is divided by the total number of candidate paths
in the wireless network, thus providing the new link cost
Kl. Note that the defined link cost is big when a large
number of candidate paths uses the corresponding link. So
it is most probable that this link will be over-utilised in
operating conditions. On the other hand, small link costs
indicate links that it is most probable to be less or even
under-utilised.
Let Σ denotes the traffic trunk set and Tqos the set of
service classes. Specifically, four service (priority) classes
based on QoS requirements (e.g. end-to-end delay) are
defined in this paper: the High class with the greater priority and stringest QoS constraints (e.g. voice traffic); the
Medium class with less strict QoS requirements involving
Virtual Private Network (VPN) traffic, the Low class (e.g.
World-Wide-Web - WWW traffic) and the Best-Effort
(BE) class with the lowest priority and no QoS requirements. Note that four traffic trunks for each sourcedestination pair are defined, typically one for each service
class. For brevity to the rest of this section High, Medium
and Low class trunks will be referred to as QoS trunks.
Also, let Tσt be the bandwidth demand (traffic) of the
trunk σ ∈ Σ, which belongs to service class t ∈ Tqos, with
weight Zσt, and S be the set of the normal operating state
and the failure states of the wireless network, corresponding to node and link failures. Note that Zσt actually indicates the priority that trunk σ ∈ Σ of class t ∈ Tqos has as
regards admissibility/routing into the network. Zσt can be
determined based on either Service Level Agreements
(SLA) and/or user profile information, or administrative
criteria. Note that considering the QoS framework, trunk
traffic belonging to service classes with stringent QoS
(e.g. max end-to-end delay), must have greater priority
than other traffic. However, Zσt differentiates traffic belonging to the same service (priority) class from each
other, as regards the corresponding trunk. Also let Uσt be
the admitted demand of the trunk σ ∈ Σ, belonging to
class t ∈ Tqos. Wpt indicates the nominal admission priority of trunks belonging to the class t ∈ Tqos.
Also, let Rs(t,σ) be the set of all candidate routes for the
trunk σ ∈ Σ, which belongs to service class t ∈ Tqos,
containing only operating links (links interconnecting
operating nodes), at the network state s ∈ S. Let Kpi be
the additive cost of the candidate route i ∈ Rs(t,σ) for σ ∈
Σ of class t ∈ Tqos. Specifically, in this paper it is assumed that the cost of each candidate route for a QoS
trunk equals the sum of link costs Kl along the route,
while for each BE trunk the candidate route cost is one,
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i.e. Kpi = 1. B and H are the QoS (e.g. max end-to-end
delay) and the max hop bound for routes respectively.
Also the link utilisation bound at state s ∈ S is denoted by
cbs.
The decision variable is denoted by Xrs. Xrs is the flow
or carried bandwidth on route r ∈ Rs(t,σ), belonging to
the trunk σ ∈ Σ of class t ∈ Tqos at state s ∈ S. Note that
Xrs is always greater than or equal to zero (data bandwidth
can not be a negative number) and so it is: Xrs ≥ 0.
The objective function of TEM attempts to minimise the
routing cost for the QoS trunks without minimising total
QoS throughput, and maximise BE throughput, while
considering trunk priorities. The objective function is
shown next.



Zσt
F = Max:  ∑ ∑ ∑ Wpt •
• Xrs 
Kpr
 t∈Tqosσ∈Σ r∈Rs(t ,σ )


(1)

The following constraint indicates that the total carried
bandwidth of trunk σ ∈ Σ, which belongs to class t ∈
Tqos, must be at most equal to Tσt.

∑σX

rs

≤ Tσt , ∀σ ∈ Σ, ∀t ∈ Tqos, s ∈ S

(2)

r∈Rs ( t , )

The next constraint is the link capacity constraint.

∑ ∑ ∑X

rs

(3)

≤ cbs • Cl, ∀l ∈ L, s ∈ S

3.
4.

5.
6.

Exclude a node or a link from the standard topology
(as if it has failed) and execute the FW algorithm
for the new topology.
Store the established source-destination paths by
the FW algorithm.
Compare the established paths with the paths already included to the current set of candidate paths
(if any exists).
The paths not previously established are included to
the set of candidate paths.
Repeat steps 2 to 5, each time excluding a different
node or link from the wireless network, for a specified number of iterations.

FW estimates the total path delay summing together the
(1)
link propagation delays along the path or equivalently the
total path length, summing together the link lengths along
the path, since basically link length accounts for link
propagation delay. It also estimates the number of intermediate hops a candidate path has. Each hop is associated
with a node and consequently with additional processing
delay and variable delay (jitter). Therefore the smaller the
number of hops of a path is, the less jitter and delay the
traffic trunk(s) that use
(2)this path will experience. Besides,
using a smaller number of hops increases the transmission
reliability of the traffic trunks, since the probability of a
failure on the path decreases.
3 MODIFIED
GENETIC
STRATEGIES DEFINITION

OPTIMIZATION
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F = Max:  ∑ ∑ ∑ Wpt •
• Xrs 
Kpr
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∑σX

rs

≤ Tσt , ∀σ ∈ Σ, ∀t ∈ Tqos, s ∈ S

r∈Rs ( t , )

The next constraint is the link capacity constraint.

∑ ∑ ∑X

Execute FW to the initial high bit rates wireless
network topology.

GM is implemented as follows (consider the terminology
found in Section 2):
1.

2.

PFA (see Section 2) finds a set of candidate admissible routes with/without QoS guarantees for each traffic trunk.
A total of Σ x Tqos real valued chromosomes Uσt are
initialised, where:

Uσt =

∑ σX

rs

, σ ∈ Σ, t ∈ Tqos

(4)

r ∈ Rs ( t , )

Each chromosome corresponds to the total maximum possible traffic flow (demand) Tσt of the trunk σ ∈
Σ, which belongs to service class t ∈ Tqos. This trunk
traffic flow may essentially go through more than one
routes r ∈ Rs(t,σ). All traffic classes Tqos are considered.
3. All chromosomes, Uσt, are evaluated with respect to
the fitness function F shown in equation (1) - see
Section 2. Note that each chromosome must not violate the typical traffic demand and link capacity constraints (2) and (3) found in Section 2.
4. Some chromosomes of the population (the ‘winners’)
reproduce, while others (the ‘losers’) die, but with a
probability, so that, even some of the “losing” chro-
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(2)

(3)

≤ cbs • Cl, ∀l ∈ L, s ∈ S

t∈Tqos σ ∈Σ r∈Rs(t ,σ ):l∈r

3.1 MODIFIED GENOCOP Method (GM)

The TEM model can optimally be solved using LP
techniques. In fact TEM can be formulated as a standard
LP optimisation problem and solved using a mathematical
LP solver such as lp_solve 5.5 (M. Berkelaar et al., 2013),
which is a freely available solver. The output of TEM is
the set of paths that will be used for routing all traffic
trunks with either QoS prerequisites or not. Traffic of a
trunk σ ∈ Σ, belonging to service class t ∈ Tqos, may go
through more than one routes r ∈ Rs(t,σ).
To the rest of this paper, the LP problem involving
TEM will be referred to as LP model and the related offline TE method LP-based method. Note that the mathematical algorithm that solves TEM is deterministic. The
deterministic algorithms have the advantage of always
delivering the optimal solution if there is one.
PFA finds a set of candidate admissible routes
with/without QoS guarantees for each traffic trunk. It is a
step-by-step procedure based on the iterative execution of
a modified version of the Floyd-Warshall (FW) all-pairs
shortest path algorithm (Paolo D’Alberto, et al., 2007). FW
finds the shortest path between each source and destination in an wireless network. PFA is described below.
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5.

6.

7.

mosomes exist. That is, there is a small probability
Ploser_exist per generation , allowing “losers” to co-exist
with winners. In our experiments this is fixed to 0.08.
This is the new modification of the basic GENOCOP
method
Genetic operators are applied on ‘winners’ and the
small percentage of ‘losers’ and a new generation is
produced to replace members that died. The genetic
operators are based on floating point representation.
During reproduction, randomly selected genetic operators are applied on random ‘winner’ and allowed
‘loser’ chromosomes, one or two each time depending on operator, until all members that died are replaced.
Go to step 2 for a predetermined number of generations.

The output of GM is the set of paths that will be used
for routing all traffic trunks with either QoS prerequisites
or not. For more details on the basic GENOCOP see (Xiao
Yuan,et al., 2012) , (Michalewicz, Z., et al., 1995).
3.2 Hybrid GM - Heuristic TE Algorithms Method
(GHM)
GHM is a hybrid off-line TE algorithm combining the
GM method (see Section 3.1) and heuristic TE algorithms
for establishing QoS and BE trunk routes. Actually, in
GHM, the GM method is initially applied providing a set
of QoS and BE trunk routes. Nevertheless, if the problem
solution (provided by GM) does not provide all the required routes for the QoS traffic trunks then an attempt is
made to find the routes for the unsatisfied trunk demands
using a special QoS routing algorithm, called TE Algorithm_1 (TEA_1). Besides, if GM does not provide all the
required routes for the BE trunks, another routing algorithm called TEA_2 is used.
Both the TEA_1 and TEA_2 algorithms are based on
the Dijkstra shortest path algorithm (Jing-Chao Chen,
2003). TEA_1 is used for admission control/routing of
QoS traffic trunks. It involves the following steps (consider the terminology found in Section 2):
1.

Sort the QoS traffic trunks in decreasing order according to their priority, i.e. the higher priority trunks
are placed first. The sorting takes place in two
phases. Specifically, at the first phase, considering
the priority classes previously defined, the trunks belonging to the High service class are put first followed by the trunks belonging to the Medium class,
etc. Then at the second phase the trunks of each class
are re-arranged according to the their earnings rates,
that is the trunks with the higher earnings rates are
placed first followed by the trunks with the lower
earnings rates. When two or more trunks have the
same earnings rate then these trunks are placed in decreasing order of bandwidth demand, that is the
trunks with the higher bandwidth demand are placed

2.
3.

4.

5.

6.

first followed by the trunks with the lower bandwidth
demand.
Consider first the higher priority trunk with demand
Tσt.
Create a sub-graph G′ where all the links with residual bandwidth less than the traffic demand Tσt are removed. This ensures that all the remaining links have
bandwidth greater than or equal to Tσt.
To sub-graph G′ use Dijkstra’s algorithm to determine the minimum link weight path between the
source and the destination of the trunk, considering
special link weights based on the metrics presented in
(Fortz, B., et al., 2002)
If a path exists and the number of intermediate hops
along the path is less than the max hop bound H then
establish the path and deduct the resources (e.g. link
capacity) used by the path.
For each of the next trunks, placed in descending
order of priority, repeat steps 3 to 5.

TEA_2 is used for admission control/routing of BE
trunks only. It involves the same basic procedure and the
same number of steps as TEA_1. However, at step 1, the
BE traffic trunks are sorted in decreasing order according
to their earnings rates, i.e. the trunks with the higher earnings rates are placed first. When two or more BE trunks
have the same earnings rate then these trunks are situated
in decreasing order of bandwidth demand. Furthermore, at
step 4, Dijkstra’s algorithm determines the minimum hop
path between the source and the destination of the considered trunk. In step 5 no hop count test is made.
Note that in both TEA_1 and TEA_2 the complexity of
step 3 is O(L) and the complexity of step 4 is O(N2).
Since connected networks are considered it is L ≤ N2. So,
the overall complexity of the steps 3 and 4 is O(N2).
4 SIMULATIONS AND NUMERICAL RESULTS
For the simulations the NetLab software package (Pawas used. It was developed
using the Tcl/Tk scripting language. NetLab is used for
network topological design and simulation. In the context
of the tests, modified GENOCOP was implemented in
NetLab. The experiments were run on a PC equipped with
an Intel Pentium 3.2 GHz processor and 4 Gb RAM. Note
that the solution of the off-line TE methods is both CPU
and memory intensive.
Two network topologies are used for the tests. The first
one (Wireless/Wired links Network A) is the 15-node 30link topology shown in Figure 1. Wired and Wireless
links were considered at random with each wireless link
providing capacity equal to 2 Mbps (normal to UMTS)
and each wired link providing capacity equal to 10 Gbps.
The second one (Network B) is the 9-node 18-link topology shown in Figure 2. Each wired link of B was assigned
a capacity equal to 8 Gbps, while each wireless link was
assigned a capacity equal to 2.5 Mbps..
pademetriou, R.C, et al., 2003)
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were randomly chosen but for the tests of the third set
fixed priorities were used (Zσt = 5, 3, 2, 1 for each High,
Medium, Low and BE class trunk bandwidth demand
respectively). For the trunks belonging to the High and
Medium classes, candidate paths with H = 5 were considered and for trunks belonging to the other classes, candidate paths with H = 11 were considered. Besides, the
next values were assigned to the basic parameters of
TEM: Wpt = 7 for the High class trunk traffic, Wpt = 5 for
the Medium class trunk traffic, Wpt = 2 for the Low class
trunk traffic and Wpt = 1 for the BE class trunk traffic.
Also it is cbs = 0.9. PFA found totally 187 candidate admissible routes for all trunks. For GM the population size
was 100 and the cumulative probability was 0.3. The
number of generations used in GM in both the second and
third set of tests was 3000.

Fig. 1. Base stations and trunks topology in network A
mixing wired and wireless links.
Three sets of tests took place. The first set involved
Network A only. In this set of tests, GM was solved for
1000, 2000 and 3000 generations and the obtained solutions from these three tests were compared with the results taken from the solution of the equivalent LP model.
The LP model was solved using the lp_solve 5.5 software.
The goal of this set of four (4) tests was to evaluate the
performance of GENOCOP as regards the solution of
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The obtained results from the first set of tests are presented to the graph in Figure 3. As regards the GM
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The acquired results from the second set of tests are presented to the graph in Figure 4. The blocking ratios of all
classes for the LP-based method and the hybrid scheme
were zero. However, when the GM method is applied
blocking occurs.
Note that the blocking ratio of each class depends on
the assigned priority to each trunk of the class. Consequently, the blocking ratio of each class ranges from test
to test as it is observed on Figure 4 for GM. Nevertheless,
the relative priority of the QoS traffic (High, Medium and
Low class traffic) over the BE traffic was preserved, resulting in lower blocking ratios for the QoS traffic. The
average solution time for the LP-based method was much
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shorter than the average solution time for the geneticbased methods. In particular, the solution time for GM
alone was approximately 21 minutes, while for the LPbased method was only 1 second. The obtained results
from the third set of tests are presented to the graph in
Figure 5. The blocking ratios of all QoS classes for the
LP-based method and the hybrid scheme were zero. As
regards the BE class traffic the blocking ratio that appears
when the LP-based method was applied was zero. Generally, the BE traffic blocking ratio for GHM was zero; only
in two tests this blocking ratio was non-zero. On the other
hand when the GM method was applied traffic blocking
to all classes was introduced. However, in all tests the
High class traffic had the lowest blocking ratio and the

This paper presents two novel off-line TE methods that
utilise modified genetic optimisation. Both methods are
based on a modified GENOCOP algorithm and can be
applied in practical multi-service survivable high bit rates
wireless networks.
The performance of the two methods as regards traffic
blocking was compared with the performance of a LPbased optimisation method through a series of tests. The
performance of GM was inferior to that of the LP-based
and GHM methods. In fact, the performance of GHM was
generally the same with the performance of the LP-based
method, for which it is assumed that provides optimised
results. Note that the total solution time for every geneticbased method was higher than the solution time for the
LP-based method. However, all tests indicate that
GENOCOP alone does not perform as well as the standard LP techniques in the solution of large optimisation
problems with linear objective function and linear constraints. More improvements are required. Note that generally the relative class admission priorities were preserved in all methods when fixed trunk priorities were
used, i.e. in terms of each method, the High class traffic
had the lowest blocking ratio among all traffic, followed
by the Medium and Low class traffic respectively.
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Nevertheless, some characteristics of the methods, especially regarding load balancing, must be further studied.
Also, genetic optimisation will be applied for the solution
of new versions of the off-line TE optimisation model,
which will include non-linear objective functions. However, survivability-supported off-line TE methods based
on the presented work in this paper are already under
study.
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ABSTRACT
Local search is an established meta heuristic for scheduling
problems. To avoid of getting stucked in a local optimum, the
achieved solution is destroyed. Usually, this is done randomly.
Here, two problem speciﬁc procedures are suggested. One
focuses on jobs with the highest difference between the actual
processing time and the net processing time of the job and the
other one tries to remove jobs which causes the highest idle
time for themselves or other jobs. Comprehensive simulations
of test scheduling problems as well as a real world application
show that both problem speciﬁc procedures outperform a
random procedure.
INTRODUCTION
Speciﬁc products are produced by special machines which
are often grouped in a ﬂow shop. Often these production
systems deliver products for other systems as well. Due to
the hierarchical planning which is implemented in enterprise
resource planning systems (ERP system) (see e.g. Jacobs et al.
2010), the local completion times in one production system in
many cases determine the earliest possible starting times in
another production system. So, the delay of the operations
in a production system has an impact on the effectivity of
this coordination process. The tendency to a lot size of one,
small batches with short response times have to be produced.
Thus, scheduling algorithms are needed to ensure that under
the constraint of a high average load of the ﬂow shop,
the due dates of the production orders are met. Nowadays,
such special designed ﬂow shops often have technological
restrictions, which complicate the scheduling. For example in
cell manufacturing, buffer could be non-existent due to limited
space and storage facilities.
These high demands result in more complex solution spaces. If
there is no information that indicates where an optimal solution
can be found then all elements of the solution space must be
evaluated and all possible optimisation algorithms show the
same behaviour. Especially, random search, which iteratively
generate solutions randomly, has the same performance. An
example is the needle-in-a-haystack problem. In the opposite
case, guided search methods which iteratively calculate solutions and use the objective values of previously determined
solutions to guide the future search process, are successful.
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The degree of usage depends on the locality of the solution
space. Due to many published variants of guided search, a
sufﬁcient locality of scheduling problems is available.
In this paper, a local search is investigated on a permutation
ﬂow shop problem. With a neighbourhood operator a new
permutation is calculated and by a simulation routine the
resulting tardiness is determined (via the resulting schedule).
Motivated by the gradient descent methods in mathematical
optimisation one step of the local search, starting with an initial permutation, terminates by reaching a better permutation.
This process is iterated until the solution no longer can be
improved. Usually, this leads to a local optimum. To leave
this local optimum and come to another local optimum or
even to reach the global optimum, a destruction is necessary.
Often, destruction is done randomly. Two alternatives are
investigated. One focuses on jobs with the highest difference
between the actual processing time and the net processing
time of the job. The second one tries to remove jobs which
causes the highest idle time for themselves or other jobs. In
comprehensive simulations with a real world application both
alternative destructions outperform a random one.
A REAL WORLD APPLICATION
The problem is a modiﬁcation of a partly automated production line at Fiedler Andritz in Regensburg to produce
ﬁlter (baskets) with a lot size of 1. All ﬁlters have uniﬁed
constructions. They differ in varying heights of the baskets
and there exist different designs.
The production line consists of 4 stations which are shown in
Figure 1. Station 1 assembles 6 single batons (called consoles)
on an assembly ground plate to a skeleton of a ﬁlter basket.
Baton proﬁles are assembled into the provided slots of the
ﬁlter basket skeletons. At the plunge station a wire coil is
contrived in the device of a lining machine. The lining machine
straightens the wire and inserts batons into the slots. To ensure
stability, the span station installs span kernels in the case of
outﬂow ﬁlter baskets and span belts in the case of inﬂow ﬁlter
baskets. Then, the ﬁlter basket is lifted from the assembly
ground plate and is transported to the welding station, at which
the baton proﬁles are welded on the ﬁlter basket skeletons. The
completed ﬁlter basket leaves the production line. Prior to this,
the span medium is removed. An overhead travelling crane lifts
a ﬁlter basket out of a station, transports it to the next station
and inserts it directly in this station. This is just possible if
this station is free. So, there is no buffer in the production
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ABSTRACT
Local search is an established meta heuristic for scheduling
problems. To avoid of getting stucked in a local optimum, the
achieved solution is destroyed. Usually, this is done randomly.
Here, two problem speciﬁc procedures are suggested. One
focuses on jobs with the highest difference between the actual
processing time and the net processing time of the job and the
other one tries to remove jobs which causes the highest idle
time for themselves or other jobs. Comprehensive simulations
of test scheduling problems as well as a real world application
show that both problem speciﬁc procedures outperform a
random procedure.
INTRODUCTION
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another production system. So, the delay of the operations
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line and each feasible schedule of jobs is a permutation of
these jobs. Due to other operational issues the crane can just
be moved if all stations are inactive. Since an operation cannot
be interrupted, the transport has to be performed after the
completion of all operations on the stations in the ﬂow shop.
Due to further operational issues this restriction has to be
applied also for the ﬁrst and the last station; note, that the crane
loads S1 and unloads S4 as well. In summary, all stations are
loaded and unloaded with ﬁlters during a common process and
this process starts with the last station S4, followed by station
S3, S2, until station S1 is reached. It is allowed that a station
is empty; then this station is skipped (may be partially) in this
process. There are 10 part types. Their different heights or
designs causes different processing times which are listed in
Table I.
Table I: Processing times for all part types in minutes
Part
line type
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10

S1
100,5
256,5
122
256,5
182
100,5
223
223
100,5
256,5

Station
S2
S3
50
53,5
50
53,5
135
90
50
267
200 135,5
300
53,5
250
196
250 206,5
300
267
300
267

S4
9
9
75
9
140
300
220
220
300
300

Sum of
times
213
369
422
582,5
657,5
754
889
899,5
967,5
1123,5

At the company’s production site, the jobs for ﬁlters are
generated by an SAP system and produced ﬁlters are stored
before they are assembled into other products or sold directly
to customers. Therefore, all jobs with a release date after the
beginning of a period are released at the beginning of this
period. One period consists of one day with three 8 hour
shifts. For this investigation, sequences of jobs of ﬁlter types
with lot size 1 are randomly generated for each period t by an
generating algorithm which has been designed in accordance
with the proceeding in (Russel et al. 1987) and in (Engell
et al. 1994): An additional ﬁlter type F, released in period t,
consumes capacity on each station during the time between
t and its due date; the calculation for the capacity just uses
the net processing time and does not regard the dependencies
between the jobs (released so far). F is accepted as long as
this consumed capacity on each station is below a maximal
load level, otherwise it will be skipped to the next period.
A maximal load level is an (intended) average load (L0 (S))
plus 0, 30% and +30% of (L0 (S)). Over the ﬁrst 5, 10, 15
etc. consecutive periods, the load level variations average to

zero. In reality at the company, there are large numbers of
periods with a low number of late jobs and large numbers of
periods with a high (or even very high) number of late jobs.
To achieve a comparable situation for this investigations, due
dates are determined in a way so that scheduling with the
FIFO rule (ﬁrst-in-ﬁrst-out) causes a speciﬁc percentage of
late jobs. The company conﬁrmed that job sequences with
30%, 50%, 70% and 85% of late jobs by scheduling with
the FIFO rule (called time pressure) are comparable to the
ones which occurred in the real operation. As a result of
the generating algorithm’s calculations the mean difference
between the due dates and the release dates are between 2
and 3,5 days with a standard deviation of 0,5 days. Andritz
Fiedler has conﬁrmed that such timeframes for processing
jobs are representative.
The time needed for loading and unloading a station is
negligible compared to the duration of the operation itself.
In addition this task is independent from the allocation (or
loading) of other stations and the required time is included in
the duration of the operation.
The general scheduling problem consists of M stations and
a pool of N jobs, which may change at any time, with
known earliest possible starting times (or release dates) ai
(1 ≤ i ≤ N ) and due dates fi (1 ≤ i ≤ N ) respectively.
Also there is the duration ti,j of operation j of job i; i.e. oi,j
(1 ≤ j ≤ M , 1 ≤ i ≤ N ), which is being worked on station
j. Due to the reasons, said in the introduction, as performance
criteria average tardiness (Tmean ) and standard deviation of
the tardiness (Tσ ) are primarily analysed.
The time between two consecutive executions of the load
process is determined by the maximum of the duration of
the operations (including setup time) on the stations in the
ﬂow shop. This is called cycle time. This load-restriction, the
no-buffer condition and the capacity of the stations are the
main restrictions.
The no-buffer condition means a relaxation of the scheduling
problem with the (above) load-restriction. Scheduling
problems with the no-buffer are proven to be NP-hard in the
strong sense for more than two stations; see e.g. (Hall and
Sriskandarajah 1996), which contains a good survey of such
problems.
LITERATURE REVIEW
As mentioned earlier, the real application is close to the
class of no-buffer (blocking) scheduling problems. Solutions
for the no-buffer (blocking) scheduling problems are published
in various papers. Most papers minimise makespan as the ones
in the following review — afterwards publications to minimise
tardiness are reviewed. Thus, the following review explains a
large spectrum of possible procedures. In (McCormick et al.
1989) a schedule is extended by a (unscheduled) job that leads
to the minimum sum of blocking times on machines which
is called proﬁle ﬁtting (PF). Often the starting point of an
algorithm is the NEH algorithm presented in (Nawaz et al.
1983), as it is the best constructive heuristic to minimize the
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The time between two consecutive executions of the load
process is determined by the maximum of the duration of
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no-buffer condition and the capacity of the stations are the
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The no-buffer condition means a relaxation of the scheduling
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problems with the no-buffer are proven to be NP-hard in the
strong sense for more than two stations; see e.g. (Hall and
Sriskandarajah 1996), which contains a good survey of such
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in various papers. Most papers minimise makespan as the ones
in the following review — afterwards publications to minimise
tardiness are reviewed. Thus, the following review explains a
large spectrum of possible procedures. In (McCormick et al.
1989) a schedule is extended by a (unscheduled) job that leads
to the minimum sum of blocking times on machines which
is called proﬁle ﬁtting (PF). Often the starting point of an
algorithm is the NEH algorithm presented in (Nawaz et al.
1983), as it is the best constructive heuristic to minimize the
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makespan in the ﬂow shop with blocking according to many
papers, e.g. (Framinan et al. 2003). Therefore, (Ronconi 2004)
substituted the initial solution for the enumeration procedure of
the NEH algorithm by a heuristic based on a makespan property proven in (Ronconi and Armentano 2001) as well as by
the proﬁle ﬁtting (PF) of (McCormick et al. 1989). (Ronconi
2005) used an elaborated lower bound to realise a branchand-bound algorithm which becomes a heuristic since the
CPU time of a run is limited. Also for minimising makespan,
(Grabowski and Pempera 2007) realised and analysed a tabu
search algorithm. As an alternative approach, (Wang and Tang
2012) have developed a discrete particle swarm optimisation
algorithm. In order to diversify the population, a random
velocity perturbation for each particle is integrated according
to a probability controlled by the diversity of the current
population. Again, based on the NEH algorithm, (Wang et al.
2011) described a harmony search algorithm. First, the jobs
(i.e. a harmony vector) are ordered by their non-increasing
position value in the harmony vector, called largest position
value, to obtain a job permutation. A new NEH heuristic is
developed on the reasonable premise that the jobs with less
total processing times should be given higher priorities for
the blocking ﬂow shop scheduling with makespan criterion.
This leads to an initial solution with higher quality. With
special settings as a result of the mechanism of a harmony
search algorithm, better results are achieved. Also (Ribas et
al. 2011) presented an improved NEH-based heuristic and
uses this as the initial solution procedure for their iterated
greedy algorithm. A modiﬁed simulated annealing algorithm
with a local search procedure is proposed by (Wang et al.
2012). For this, an approximate solution is generated using
a priority rule speciﬁc to the nature of the blocking and a
variant of the NEH-insert procedure. Again, based on the
proﬁle ﬁtting (PF) approach of (McCormick et al. 1989), (Pan
and Wang 2012) addressed two simple constructive heuristics.
Then, both heuristics and the proﬁle ﬁtting are combined with
the NEH heuristic to three improved constructive heuristics.
Their solutions are further improved by an insertion-based
local search method. The resulting three composite heuristics
are tested on the well-known ﬂow shop benchmark of (Taillard
1993), which is widely used as benchmark in the literature.
To the best of my knowledge, only a few studies investigate
algorithms for the total tardiness objective (for ﬂow shops with
blocking). (Ronconi and Armentano 2001) have developed a
lower bound which reduces the number of nodes in a branchand-bound algorithm signiﬁcantly. (Ronconi and Henriques
2009) described several versions of a local search. First, with
the NEH algorithm, they explore speciﬁc characteristics of the
problem. A more comprehensive local search is developed by a
GRASP based (greedy randomized adaptive search procedure)
search heuristic. There are just a few genetic algorithms with
this performance criteria: for a no-wait ﬂowshop scheduling
problem one is published in (Chaudhry and Mahmood 2012)
and for a ﬂowshop with blocking one is published in (Januario
et al. 2009). There are several local search algorithms for the
scheduling problem in general and in particular for the ﬂow

shop problem. For an overview see (Ruiz and Maroto 2005)
or (Pan and Ruiz 2012).
LOCAL SEARCH
All guided search procedures bases on a metric of the search
space consisting of all feasible solutions - here, all permutations of all orders. Such a metric measures the similarity
of solutions by a distance which implies a neighbourhood
structure, s. e.g. (Burke and Kendall 2014). Several metrics
are suggested, s. e.g. (Rothlauf 2011) or (Burke and Kendall
2014). Especially for binary search spaces (i.e. each position
in a vector has a binary value), the Hamming metric is used, s.
e.g. (Rothlauf 2011) or (Burke and Kendall 2014). The Hamming metric counts the number m of different positions of two
permutations and m is then the Hamming distance between
these two permutations. If there is a Hamming distance of
(n + 1) between two permutations p and q then there is a
sequence s of n permutations between of two positions, such
that s transforms p in q. In this paper an iteration of (such)
permutations between of two positions is a local search; thus a
sequence of direct neighbours (due to their Hamming distance
of 2) is created.
The local search algorithm, formally described in Algorithm 1,
creates gradually random neighbours, starting from an initial
permutation p∗ (=p, respectively) (for the representation of a
schedule). The current permutation is replaced by a neighbour
who by all neighbours has the best rating (calculated by the
objective function value f ) and its rating is better than the
current permutation; this is called a ”best ﬁt”. The result is
either a better permutation or the current permutation could
not be improved. This is referred to as a step in the local
search. If an improvement has been achieved, then the local
search step is reapplied.
If an iteration returns no improvement, it does not mean that
any further application of the local search step does not lead
to an improvement. Such an improvement is possible if the
orders are tried in a different order. Tests show that often just
marginal improvements are achieved. Due to the consumed
(computation) time – which can be used more efﬁciently as
will be explained below the local search algorithm terminates
if an iteration does not cause an improvement; this is in line
with (Pan and Ruiz 2012).
To determine the initial permutation various methods can be
used. The permutation can for example be ﬁxed or generated
by a meta-heuristic. In (Ruiz and Stützle 2007) for example,
the NEH heuristic (Nawaz et al 1983) is proposed. According
to (Adenso-Dı́az 1992) the quality of the initial permutation
can have a signiﬁcant impact on the computation time of an
algorithm and save up to 10% of the computation time.
Often the local search algorithm terminates in a local optimum. To ﬁnd a global optimum, this local search algorithm is
restarted. Possible restarts are other initial permutations or a
change of this local optimum, called perturbation, which is the
preferred procedure in the literature, s. e.g. (Ruiz and Maroto
2005) and (Pan and Ruiz 2012). Typically, the application of
the neighbours of a local optimum (o) terminates in o again;
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Algorithm 1 local search algorithm

Algorithm 3 processing time perturbation - PT

∗

initial permutation p
do
3:
pstart = p∗
4:
p = p∗
5:
for i = 1 to size of p do
6:
for j = i + 1 to size of p do
7:
pt by changing orders in positions i and j in p
8:
if f (pt ) < f (p∗ ) then
9:
p∗ = pt
10:
end if
11:
end for
12:
end for
13: while f (p∗ ) < f (pstart )
Some comments: pstart is the temporary best permutation for
one step of the local search (in Do-loop), p∗ is the temporary
best permutation for direct neighbours (in For-loop) and p is
the permutation whose direct neighbours are calculated (in
For-loop)
1:
2:

Algorithm 2 iterative local search algorithm
initial permutation p
temp best permutation p∗ = p
apply local search on p with result p
4: for i = 1 to number of iterations do
5:
p = perturbation(p)
6:
apply local search on p
7:
if of v(p) < of v(p∗ ) then
8:
p∗ = p
9:
end if
10: end for
comment: as perturbation use random, algorithm 3 or algorithm 4.
1:
2:
3:

this is called basin of attraction. Therefore, a perturbation
of an optimum (o) must be so signiﬁcant that the basin of
attraction is left. This sufﬁcient condition is fulﬁlled by a
large perturbation. On the other hand, it is expected that the
local optimum contains parts of an optimal solution. These
favourable parts should be maintained. Own tests with several
scheduling problems show that this sufﬁcient condition is often
reached by direct neighbours of a local optimum. Such a
perturbation basically extends the local search algorithm to
the iterative one by applying a perturbation on the result of
one run of the local search algorithm and this is iterated;
formally described in Algorithm 2. In literature a random
baesed perturbation mechanism (random destruction - RD) is
preferred; s. e.g. (Ruiz and Maroto 2005) and (Pan and Ruiz
2012) and (Pan and Wang 2012). It removes γ orders from the
(initial) permutation π, which causes a sequence π  of length
π − γ and a set πr of the removed γ orders. Then, the orders
of the set πr will be re-inserted at random positions in the
sequence π  . As an alternative the perturbation is controlled by
the difference between the actual throughput time and the net

1:
2:
3:
4:
5:
6:
7:
8:

permutation p
empty order list ol
for i = 1 to perturbation-size do
determine order o by max(actual throughput time−net
processing time)from p
delete o in p
insert o in ol
end for
insert all orders from ol in p at random positions

Algorithm 4 idle time perturbation - ID
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:

permutation p
cycle list cl generated out of p
empty order list ol
for i = 1 to perturbation-size do
determine cycle c with highest idle time from cl
determine ﬁrst order o in c
delete c in cl
delete o in p
insert o in ol
end for
insert all orders from ol in p at random positions

processing time of an order and by the cycles for the special
production type. In the ﬁrst approach the orders are ordered in
descending order by this difference and the ﬁrst γ orders are
removed; formally this is described in Algorithm 3 (processing
time perturbation - PT). The second approach tries to remove
jobs which causes the highest idle time for themselves or other
jobs. Thus, the orders are ordered in descending order by the
hight of the idle time caused by this order and the ﬁrst γ orders
are removed; formally this is described in Algorithm 4 (idle
time perturbation - ID). Note: ID addresses the restriction that
the transportation of the work pieces only can be done by an
overhead crane.
COMPUTATIONAL RESULTS
In order to use problems, which are comparable to the real
world problem, 4 stations are being considered. The routings
are created from a set of so called basis routings which are
stated in table 2. The total net processing times of these
basis routings covers the same range as the ones in the real
world application. A concrete routing is created from one basis
routing R, as routing 3 for example. The processing time for
a station S, as station 2 for example, is created by a normal
distribution whose mean value is the processing of S in R,
also 200 minutes in the example, and the deviation is either
20% of the mean value (small deviation) or 75% of the mean
value (large deviation); of course negative processing times
are excluded – in both cases. The pool of orders is too small
to effectively generate a part type sequence by the generating
algorithm. Instead, the part types are generated by a uniform
distribution, and the following three basic scenarios for the
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processing time of an order and by the cycles for the special
production type. In the ﬁrst approach the orders are ordered in
descending order by this difference and the ﬁrst γ orders are
removed; formally this is described in Algorithm 3 (processing
time perturbation - PT). The second approach tries to remove
jobs which causes the highest idle time for themselves or other
jobs. Thus, the orders are ordered in descending order by the
hight of the idle time caused by this order and the ﬁrst γ orders
are removed; formally this is described in Algorithm 4 (idle
time perturbation - ID). Note: ID addresses the restriction that
the transportation of the work pieces only can be done by an
overhead crane.
COMPUTATIONAL RESULTS
In order to use problems, which are comparable to the real
world problem, 4 stations are being considered. The routings
are created from a set of so called basis routings which are
stated in table 2. The total net processing times of these
basis routings covers the same range as the ones in the real
world application. A concrete routing is created from one basis
routing R, as routing 3 for example. The processing time for
a station S, as station 2 for example, is created by a normal
distribution whose mean value is the processing of S in R,
also 200 minutes in the example, and the deviation is either
20% of the mean value (small deviation) or 75% of the mean
value (large deviation); of course negative processing times
are excluded – in both cases. The pool of orders is too small
to effectively generate a part type sequence by the generating
algorithm. Instead, the part types are generated by a uniform
distribution, and the following three basic scenarios for the
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order release are randomly generated: all orders are realised
in one, two or three periods, so that in each scenario the
difference of the number of orders in the periods is at most
one note, that sometimes orders of previous periods are still
in the production system. The number of orders vary between
8, 16 and 24.
The due dates were generated by a ﬁx ﬂow factor, so that
under scheduling with FIFO the percentage of late jobs is
30%, 50%, 70% or 85% – resulting in 3 × 4 × 3 = 16
combinations. For each operation in the ﬁve basis routings
(see table II) 4 processing times are generated. This leads to
5×4× = 80 routings. So, in total 36×80 = 2880 experiments
are generated.
Table II: Basis routings for the creation of scheduling problems
in minutes
Routing / part
line type
1
2
3
4
5
Sum of
operation times

Station
1
100
150
100
200
250

Station
2
50
100
200
150
250

Station
3
50
100
150
300
250

Station
4
10
150
200
150
200

800

750

850

710

By using the basis routings and a uniform distribution of
the parts, station 3 is the bottleneck station, because the sum
of all operation times at station 3 is greater than these sums at
the other stations. Because of the way alternative processing
times are being generated for the stations, the sequence of
stations due to this criterion (the sum of all operation times at
a station) can change. In the real application each station is a
bottleneck in a signiﬁcant portion of the periods over a large
horizon, because the products are non-uniform distributed in
the demand over a large horizon. In order to ensure a comparable situation, about 60000 are generated. From those 2880 are
chosen, so that in around 15% of the experiments station 1 is
a bottleneck station, in around 30% of the experiments station
2 is a bottleneck station, in around 25% of the experiments
station 3 is a bottleneck station, and in around 30% of the
experiments station 4 is a bottleneck station (and of course,
the other conditions are still fulﬁlled).
The effectivity of these three perturbation methods is analysed
by improving the average tardiness in the local search environment. For this, in a test step, a perturbation method is applied
on a local optimum and, then, on the result the local search
algorithm is applied. Local optimas are generated by applying
the local search algorithm on 10 initial permutations. Three of
them are calculated by the priority rules shortest processing
time, earliest due date and slack. With the above explained
2880 test problems there are 2880 · 10 test steps. 5000 of
them are chosen randomly.
In a preliminary investigation the size of the perturbation, i.e.
parameter γ, is analysed. Reducing γ increases the probability
of the same result by the next run of a local search algorithm.
An increase of γ increase the random choice, thus, in the
extreme case, processing time perturbation as well as idle time

Figure 2: average tardiness after one perturbation with different parameters and then an application of the local search
algorithm

perturbation are random destructions. One and the maximum
number of orders determines the possible setting for γ; as
said earlier, the orders vary between 8, 16 and 24. Each
combination of parameter γ with each kind of perturbation,
i.e. processing time perturbation (PT), idle time perturbation
(ID), and random perturbation (RD) is used in 20 test steps;
which are randomly chosen out of the above 5000 test steps.
The results with γ of 4, 6, and 8 outperform the others by a
factor of at least as 2 – often even larger. And the differences in
the results between these settings of γ are signiﬁcant smaller.
Each combination of the most successful parameter setting
of γ, i.e. 4, 6, and 8, with each kind of perturbation, i.e.
processing time perturbation (PT), idle time perturbation (ID),
and random perturbation (RD) is applied on the above 5000
test steps. The resulting average tardiness is in Figure 2.
It shows that the value of 4 for γ is very unfavourable.
Random perturbation is outperformed by both alternatives.
But, for some test steps there is no considerable difference.
Nevertheless, this demonstrates the advantage of a problem
speciﬁc perturbation. The advantage of the idle time perturbation shows that the transportation limitation by the overhead
travelling crane in the real world application has a signiﬁcant
impact on the scheduling. The small difference between the
idle time perturbation and the processing time perturbation
shows the effectivity of the processing time perturbation. Thus,
substituting random perturbation by processing time perturbation should be beneﬁcial in the general case. Experiments
with this test problem without the transportation limitation
demonstrate this impressively.
For this parameter setting the speed of convergence is
analyzed for a problem instance with a percentage of late
jobs of 70% by using the FIFO priority rule. Starting from a
randomly created initial permutation local search is repeated
50 times successively. Compared to random perturbation both
problem speciﬁc ones found the best solution earlier ans they
delivered better results in case of a short allowed runtime.
Both effects might occur in general.
The real world application is simulated for the sequence of
orders explained in the section about the real world application. If an assignment of an operation on the ﬁrst station ends
in the next period t, the orders of period (t+1) is realised, so
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them are calculated by the priority rules shortest processing
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2880 test problems there are 2880 · 10 test steps. 5000 of
them are chosen randomly.
In a preliminary investigation the size of the perturbation, i.e.
parameter γ, is analysed. Reducing γ increases the probability
of the same result by the next run of a local search algorithm.
An increase of γ increase the random choice, thus, in the
extreme case, processing time perturbation as well as idle time
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perturbation are random destructions. One and the maximum
number of orders determines the possible setting for γ; as
said earlier, the orders vary between 8, 16 and 24. Each
combination of parameter γ with each kind of perturbation,
i.e. processing time perturbation (PT), idle time perturbation
(ID), and random perturbation (RD) is used in 20 test steps;
which are randomly chosen out of the above 5000 test steps.
The results with γ of 4, 6, and 8 outperform the others by a
factor of at least as 2 – often even larger. And the differences in
the results between these settings of γ are signiﬁcant smaller.
Each combination of the most successful parameter setting
of γ, i.e. 4, 6, and 8, with each kind of perturbation, i.e.
processing time perturbation (PT), idle time perturbation (ID),
and random perturbation (RD) is applied on the above 5000
test steps. The resulting average tardiness is in Figure 2.
It shows that the value of 4 for γ is very unfavourable.
Random perturbation is outperformed by both alternatives.
But, for some test steps there is no considerable difference.
Nevertheless, this demonstrates the advantage of a problem
speciﬁc perturbation. The advantage of the idle time perturbation shows that the transportation limitation by the overhead
travelling crane in the real world application has a signiﬁcant
impact on the scheduling. The small difference between the
idle time perturbation and the processing time perturbation
shows the effectivity of the processing time perturbation. Thus,
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For this parameter setting the speed of convergence is
analyzed for a problem instance with a percentage of late
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50 times successively. Compared to random perturbation both
problem speciﬁc ones found the best solution earlier ans they
delivered better results in case of a short allowed runtime.
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The real world application is simulated for the sequence of
orders explained in the section about the real world application. If an assignment of an operation on the ﬁrst station ends
in the next period t, the orders of period (t+1) is realised, so
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that the orders of the periods t and (t+1) are known. Average
tardiness (Tmean ) and standard deviation of the tardiness (Tσ )
reach a steady state by a simulation horizon of 5000 periods.
Due to the results published in Herrmann 2013 and Herrmann
2014 local search is compared with the results of the best
priority rules, which is RR, and a genetic algorithm (GA).
With total processing time of job i (tti ) is RR = (fi − t −
tti ) · e−η + eη · tti , with utilisation level η of the entire ﬂow
b
shop deﬁned by η = b+j
with b being the busy time and j
being the idle time of the entire ﬂow shop. For local search
the best two settings for γ, i.e. 6 and 8, are regarded for
all three perturbation methods (abbreviated by: LS for local
search followed by the perturbation abbreviation used before
and setting of γ in parenthesis; example: LSID(6) means local
search with idle time perturbation and (γ = 8)). The results
shown in table III are average objective values relative to the
solutions of GA set to 100%; thus, e.g., the solutions generated
by RR rule for time pressure 30% were about 51% above GA
on the average.
Table III: Basis routings for the creation of scheduling problems in minutes
Procedure
Tmean
GA
RR
LSRD(6)
LSRD(8)
LSPT(6)
LSPT(8)
LSID(6)
LSID(8)
Tσ
GA
RR
LSRD(6)
LSRD(8)
LSPT(6)
LSPT(8)
LSID(6)
LSID(8)

30%
100
1,51
0,97
0,96
0,91
0,88
0,89
0,83
30%
100
1,21
0,94
0,96
0,88
0,90
0,86
0,85

Time pressure
50%
70%
100
100
1,41
1,33
0,97
0,94
0,95
0,96
0,93
0,91
0,89
0,87
0,90
0,89
0,89
0,87
50%
70%
100
100
1,19
1,13
0,97
0,98
1,02
0,97
0,91
0,95
0,89
0,93
0,87
0,91
0,86
0,89

85%
100
1,21
0,95
0,97
0,93
0,90
0,85
0,83
85%
100
1,09
0,93
0,96
0,98
0,91
0,96
0,89

The genetic algorithm outperforms the priority rules signiﬁcantly. At the company site the beneﬁt would even much
higher, because their scheduling procedure is much simpler
(than these priority rules). Local search with random perturbation delivers slightly better results than the genetic algorithm. The improvements by the other two problem speciﬁc
perturbation methods are inline with the ones for the created
scheduling problems. In total a noticeable improvement is
achieved. A ﬁrst analysis of optimal schedules of the above
test problems show that, for example, outliers in the cycle
times are avoided. Idle perturbation avoids this more often
than random perturbation.
CONCLUSIONS
This paper analyses two problem speciﬁc perturbation procedures leaving a local optimum in a local search procedure for
ﬂow shop permutation problems with a signiﬁcant technical
restriction occurred in a real world application with more

restrictive restrictions than the scheduling problems normally
regarded in the literature. The standard perturbation is outperformed. A further improvement seems to be possible by integrating speciﬁc properties of very good schedules, especially
in the operators. More technical restrictions in companies
occur by limited resources, like the available number of coils
or assembly ground plates, and workers for the manual tasks
causes other schedules to be optimal or at least very good.
Such requirements are also left to future investigations.
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AUV, e-nose, environment, hydrocarbons, model,
pollution

The Mediterranean Sea is almost completely
surrounded by land, covering an approximate area of 2.5
million Km2, connected to the Atlantic Ocean by the
Strait of Gibraltar, and representing 1% of the world
ocean surface. Its average depth is around 1,500 m, with
the deepest point located in the Ionian Sea, between
Greece and Italy, 5,267 m under the sea surface (Barale
2008). It represents an extremely fragile and vulnerable
ecosystem, being its waters slowly renewable, thus
making it rather sensitive to all kinds of pollutants,
especially when coming from commercial traffic of the
big tankers, industrial and tourism activities (Er-Raioui
et al. 2009). Pollution is more intense in coastal areas,
where highly anthropized urban settlements are mainly
located and maritime traffic is more concentrated.
In order to preserve the integrity of this complex
ecosystem, several protected areas have been created in
the last decades. Such as the “Pelagos Sanctuary”,
located in the Corso-Provencal Ligurian Basin,
considered among the main feeding and reproductive
areas for a number of cetaceans in the Mediterranean
(Forcada et al. 1995; Notarbartolo di Sciara et al. 2003;
Azzellino et al. 2012), and consistent with the EU
Habitat Directive – Annex IV, having the aim to
preserve, protect and improve the quality of the
environment.
In the last decades, in particular, petroleum pollution
has become a matter of serious environmental concern

ABSTRACT
Hydrocarbon pollution represents one of the most
serious issues for the health and entirety of the
extremely fragile marine ecosystem, thus, the strategies
for its monitoring have been grown in number and
complexity in the last decades.
Therefore, the realization of systems able to detect the
presence of pollutants in the marine environment has
become extremely complex, involving different figures
and integrated know-hows. This paper presents an
innovative model for the real-time assessment of
pollutants on sea surface based on a network of
autonomous underwater vehicles (AUVs), also able to
sail the sea surface, equipped with sensors, capable of
detecting volatile organic compounds (VOCs) produced
by hydrocarbons.
In particular, within this context, an AUV equipped with
an E-Nose-like system is proposed, with the sensors
employed that were characterized both on laboratory
bench and at sea. The results obtained confirmed the
feasibility of the approach proposed as well as a good
reliability of the data acquired, confirming the likely
employment of this system within an integrated marine
monitoring tool.
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in the Mediterranean Sea and all over the world, with
petroleum hydrocarbons (gasoline, kerosene, fuel oil,
etc.) known to enter the marine environment through
spills or leaks, as well as accidents (Mille et al. 2007;
Zrafi et al. 2013). Thus, in the above cited areas, the
monitoring of such pollutants is extremely critical to
properly preserve the environment and the safety of
animal species.
To date, a number of different approaches have been
employed to accomplish this difficult mission, including
synthetic aperture radar (SAR) imaging and analysis
(Alpers and Huhnerfuss 1989; Topouzelis et al. 2007),
hyperspectral and thermal imaging (van der Meer and
de Jong 2001), hydrodynamic mathematical modeling
(Martins et al. 2001), and chemical sensors for
electronic nose-like systems (Bourgeois and Stuetz
2002; Sobanski et al. 2006; Tonacci et al. 2015). Each of
these approaches accounts for some relatively critical
issues, including low detection capability during
particular weather conditions (i.e. low and high wind
speeds for SAR), or during particular parts of the day
(i.e. at night). Thus, the employment of an innovative
approach, based on the signals produced by
electrochemical sensors in presence of hydrocarbons or
other potentially dangerous pollutants, could represent
an important development and/or a useful complement
to the traditional monitoring methods, in order to
improve their performances in such key-tasks for
marine environment preservation.
In order to perform a proper analysis of the
environmental pollution state, the electrochemical
sensors system, whose functioning is based on the
Electronic Nose technologies, has been placed into an
Autonomous Underwater Vehicle (AUV), sailing on the
water‟s surface, and able to ride out customized or preloaded missions depending on the user‟s needs.
Thus, the aim of this paper is to display a smart system,
based on the technologies of Electronic Nose, able to
dynamically monitor the presence of pollutants
(particularly hydrocarbons) on the sea surface. The
system proposed could be employed, together with
traditional methods, for a complete and exhaustive
analysis of the marine pollution caused by
hydrocarbons.

main advantages of this system lied in the fact that such
sensors were not responsive to major air components,
thus not producing spurious signals possibly due to such
a similar contamination of the sample drawn.
The air inlet and outlet have been represented by a smart
system of tubes, micropumps and valves, able to sample
a given amount of air through an aspiration cone within
a single analysis cycle, normally lasting 6 minutes
overall (1 minute of air intake and 5 minutes for purging
the system), and then releasing the air analyzed by an
air outlet conceived to be connected to a hose external
to the AUV.
The integration within the AUV was another pivotal
step that was performed in the design phase of the
system described. The choice made was in favor of the
modularity of the system, and the “E-Nose” payload
was designed in the way it could be integrated but also
to be detached from the remainder of the AUV when not
necessary. Thus, all the cables and electronic
components were connected with the remaining section
of the vehicle, in order to ensure the possibility to be
externally supplied and to reduce as much as possible
the eventual inconvenience due to the displacement of
the internal parts of the payload.
The AUV (Figure 1) is composed of a central body, with
an area reserved for a payload (320 mm in length, 110
mm in diameter) – the E-Nose for this purpose – with
the possibility to be integrated with the external module
when needed. The present system was reduced in
dimensions and weight when compared to a similar
system previously described (Tonacci et al. 2015).

Figure 1: 3D rendering of the AUV with the Electronic
Nose system

MATERIALS AND METHODS
The main part of the smart system based on the ENose technology has been composed by an array of
sensors, placed with a radial symmetry into a cylindrical
flow chamber manufactured in polymeric material. The
sensors employed for this application have been photoionization detectors, whose driving force relies on a
vacuum ultra-violet radiation capable of ionizing
volatile organic compounds (VOCs) contained in the air
overhanging seawater. Such ionized particles were then
detected by a proper electronics, placed inside (a pair of
electrodes) and outside (electronic board) the sensor and
producing an output signal somehow proportional to the
concentration of VOCs present in the air. One of the

The sampling and sensor chamber were resized in order
to be placed into the payload compartment (113.6 mm3
of volume for the sampling chamber, 127.2 mm3 for the
sensor chamber), while the pumps were dimensioned to
be able to carry on the minimum air flow necessary for
the VOCs analysis (the diameters of the hoses were 4
mm) (Figure 2).
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sensor chamber), while the pumps were dimensioned to
be able to carry on the minimum air flow necessary for
the VOCs analysis (the diameters of the hoses were 4
mm) (Figure 2).
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Figure 2: 3D rendering of the Electronic Nose system
payload
The control, sampling and analysis sections were placed
within the payload compartment, together with the
battery pack (14.4 V @ 5000 mAh), while the only part
interfaced with the exterior was represented by the two
tubes for air inlet and outlet, linked to a pillar able to
keep them high enough to detect VOCs produced by
hydrocarbons and, in the same time, to prevent the
water from entering the sampler and damaging the
overall system. The overall Electronic Nose system
layout is displayed in Figure 3, with the electric and
fluid dynamic connections between its different parts
(sampling chamber, sensorized chamber, electrovalve
and pumps).

Figure 3: Layout of the Electronic Nose system
Within the AUV, the engines were placed afore and
astern.
Data acquired by the E-Nose system were analyzed
through two Artificial Neural Networks (ANNs) relying
on Kohonen Self Organizing Map (KSOM) structure,
based on clustering upon centroid distance (distance for
each point and maximum distance from each cluster‟s
ellipse centroid).
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RESULTS

RESULTS

The system proposed was at first bench-tested in order
to assess the responses provided by the sensors and to
evaluate the optimal air flow to maximize the signal-tonoise ratio produced by the detectors employed. This
latter analysis produced a clear result that confirmed the
2 l/min of air flow as the optimal air flow rate for the
present application. The responses of the sensors in
presence of hydrocarbons‟ dilutions was evaluated in
terms of minimum detectable quantity of the various
substances analyzed. In particular, a concentration of
100 ppm of the different hydrocarbons employed
(gasoline, kerosene, diesel fuel and crude oil, often
considered as the most frequently present compounds in
polluted sea, according to Mille et al. 2007 and Zrafi et
al. 2013) was clearly detected by the system.
After this initial characterization, the system, integrated
into the AUV, was deployed into seawater and used for
marine monitoring purposes. The data gathered during
these missions, together with the ones at bench, were
employed to train two ANNs. The first of these ANNs
aimed to classify the stimuli detected according to three
different levels of warning („low‟, „medium‟ and „high‟,
depending on the intensity of the stimulus
concentration, corresponding to different amounts of
hydrocarbons‟ VOCs present in the air). The ANN
designed for this purpose was of the type KSOM, and
was composed of 100 neurons (10 x 10) (Figure 4).
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Figure 4: The first ANN realized to discriminate stimuli
depending on pollutants concentration
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This ANN had three inputs, corresponding to the
maximum output of each of the three piD sensors
(Bronze, Silver and Black piD), determined to be the
most relevant features among all the data extracted from
the E-Nose system after a Principal Component
Analysis (PCA).
The performances of this network were satisfying, with
a good 80.76% of correct classification of the stimuli
into the three classes above stated, against only 9.62%
of misclassification (Figure 5). The most common
misclassification was related to the difference between
category 1 and 2 (low vs. medium concentration)
minimally affecting, therefore, high concentrations that
were the most important category of stimuli to be
correctly detected in our purpose.
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as the collision between Moby Prince and Agip Abruzzo
near Leghorn, the explosion of M/C Haven near Genoa,
both in 1991, as well as the Costa Concordia wreck near
Giglio Island in 2012, with massive oil and pollutant
spills, displayed how fragile this particular ecosystem is
to such events, proving the importance of an accurate
and proper monitoring of pollution in such cases, as
well as the need for massive and immediate
interventions after a similar accident or after an abuse
concerning illegal ship transits in a given area.
In order to successfully accomplish this aim, an overall
monitoring and intervention strategy, based on the data
gathered from different sensors, should be adopted, also
preventing as much as possible eventual spurious
responses produced by some kinds of survey means
normally adopted – often as a standalone methods – in
this context.
With an accurate and reliable approach, it is possible to
model the behavior of the pollutants in a given area, in
order to better understand the main features of the
interaction between water mass and pollutant.
In particular, to accomplish this aim, multimodal data
gathered from different sensors are required, including
output from buoys, satellite images or other AUVs
equipped with diverse detectors (i.e.: ConductivityTemperature-Depth (CTD) sensors).
A network composed of AUVs and a single buoy allows
to recreate in real-time a map of the marine area under
control. The network could be formed of a “Master”,
consisting of the buoy, with a Wireless link towards the
AUVs and a satellite communication to an inshore
station, and some “Slaves” of the network, represented
by the AUVs. Each AUV could be linked through
Wireless connection to the Master and to the other
Slaves, in order to be able to raise warning signals to the
station as well as to check the phenomenon evolution in
real-time (Figure 6).

Figure 5: Confusion matrix of the first ANN
Similarly, a second ANN was designed and
implemented,
with
somewhat
comparable
characteristics in terms of overall number of neurons. In
this case, anyway, the outputs of the network were four,
corresponding to the four types of hydrocarbons
employed for the sensors‟ characterization (gasoline,
kerosene, diesel fuel and crude oil, as above stated).
The aim of this second ANN was to correctly identify
the hydrocarbon detected based on the output signal
features of the sensor network. In this case, after a PCA,
three inputs were identified as the most significant,
represented by the outputs of each of the three piDs in
terms of peak time (tup).
The task was correctly accomplished in 66.67% of
cases, with 11.11% of misclassification, a slightly
higher value when compared to the first task due to the
different, and undoubtedly more complicated, analysis
required in this latter case, thus resulting, anyway, in a
satisfying overall outcome. Indeed, in this case, no
common misclassifications were identified, probably
because of the high complexity of the task required to
the network.
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DISCUSSION

DISCUSSION

The monitoring of environmental pollution, focused in
particular on marine environment, has been becoming
more and more critical in our present days. Indeed,
several national and international policies aiming at
preserving the ecosystem‟s health have been outlined
during the last decades, highlighting the importance of
taking care about these aspects in today‟s society.
The institution of marine protected areas, where ship
transits and/or oil spills are partially or, in most cases
completely forbidden, has gone in this direction,
therefore environmental monitoring in such areas could
be considered more critical again with respect to other
marine regions.
Moreover, the recent accidents occurred in various parts
of the world, including the Mediterranean Sea area, such
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Figure 6: Layout of the real-time marine monitoring
multimodal scenario
The system proposed could allow for an early
intervention strategy from the designated entities as well
as from the AUVs themselves, when equipped for such
a similar circumstance.
One of the most important features of the system is, as
stated above, its multimodality, being based on the
integration of several different monitoring tools, one of
the most promising of which is represented by
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electrochemical sensors composing E-Nose-like
systems.
In general, an E-Nose-like system could bring many
advantages with respect to traditional monitoring
methods, including its operability both in the daylight
and at night, the possibility to be integrated into
dynamic and static structures to accomplish different
kinds of monitoring strategies and, in particular
concerning the integration into the AUV, allowing for
the implementation of customized missions, based on
the data gathered by the sensors, that could nail down –
by georeferentiation – maps of the pollution state of a
given area. Thus the AUV, properly programmed and
equipped with the E-Nose-like system, could be able to
“follow” the oil slicks performing a real-time analysis
extremely useful in a context of prevention and very
early intervention of such potential environmental
disasters.
This approach was followed in the work described here.
In particular, the results obtained during the benchtesting as well as at sea demonstrated the feasibility of
the solution proposed in such a difficult task as marine
environmental monitoring is. Only a few drawbacks
were noticed in the sea-testing, in particular occurring in
presence of high values of humidity ratio (above 70%
RH), due to drift in sensors output signals. Indeed, RH >
70% caused the sensors to decrease their reliability,
especially in terms of repeatability of the measurements,
accounting for a limitation of this tool. In such cases,
the merger with other monitoring systems could be
recommended in order to avoid spurious values,
possibly causing false warning signs to be raised.
The response obtained by the sensor array, both on
bench and at sea, was compliant with what we expected,
thus quite similar to the performances displayed in the
datasheet of the components chosen for this purpose.
The system proposed in this work, together with
traditional monitoring methods (i.e.: satellite images,
drifting buoys, etc.), could form the basis for the
realization of an innovative integrated multimodal tool
for environmental monitoring, operating 24/7. The main
features of this innovative system could rely on the
customization of the analysis as well as on the extreme
rapidity in intervention policies suddenly after the
accident or adverse event.

surface. Its programming, specifically conceived to
build up a georeferentiated map of polluted areas, has
aimed to make the integrated system able to follow the
oil slicks and/or the contaminated sites, also possibly
represented by ships performing illegal transits in some
particular protected regions. This specific extension to
the basic functions already performed by earlier
prototypes (Tonacci et al. 2015) could embody an
invaluable innovative contribution to the prevention
strategies already adopted throughout the world in this
field, possibly forming the basis for future multimodal
tools for marine monitoring. Obviously, the tool
proposed should be integrated with the other traditional
methods for marine monitoring commonly used, in
order to improve their reliability but, in conclusion, it
demonstrated its reliability and ease to use. Both on
laboratory bench and during testing at sea.
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CONCLUSIONS
In this work, we presented the basis for the design and
realization of an innovative system for marine
environmental monitoring, whose main features could
be represented by the employment of the technologies
of Electronic Nose. The E-Nose-like tool could be
integrated into an Autonomous Underwater Vehicle in
order to perform a dynamic check of the pollution status
of a given area. The system, composed of an array of
sensors, a flow chamber and electronics, was tested at
first at laboratory bench and then directly at sea,
demonstrating its efficiency and reliability in the
detection of hydrocarbon pollutants present on the sea
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parts as engines that perform actions in the environment.
Applications of a locomotor subsystem could be divided
depending on the environment - territorial, flying, water,
etc.

ABSTRACT
The paper deals with the emergence of behaviour of an
autonomous robot controlled by a Back-Propagation
neural network. The theoretical part focuses on robotic
architecture, and on the issues of emergence and
connectionist networks. The output of the experimental
study is a 2D application which allows to model the
movements of the robot in a simulation environment
with the possibility of configuration variability. In
addition, several robot type designs are proposed and
tested in the experimental part of the article which
address the role of movement in an environment aimed
at avoiding obstacles.

The sensor subsystem
The sensor subsystem consists of two basic parts: the
part of the receptor and the part of retrieval and
processing of data. Sensors transform different kinds of
input signals into physical suitably representable
information, e.g. electrical signals. Such information is
pre-processed by sampling, filtering etc. according to
system requirements. Sensors can be divided into
internal and external ones. Internal sensors, which are
aimed at measuring internal states of the robot such as
battery, temperature, position, speed and they also allow
to perform diagnostics. External sensors measure the
environmental situation, usually for navigation - the
distance of obstacles in the environment or robot
positions. Sensors also could be divided into active and
passive or tactile and contactless [4, 7].

THE BASIC ARCHITECTURE OF THE
ROBOTIC SYSTEM
A motion control system, sensor systems, a cognitive
system and operation and communication control
systems are typical components of a fundamental
hardware architecture that may be used in a robotic
system (Figure 1). This sorting is a general sorting for
autonomous mobile robot [2]. In relation to the
architecture, it is appropriate to mention the term
autonomy of the robot, i.e. the definition of the degree of
independence of the human operator. Robotic systems
are divided according to the degree of autonomy: a)
controlled robot that does not make its own decisions robot operations are controlled by a human operator, b)
operated robot, performing predetermined operations, c)
autonomous robot, reaching targets according to a
predetermined procedure d) intelligent robot, which is
able to independently set its own goals [2].

The cognitive subsystem
The brain of a robotic system creates a cognitive
(control) subsystem that performs deeper analysis of data
and this data is further classified, see module ‘perception
and understanding’ in Figure 1, which implements
solution of tasks and determines a sequence of actions
leading to the achievement of defined objectives. The
outcome is a plan (Figure 1 - block of ‘a task solving and
planning‘). The previous tasks directly depend on the
internal ‘model of an environment‘, which is a memory
of the external environment, Figure 1 - block of a ‘model
of environment‘. Combining a block perception, block
environment, block of task solving and block of planning
provides the highest feedback - cognitive feedback. The
plan of action, which is passed the motion system, can
include conditional branching, which enables various
alternatives for other activities implemented on the basis
of data obtained in real time. The above-described
scheme may be different for various robots.

The motion subsystem
In principle, the motion subsystem can be divided into
implementer of plans performing a similar function as a
controller in a computer and effectors, i.e. operational
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The communication subsystem
The communication subsystem is used mainly for
communication with a human operator, who is allowed
to manage the flow of information at a higher level and
to diagnose the current state of the robot and also to
allow overall communication with the robot. This is
usually done using a software application or via a
terminal displaying current values of sensors and overall
conditions of the robot.

𝑌𝑌𝑘𝑘 is denoted by 𝑤𝑤0𝑘𝑘 ; the bias on a typical hidden unit 𝑍𝑍𝑗𝑗
is denoted 𝑤𝑤0𝑗𝑗 . These bias terms act like weights on
connections from units whose output is always 1.
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Figure 2: A Back propagation network architecture
The neurons in the network use an activation function to
compute their response to the input. One of the most
common activation functions is the binary sigmoid (1)

Figure 1: Block diagram of the robot [2]
EMERGENCE
Emergence refers to the existence or formation of
collective behaviors — what the constituent parts of the
system do together that they would not do alone. In
describing collective behaviors, emergence refers to how
collective properties arise from the properties of parts,
how behavior at a larger scale arises from the detailed
structure, behavior and relationships at a finer scale. The
emergent phenomenon is not pre-planned, although we
can predict its presence [3]. We can view emergence
from two levels: from the perspective of the analysis,
which says that emergence is only an appearance
because of the ignorance of the equations describing the
problem and therefore we cannot make conclusions
about the system or predict its behavior. The opposite
view is phenomenologically describing emergent effect
as an act of consciousness, the means for grasping the
phenomenon and maintaining its cohesion.

with

𝑓𝑓(𝑥𝑥) =

1

1+exp(−𝑥𝑥)

(1)

𝑓𝑓 ′ (𝑥𝑥) = 𝑓𝑓(𝑥𝑥)[1 − 𝑓𝑓(𝑥𝑥)]

(2)

𝑧𝑧𝑗𝑗 = 𝑓𝑓�𝑤𝑤0𝑗𝑗 + ∑𝑖𝑖 𝑥𝑥𝑖𝑖 𝑤𝑤𝑖𝑖𝑖𝑖 � = 𝑓𝑓(𝑦𝑦_𝑖𝑖𝑖𝑖𝑘𝑘 )

(3)

𝑦𝑦𝑘𝑘 = 𝑓𝑓�𝑤𝑤0𝑘𝑘 + ∑𝑗𝑗 𝑧𝑧𝑗𝑗 𝑤𝑤𝑗𝑗𝑗𝑗 � = 𝑓𝑓�𝑧𝑧_𝑖𝑖𝑖𝑖𝑗𝑗 �

(4)

𝛿𝛿𝑘𝑘 = (𝑡𝑡𝑘𝑘 − 𝑦𝑦𝑘𝑘 )𝑓𝑓 ′ (𝑦𝑦_𝑖𝑖𝑖𝑖𝑘𝑘 )

(5)

During feedforward, each input unit 𝑋𝑋𝑖𝑖 receives an input
signal and broadcasts it to all of the hidden units
𝑍𝑍1 , … , 𝑍𝑍𝑝𝑝 . Each hidden unit in turn computes its
activation (3)

to each output unit. Each output unit (𝑌𝑌𝑘𝑘 ) computes its
activation (4)

BACKPROPAGATION NEURAL NETWORKS
The very general nature of the Back propagation training
method means that a Back propagation net (a multilayer,
feedforward net trained by Back propagation) can be
used to solve problems in many areas [5, 6] describes the
network in detail. It is simply a gradient descent method
to minimize the total squared error of the output
computed by the net. The training of a network by Back
propagation involves three stages: the feedforward of the
input training pattern, the calculation and Back
propagation of the associated error, and the adjustment
of the weights. After training, application of the net
involves only the computations of the feedforward
phase. A multilayer neural network with one layer of
hidden units (the Z units) is shown in Figure 2. The
output units (the Y units) and the hidden units also may
have biases (as shown). The bias on a typical output unit

which forms the output of the network. During training,
each output unit compares its computed activation yk
with its target value t k to determine the associated error
for that pattern with that unit. Based on this error, the
factor 𝛿𝛿𝑘𝑘 (𝑘𝑘 = 1, … , 𝑚𝑚) is computed (5).
𝛿𝛿𝑘𝑘 is used to distribute the error at output unit 𝑌𝑌𝑘𝑘 back to
all units in the previous layer (the hidden units that are
connected to 𝑌𝑌𝑘𝑘 . It is also used (later) to update the
weights between the output and the hidden layer. In a
similar manner, the factor 𝛿𝛿𝑗𝑗 (𝑗𝑗 = 1, … , 𝑝𝑝) is computed
for each hidden unit 𝑍𝑍𝑗𝑗 (6):
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′

from the surface of the entity. When creating sensors of
an entity, it is possible to follow the diagram from
Figure 4, where the entity is presented ‘looking’ at an
angle a, having one sensor with an angle 0°. The sensor
is defined by its range r, number of rays n outgoing
from sensors and forming its detection part by
coefficient of a beam spread s. The sensitivity of the
sensor is given in percentage and determines the number
of rays that have to collide with an obstacle to sensor
detect obstacles.

′
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(6)

Δ𝑤𝑤𝑗𝑗𝑗𝑗 = 𝛼𝛼𝛿𝛿𝑘𝑘 𝑧𝑧𝑗𝑗

(7)

It is not necessary to propagate the error back to the
input layer, but 𝛿𝛿𝑗𝑗 is used to update the weights between
the hidden layer and the input layer. After all of the 𝛿𝛿
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EXPERIMENTAL STUDY
An entity represents a virtual robot having n defined
proximity sensors that detect obstacles. An entity is
capable of three basic operations for movement in a
virtual environment: move forward, turn right, turn left.
Due to the nature of the task, i.e. avoiding objects,
reactive architecture was chosen. It means that the entity
has no internal state or memory and responds ‘only’ to
stimuli from the outside world. The chosen architecture
is shown in Figure 3.

Figure 4: The entity [1]
Sensor rays are implemented by firing the sensor rays
from the point that defines the angle of the sensor
position to a remote point detectable range of the sensor
r. If it bumps into an obstacle and does not reach the
range of r, then the ray is terminated and the collision is
detected. Preprocessing of the input signal to the neural
network can be performed by sensors due to the faster
response of the network as shown in Figure 3.
Simulation environments
To test the robot, we have designed five different
simulation environments representing different types of
situations in which the entity is placed. Simulation
environment are raster Figures 5 – 9. The basic
operation of an entity is its movement in the
environment, i.e. a forward movement.
The test whether the entity will move forward with no
or minimal lateral movements was performed in the
environment in Figure 5, representing the ‘corridor’.
The aim of this environment is to test the movement
forward and perform turn at the end of the ‘corridor’
without bumping into ‘wall’.

Figure 3: Designing the architecture of the entity [1]
An entity can be represented graphically as a circle.
Since the entity moves forward, it is a significant the
angle of its ‘view’. This angle is graphically represented
by plotting a straight line starting at the center of the
entity and ending at the edge in the direction of rotation
of the entity. Each entity can have n proximity sensors.
Proximity sensors are non-contact devices that provide
information about the presence of objects without
having to interact with them. In order to place the
sensors at different locations on the surface, they
dispose by angle’s setting from which will be drawn
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from the surface of the entity. When creating sensors of
an entity, it is possible to follow the diagram from
Figure 4, where the entity is presented ‘looking’ at an
angle a, having one sensor with an angle 0°. The sensor
is defined by its range r, number of rays n outgoing
from sensors and forming its detection part by
coefficient of a beam spread s. The sensitivity of the
sensor is given in percentage and determines the number
of rays that have to collide with an obstacle to sensor
detect obstacles.
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We have tested in this environment Figure 8, if the
entity is able to avoid an obstacle in the forward
direction. It is necessary to get around an obstacle while
not hitting it.

We have tested in this environment Figure 8, if the
entity is able to avoid an obstacle in the forward
direction. It is necessary to get around an obstacle while
not hitting it.

Figure 5: The simulation environment – the corridor
(S1)

Figure 5: The simulation environment – the corridor
(S1)

The aim of the following environments Figure 6 is to
verify whether the entity is able to turn round into the
empty space to the right and then to continue to the end
of the environments, where a rotation (without colliding
with the critical corner) will be performed.
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of the environments, where a rotation (without colliding
with the critical corner) will be performed.

Figure 8: The simulation environment – the obstacle
(S4)

Figure 8: The simulation environment – the obstacle
(S4)

The following environment tests an ability to move the
entity in a ’random’ environment Figure 9. In particular,
it should not become stagnant or collide with obstacles.
The environment includes obstacles in space, critical
corners of ‘room’, and a circular area with difficult
access (the entity should be able to leave the area after
entry).

The following environment tests an ability to move the
entity in a ’random’ environment Figure 9. In particular,
it should not become stagnant or collide with obstacles.
The environment includes obstacles in space, critical
corners of ‘room’, and a circular area with difficult
access (the entity should be able to leave the area after
entry).

Figure 6: The simulation environment – the turn (S2)

Figure 6: The simulation environment – the turn (S2)

The following environment Figure 7 tests a case when
an entity chooses between two possible routes. The
entity should always perform rotation in the same
direction. It is also desirable that the entity is able to get
back to the starting area.

The following environment Figure 7 tests a case when
an entity chooses between two possible routes. The
entity should always perform rotation in the same
direction. It is also desirable that the entity is able to get
back to the starting area.

Figure 7: The simulation environment – the crossroad
(S3)
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Figure 9: The simulation environment – a free
movement (S5)

Figure 9: The simulation environment – a free
movement (S5)

Parameters of the simulation
In our experimental study, we have tested the entity
with different numbers of sensors: 2, 3 and 5. There
were chosen the following criteria for assessing the
effectiveness of entities: number of collisions with
obstacles, number of steps forward, and number of turn
to the left and to the right. The parameters of sensor
entities in all experiments are as follows:
• default position x: 50
• default position y: 50
• angle of a view: 0
• speed: 3
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• speed: 3

Figure 7: The simulation environment – the crossroad
(S3)
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The parameters of neural networks in all experiments
are as follows:
• learning rate: 0.85
• momentum: 0.9
• slope coefficient: <1, 2>

45°. Thanks to a higher number of sensors, we have also
tested cases when neural networks do not receive all
possible patterns, but only a few selected patterns from
the training set in order to the neural network would be
able to generalize a motion of the entity .

The 2-sensors’ entity (Figure 10). This entity has two
sensors located on the surface at angles 338° and 22°.
This entity should be able to move and avoid obstacles.
The intersection of the detection parts of both sensors
results into a detection area, which is suitable to move
forward, if collision of sensors is not detected.

The parameters of neural networks in all experiments
are as follows:
• learning rate: 0.85
• momentum: 0.9
• slope coefficient: <1, 2>

45°. Thanks to a higher number of sensors, we have also
tested cases when neural networks do not receive all
possible patterns, but only a few selected patterns from
the training set in order to the neural network would be
able to generalize a motion of the entity .
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forward, if collision of sensors is not detected.

Figure 11: The 3-sensors’ entity [1]
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Neural network parameters are the following:
• Network topology: 3 – 10 - 3
• training set, see Table 2
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Table 2: The 3-sensors’ entity – the training set
(8 patterns)
Nr.
I1
I2
I3
O1
O2
O3
1
0
0
0
0
1
0
2
1
0
0
0
1
1
3
0
1
0
0
0
1
4
1
1
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0
0
1
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0
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1
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Figure 10: The 2-sensors’ entity [1]
Neural network parameters are the following:
• Network topology: 2 – 7 - 3
• training set, see Table 1
Table 1: The 2-sensors’ entity - the training set
(4 patterns)
Nr.
I1
I2
O1
O2
O3
1
0
0
0
1
0
2
1
0
0
1
1
3
0
1
1
1
0
4
1
1
0
0
1

The neural network was adapted within 1772 cycles with
an error of 0.001. This network was also adapted with
two incomplete training sets. The training set
N1_3_Sensors consists of 6 patterns from Table 2 (rows
Nr. 1, 2, 4, 5, 7, and 8). The network was adapted within
1448 cycles with an error of 0.001. The training set
N2_3_Sensors consists of 4 patterns from Table 2 (rows
Nr. 1, 2, 5, and 8). The network was adapted within 978
cycles with an error of 0.001.

In Table 1 columns I1 and I2 correspond to the states of
sensors when the value of 1 means that the sensor detects
an obstacle, and value of 0 means that the sensor does
not detect an obstacle. The remaining columns denote
actions of the entity. The column labeled O1 corresponds
to turn left, O2 corresponds to move forward, and O3
corresponds to turn right. In these columns a value of 1
indicates to perform the action and a value of 0 indicates
not to perform the action. We have also used this
marking in our following experiments with the 3sensors’ entity and the 5-sensors’ entity. The neural
network was adapted within 1435 cycles with an error of
0.001.

The 5-sensors’ entity (Figure 12). This entity has two
sensors located on the surface at angles 270°, 315°, 0°,
45° and 90°. As in the previous case, we have also
tested cases, when neural networks do not receive all
possible patterns but only a few selected patterns from
the training set.

The 3-sensors’ entity (Figure 11). This entity has two
sensors located on the surface at angles 315°, 0° and
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cycles with an error of 0.001.

In Table 1 columns I1 and I2 correspond to the states of
sensors when the value of 1 means that the sensor detects
an obstacle, and value of 0 means that the sensor does
not detect an obstacle. The remaining columns denote
actions of the entity. The column labeled O1 corresponds
to turn left, O2 corresponds to move forward, and O3
corresponds to turn right. In these columns a value of 1
indicates to perform the action and a value of 0 indicates
not to perform the action. We have also used this
marking in our following experiments with the 3sensors’ entity and the 5-sensors’ entity. The neural
network was adapted within 1435 cycles with an error of
0.001.

The 5-sensors’ entity (Figure 12). This entity has two
sensors located on the surface at angles 270°, 315°, 0°,
45° and 90°. As in the previous case, we have also
tested cases, when neural networks do not receive all
possible patterns but only a few selected patterns from
the training set.

The 3-sensors’ entity (Figure 11). This entity has two
sensors located on the surface at angles 315°, 0° and
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Figure 12: The 5-sensors’ entity [1]
Neural network parameters are the following:
• Network topology: 5 – 16 - 3
• training set, see Table 3
Table 3: The 5-sensors’ entity – the training set
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The neural network was adapted within 1822 cycles with
an error of 0.001. This network was also adapted with
two incomplete training sets. The training set
N1_5_Sensors consists of 15 patterns from Table 3 (rows
Nr. 1-3, 5, 8-11, 15-20, and 29-32). The network was
adapted within 1377 cycles with an error of 0.001. The
training set N2_5_Sensors consists of 9 patterns from
Table 3 (rows Nr. 1-5, 17, 25, 28, and 32). The network
was adapted within 1515 cycles with an error of 0.001.

The neural network was adapted within 1822 cycles with
an error of 0.001. This network was also adapted with
two incomplete training sets. The training set
N1_5_Sensors consists of 15 patterns from Table 3 (rows
Nr. 1-3, 5, 8-11, 15-20, and 29-32). The network was
adapted within 1377 cycles with an error of 0.001. The
training set N2_5_Sensors consists of 9 patterns from
Table 3 (rows Nr. 1-5, 17, 25, 28, and 32). The network
was adapted within 1515 cycles with an error of 0.001.

OUTCOMES
Simulations with number 1 test all the mentioned entities
in the environment called ‘corridor’ (Figure 5). Except
for N2_entities, all remaining entities were able to move
from the starting area to the end of ’corridor’ and
perform turn without hitting the wall. N2_3_Sensors
entity always stopped at the end of the corridor and
N2_5_Sensors entity always stopped in the middle of the
corridor.
The second simulation tests entities in an environment
marked ‘the turn’ (Figure 6). Entities N2_3_Sensors and
N2_5_Sensors s stopped at the same place as in the
previous simulation. All remaining types of entities
fulfilled the test successfully.
In ‘crossroads’ (Figure 7) was tested decision making of
the entities. Due to the absence of internal states or
representation of the environment, the entities should
always choose the same path. The entity always chose
the same direction of movement without colliding with
walls or corners in the environment but only
N1_5_Sensors entity returned to the starting area.
Entities N3_5_Sensors and N2_5_Sensors stopped at the
same place as in previous simulations again. The
remaining entities were moving straightforward between
the left and right end of the simulation environment.
Avoiding the obstacle is tested in the environment
’obstacle’ (Figure 8). Simulations showed that the
entities are able to avoid an obstacle, with the exception
of entities N3_5_Sensors and N2_5_Sensors that always
stopped at the same places. A relatively longer time, this
action lasted N1_5_Sensors entity that performed a lot of
steps before it managed to enter the space at a suitable
angle. Then it has already mastered its further movement
in the environment like other entities.
The last simulation environment is ‘free movement’,
which simulates a ‘random’ environment in which
entities can find themselves (Figure 9). Entities
N3_5_Sensors and N2_5_Sensors stopped at the same
place as in previous simulations again. All remaining
entities were moving in the environment without
collisions. They were able to enter and again to get out
from the ‘circular room’ with difficult access. The only
one N1_5_Sensors entity managed to enter into the
difficult access places, where other entities failed to
enter.
The total results of simulations are shown in Table 2,
where ‘Y’ means the successful simulation and ‘N’
means unsuccessful simulation.
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Neural network parameters are the following:
• Network topology: 5 – 16 - 3
• training set, see Table 3
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Table 2: The results of simulations, where ‘Y’ means
the successful simulation and ‘N’ means unsuccessful
simulation
The simulation
Number
environment
Entity
of
Patterns S1 S2 S3 S4 S5
2_Sensors
3_Sensors
N1_3_Sensors
N2_3_Sensors
5_Sensors
N1_5_Sensors
N2_5_Sensors

4
8
6
4
32
18
9

Y
Y
Y
N
Y
Y
N

Y
Y
Y
N
Y
Y
N

N
N
N
N
N
Y
N

Y
Y
Y
N
Y
Y
N
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ABSTRACT
The paper presents a new fast computation scheme
for linear separation in two-dimensional feature space.
This scheme is based on a combination of several image
processing techniques: fast Hough transform, cumulative
sum computation and expression of optimized criterion
as a function of additive statistics. It is shown that complexity of the scheme is O(n2 log n) for chosen set of
criteria. Two appropriate criteria are discussed, both being
a 2D extension of well-known Otsu’s criterion: standard
one considering covariance trace and one considering
covariance second eigenvalues. Applicability of the latter
criterion for the color segmentation problem is discussed.
INTRODUCTION
Histogram analysis is a popular technique of the image
processing. Particularly, spatial separation of histogram
is a well-known method of image segmentation. In the
case of 1D intensity histogram, segmentation becomes
global binarization problem. Among global binarization
algorithms Otsu’s method (Otsu 1979) is undisputed
leader. There are Otsu’s method generalizations to the
multidimensional space, e.g. two-dimensional case with
intensity and gradient value axises (Nie et al. 2013). It is
worth to notice that similar extensions could be useful for
other segmentation tasks. For example, MRC document
compression conduct segmentation in colour space, which
leads to clusterization in 2D or 3D spaces (Vinogradova
et al. 2015).
Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

Otsu’s method consists in minimization of functional
(between class variance) on the set of possible histogram
partitions. This functional is not convex in general case, so
exhaustive search method is considered. Computation efficiency of such algorithms directly depends on complexity
of functional calculation in the point. If every computation
involves full range of the histogram, the complexity could
be unacceptable. Luckily, usage of implementation of
cumulative sum technique and precalculation of additive
statistics leads to constant-time complexity of functional
calculation in the point for Otsu’s method. This trick could
be used in two-dimensional space too. However, structure
of the partition set in this case should be clarified, as
optimal computational complexity heavily depends on this
structure. Let us consider 2D histogram and its partitions
into arbitrary orthotropic rectangle with vertex in origin
and the rest of the histogram (as proposed in (Nie et al.
2013)). Obviously, number of such partitions will be the
same as the number of histogram bins. While target functional is computable via additive statistics, 2D cumulative
sum technique will help to keep constant-time complexity
of functional evaluation. However, considered partition set
looks suspicious. It seems more familiar to use arbitrary
straight lines as a partition set. It is worth to notice that
the number of partitions in this case will be same O(n2 ).
Unfortunately, there are no known fast methods which
allow to find optimal partition line in acceptable time.
In this paper such method is proposed, based on the fast
Hough transform (FHT).
Hough Transform (HT) was invented by Paul Hough for
the analysis of photographs obtained with bumble chamber
in 1959, and patented in 1961. Later HT was modified
by R. O. Duda and P. E. Hart to eliminate cases with
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unbounded transformation space. More information about
invention of HT can be found in (Hart 2009). HT is a very
popular tool in image processing, a lot of applications of
HT exist, for instance: edge detection, document orientation, vanishing point detection (Nikolaev et al. 2008),
detection of circles and ellipses. Also HT is successfully
implemented in robust regression analysis (Goldenshluger
and Zeevi 2004; Ballester 1994; Bezmaternykh et al.
2012).
Mathematically HT is a special case of Radon R
Transform (RT):
Z
Rf (L) = f (x)|dx|,
(1)

Consider summation of functions F and FI along
straight horizontal line. Note that sum of FI along line
L is equal to the sum of all elements of F lying under the
line L including line elements, that is sum over semiplane.
Moreover, summation of FI over a horizontal line with
i = n is equal to summation of F over the whole definition
area. Let’s introduce a line set with this property.
Algorithm 1 Cumulative sum computation
1:
2:
3:
4:
5:
6:
7:

L

where f is a scalar function, Ω is a domain of f (for
example coordinate space of image), x ∈ Ω ⊂ R2 , L
is a line with L ⊂ Ω. According to equation (1) Radon
Transform creates continuous set of lines, which usually is
not required in practice problems. RT defined for discrete
Ω is Hough transform.
It is easy to estimate complexity boundaries of HT for
gray image I, which is two dimensional scalar function.
Suppose image I has square domain of size n·n. Then the
number of different lines on that image is proportional to
n2 , length of any line is n, therefore complexity is O(n3 ).
However better calculation scheme exists.
Fast Hough transform was invented in 1998 by Brady
(Brady 1998), and several years later (Karpenko et al.
2004; Frederick et al. 2005) the version with in-place
calculations was proposed. Complexity boundary for the
FHT is O(n2 log n) for square image with linear size n,
similarly to the 2D fast Fourier transform. And yet, FHT
doesn’t involve complex arithmetic or even multiplications
and could be computed in integer domain.
Let us show how FHT could be applied to the segmentation problem solution.

8:
9:

function C UMULATIVE S UM(F)
FI = F
for i ← 2 to n do
for j ← 1 to n do
FI (i, j) = FI (i − 1, j) + F (i, j)
end for
end for
return FI
end function

Line L is called primary-horizontal (PH) if angle α is
between normal to a line and direction of y-axis satisfy
α ∈ [− π4 ; π4 ]. Positive direction of angle is counterclockwise from y-axis which is down-directed (see Figure
1). At the same time equivalence between summation over
a semiplane over F and PH-line over FI isn’t preserved
for set of primary-vertical lines. Line L is primary-vertical
when α ∈ [ π4 ; 3π
4 ]. Nevertheless, to establish the same
property for PV-lines it is necessary to transpose F ,
perform cumulative summation of F T and transpose the
result: FI = (CumulativeSum(F T ))T .
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similarly to the 2D fast Fourier transform. And yet, FHT
doesn’t involve complex arithmetic or even multiplications
and could be computed in integer domain.
Let us show how FHT could be applied to the segmentation problem solution.
METHOD FRAMEWORK

Proposed algorithm computational scheme consist of
several separate computer vision techniques: fast Hough
transform, calculation of cumulative sum, additive statistics forming and exhaustive search. Firstly, we describe
computation scheme principle foundation. Secondly, its
implementation to two-dimensional distribution linear separation.

Proposed algorithm computational scheme consist of
several separate computer vision techniques: fast Hough
transform, calculation of cumulative sum, additive statistics forming and exhaustive search. Firstly, we describe
computation scheme principle foundation. Secondly, its
implementation to two-dimensional distribution linear separation.

Computational scheme
In this part we use classical algorithm for calculating
cumulative sum over positive discrete function, defined on
some discrete rectangle set Ω ⊂ R2 . For simplicity let’s
define Ω as square field with size n, then F [i, j] is twodimension array with i, j ∈ [1, .., n].
Cumulative sum computation scheme is presented as
function in algorithm 1. This function returns twodimensional array FI , where FI (i∗ , j ∗ ) is a sum over
elements with coordinates satisfy j = j ∗ and i ≤ i∗ , i.e.
all underlying points.

In such way, we are able to perform summation over
semiplanes by summing over corresponding lines. To find
sum over all possible lines, Hough transform is usually
applied. Its naive computational complexity is very high
O(n3 ). Luckily, faster algorithm exists. It is fast Hough
transform, which complexity boundaries are O(n2 log n).
FHT produces two dimensional array with each cell containing sum over semiplane.
Consequently, new computational scheme allows us to
perform fast summation of a function over semiplanes.
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Figure 1: Coordinate system. Primary-horizontal and
primary-vertical lines definition.
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Coupled with exhaustive search in Hough space, new
computation scheme can be applied for solution tasks
involving linear separation, such as colour segmentation
problem, two-dimensional global binarization by Otsu’s
method.

2
σX
(j) =

CovX (i, j) =

Additive statistics technique
Note that our scheme implementation can perform fast
computation of additive operations. Therefore it is necessary to construct computational scheme using only additive
statistic and additive-preserved operations. Concept of
additive statistic can be illustrated with help of two sets: let
two disjointed sets have statistics α1 and α2 , then conjoint
statistics is equal to α1 + α2 . For example, weight is an
additive statistic.
Let’s consider spatial separation of two-dimensional
distribution into two classes C1 and C2 . Denote P as
normalized F , meaning
F [i, j]
P [i, j] = P
, [i, j] ∈ [1, .., n]
F [i, j]
i,j∈Ω

Note that P can be interpreted as two-dimensional
distribution, so we can derive all necessary statistics for
it, particularly expected values and covariance matrices for
each class.
Lets denote weight of each class:

1
1
DX (ij) − 2 DX (i)DX (j)
ωX
ωX

Then equation for covariance matrix is:


2
σX
(i)
CovX (i, j)
σX =
2
CovX (i, j)
σX
(j)

ωC1 =

X

P [i, j], ωC2 =

(i,j)∈C1

Criteria
It is clear, that for search separation line we need
to establish some criterion. In this paper we use two
different criteria. First is global Otsu’s binarization in twodimensional feature space (Otsu 1979) criterion: betweenclass variance trace minimization:

therefore ωC1 + ωC2 = 1. Then expected values for
each class are
EX (i) =

1 X
1
iP [i, j] =
DX (i),
ωX
ωX
i,j∈X

EX (j) =

EX (i2 ) =

1
ωX

X
i,j∈X

jP [i, j] =

1
DX (j),
ωX

1 X 2
1
i P [i, j] =
DX (i2 ),
ωX
ωX
i,j∈X

EX (j 2 ) =

1 X 2
1
j P [i, j] =
DX (j 2 ),
ωX
ωX
i,j∈X

EX (ij) =

1 X
1
ijP [i, j] =
DX (ij),
ωX
ωX
i,j∈X

where X = {C1 , C2 }. Then expected value for P is
EP (i) = DC1 (i) + DC2 (i) and same for other variables.
Note that DX (i), DX (j), DX (ij), DX (i2 ), DX (j 2 ) are
additive statistics, like weight. Therefore we can perform
fast calculation of weight and DX (·) for expected value
computation. Let’s derive equation for covariance matrix
of each class, denote for that:
2
σX
(i) =

1
1
DX (i2 ) − (
DX (i))2 ,
ωX
ωX

(2)

L∗ = arg min trace(σ(C1 (L), C2 (L))),
L∈Ω

(4)

therefore we need to solve optimization problem for
finding optimal separation line L∗ .
Nevertheless (4) has application boundaries. For instance, when variance of distribution along one axis is
greater than variance along other one, separation result
may be wrong. For example, colour histogram of scene
which consist of two monochrome objects illuminated
by achromatic light source, (Usilin et al. 2010). Indeed,
in case of single object illumination, color-histogram is
represented by straight line as different parts of an object
have different lightning intensity. In real tasks this line
become cloud of points spread along the line. In case when
scene consist of two monochrome objects illuminated by
achromatic light, colour histogram consist of two point
clouds spread along two different lines (Nikolaev and
Nikolayev 2004).
New criterion for spatial separation of two-dimensional
colour histogram is proposed:
L∗ = arg min λ2 (σ(C1 (L), C2 (L))),
L∈Ω

(5)

where λ2 equals second eigenvalue of covariance matrix
σ. Indeed, distribution can be interpreted as ellipse of
inertia. For two-dimensional case it is necessary to pose
ellipse so, that its second axis is minimized, which equals
to second eigenvalue minimization.
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different criteria. First is global Otsu’s binarization in twodimensional feature space (Otsu 1979) criterion: betweenclass variance trace minimization:
σ(C1 , C2 ) = ωC1 σC1 + ωC2 σC2 ,

ωC1 =

X
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where X = {C1 , C2 }. Then expected value for P is
EP (i) = DC1 (i) + DC2 (i) and same for other variables.
Note that DX (i), DX (j), DX (ij), DX (i2 ), DX (j 2 ) are
additive statistics, like weight. Therefore we can perform
fast calculation of weight and DX (·) for expected value
computation. Let’s derive equation for covariance matrix
of each class, denote for that:
2
σX
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1
1
DX (i2 ) − (
DX (i))2 ,
ωX
ωX

(3)

and Otsu’s problem for two-dimensional feature space
becomes

P [i, j],

(i,j)∈C2

therefore ωC1 + ωC2 = 1. Then expected values for
each class are
EX (i) =

(2)

In this manner, to define covariance matrices for
each class we need to calculate additive statistics: ω,
D and combine them into (2). As shown before, with
algorithm 1 we can obtain additive statistics by summation of CumulativeSum(F ) over straight primaryhorizontal and (CumulativeSum(F T ))T over straight
primary-vertical lines and, as shown in (2), covariance
matrix for each class can be computed by pre-calculated
additive statistics combination.

(3)

and Otsu’s problem for two-dimensional feature space
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P [i, j],

(i,j)∈C2

2
σX
(j) =

Additive statistics technique

In this manner, to define covariance matrices for
each class we need to calculate additive statistics: ω,
D and combine them into (2). As shown before, with
algorithm 1 we can obtain additive statistics by summation of CumulativeSum(F ) over straight primaryhorizontal and (CumulativeSum(F T ))T over straight
primary-vertical lines and, as shown in (2), covariance
matrix for each class can be computed by pre-calculated
additive statistics combination.

σ(C1 , C2 ) = ωC1 σC1 + ωC2 σC2 ,
X

Coupled with exhaustive search in Hough space, new
computation scheme can be applied for solution tasks
involving linear separation, such as colour segmentation
problem, two-dimensional global binarization by Otsu’s
method.

1
1
DX (j 2 ) − (
DX (j))2 ,
ωX
ωX

L∗ = arg min trace(σ(C1 (L), C2 (L))),
L∈Ω

(4)

therefore we need to solve optimization problem for
finding optimal separation line L∗ .
Nevertheless (4) has application boundaries. For instance, when variance of distribution along one axis is
greater than variance along other one, separation result
may be wrong. For example, colour histogram of scene
which consist of two monochrome objects illuminated
by achromatic light source, (Usilin et al. 2010). Indeed,
in case of single object illumination, color-histogram is
represented by straight line as different parts of an object
have different lightning intensity. In real tasks this line
become cloud of points spread along the line. In case when
scene consist of two monochrome objects illuminated by
achromatic light, colour histogram consist of two point
clouds spread along two different lines (Nikolaev and
Nikolayev 2004).
New criterion for spatial separation of two-dimensional
colour histogram is proposed:
L∗ = arg min λ2 (σ(C1 (L), C2 (L))),
L∈Ω

(5)

where λ2 equals second eigenvalue of covariance matrix
σ. Indeed, distribution can be interpreted as ellipse of
inertia. For two-dimensional case it is necessary to pose
ellipse so, that its second axis is minimized, which equals
to second eigenvalue minimization.
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Spatial separation algorithm
In this section it is convenient to consider FHT as
a black box algorithm HS = F HT (F ), where F is
two-dimensional array input and H is two-dimensional
array output, with indices corresponding to straight line
parameters and value is a sum along this line. To simplify the notation, we propose algorithm for PH-lines,
nevertheless, as mentioned before, transposing is the only
difference between PH- and PV-lines algorithm. Denote
L = f htline(i, j) as array of line L ∈ Ω points
parametrized by (i, j) in Hough space.
Combining all mentioned computational methods it is
possible to construct a new spatial separation scheme.
Following (2) to find covariance matrix it is necessary
to calculate a range of additive statistics. Let’s simplify notation by introducing vector of matrices data =
[DX (i), DX (j), DX (i2 ), DX (j 2 ), DX (ij), ω1 ], therefore
data[6] is ω1 and so on. Also it is necessary to mention
that each element of dataH has size equal to Hough space,
i.e. [n · 4n] (for particular implementation). Therefore σ is
four-dimentional matrix, with size [n · 4n · 2 · 2]. Algorithm
results in an array of line L points. Algorithmic scheme
in mnemonic language is presented in algorithm 2.

To perform collection of additive statistics for squared
Ω elementwise multiplication of six n · n matrices is
required, which means complexity of such operation is
O(n2 ). Complexity of cumulative summation is n2 , as
we perform n summation of lines(vectors) which consist
of n elements. Scheme requires to repeatedly perform
the cumulative summation, which means that cost of this
operations is proportional to O(n2 ).
Next steps of the scheme are fast Hough transform
and linear operations over Hough space, which cost
O(n2 log n) and O(n2 ). Final step of the scheme is
exhaustive search over Hough space with cost O(n2 ).
Total results are in Table 1.

Table 1: Analysis of Algorithm Complexity.

Method
Cumulative summation
Additive statistics containing
FHT
Exhaustive search
Total

Algorithm 2 spatial separation algorithm (PH-lines)
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:

Input: data;
Initialize: dataCS ;
for k ← 1 to 6 do
. Counting cumulative sum
dataCS [k] ← CumSum(data[k]);
end for
Initialize: dataH
for k ← 1 to 6 do . Perform Fast Hough Transform
dataH [k] ← F HT (dataCS [k]);
end for
for X ∈ {C1 , C2 } do . First moments computation
for t ← 1 to 5 do
EX (t) = (1/dataH [6]) · dataH [t]; . Matrix
element-wise division
end for
2
2
Computing:
σX
(i), σX
(j), CovX (i.j)
with
EX (t);
Computing: σX ; according to equation (3)
end for
σ = ωC1 σC1 + ωC2 σC2 ; . Between-class covariance
matrix
T = trace(σ)
. Trace element-wise computation
[i∗ , j ∗ ] = argmax(T );. Find indices of max element
L∗ = f htline(i∗ , j ∗ );
. Array of points
Return: L∗ ;

DISCUSSION
Complexity
In this section we show that algorithmic scheme complexity boundaries are estimated as O(n2 log n). As mentioned above, algorithmic scheme consist of several stages:
fast Hough transform, cumulative summation, collecting of
additive statistics and full search over Hough space.
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Nevertheless there are cases when line separation is
preferential, see Figure 3.

In this section we show that algorithmic scheme complexity boundaries are estimated as O(n2 log n). As mentioned above, algorithmic scheme consist of several stages:
fast Hough transform, cumulative summation, collecting of
additive statistics and full search over Hough space.

Nevertheless there are cases when line separation is
preferential, see Figure 3.
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Figure 3: Form of two-dimensional distribution that implies line separator application. Corner separator (left), line
separator (right)
The paper contains description of two different optimization spatial separation criteria based on between-class
covariance matrix computation: trace minimization and
second eigenvalue minimization of this matrix.
In case when classes variance is nearly equal in both
directions, trace minimization criteria perform correct
separation (see Figure 4). Note that such distribution
frequently appears in 2D Otsu’s problem, which explains
applying of trace minimization criterion.

Figure 4: Difference between two criteria: trace minimization (left) and second eigenvalue minimization (right).
As mentioned before, one of potential implementation
of this computational scheme is spatial separation in colour
histogram space. Simulated historgram of a scene with
two monochrome objects illuminated by single achromatic
source of light is shown in Figure 5. It is a pair of twodimensional distributions spreaded along some direction.

Figure 5: Difference between two criteria: trace minimization (left) and second eigenvalue minimization (right).
It appears that in case when we simulate color segmentation problem, trace minimization barely give as desired

result. At the same time new second value minimization
criterion allows to achieve appropriate separation.

result. At the same time new second value minimization
criterion allows to achieve appropriate separation.
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CONCLUSION

In this paper a new computationally effective and numerically precise scheme for spatial separation of twodimensional distribution is proposed, which is based on
combination of common image processing methods, such
as fast Hough transform, cumulative summation, collecting
of additive statistics and exhaustive search. One of the
most important tool in the proposed scheme is FHT, which
allows to improve complexity boundaries from O(n3 ) to
O(n2 log n) without loss of precision. Also a new line
separation criteria was proposed, namely between-class
covariance matrix second value minimization, which is
perspective candidate for segmentation problems solution.

In this paper a new computationally effective and numerically precise scheme for spatial separation of twodimensional distribution is proposed, which is based on
combination of common image processing methods, such
as fast Hough transform, cumulative summation, collecting
of additive statistics and exhaustive search. One of the
most important tool in the proposed scheme is FHT, which
allows to improve complexity boundaries from O(n3 ) to
O(n2 log n) without loss of precision. Also a new line
separation criteria was proposed, namely between-class
covariance matrix second value minimization, which is
perspective candidate for segmentation problems solution.
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estimate, there are approximately 1011 neurons in the
brain. Every one of them is connected with thousands of
other
neurons.
The
main
source
of
Electroencephalography (EEG) signal is an electric
activity of synapse - dendrites membrane located in the
surface layer of the cortex. Each active synapse
dispatches electromagnetic pulse to the environment
during excitation. (Kandel et al. 2000) Due to the high
number of these pulses, it is difficult to locate their
source by means of multichannel sensor on the skin.
This article deals with the Brain - Computer Interface
(BCI) technology, which represents the connection of
brain waves with the output device through some
interface. Figure 1. illustrates the basic principle of a
system based on BCI.
Firstly, the brain activity is obtained from the subject’s
brain by appropriate device based on some of the
technologies, which are currently available for sensing
the brain activity; for example fMRI (functional
magnetic
resonance
imaging),
EEG
(Electroencephalography) etc. For the purposes of the
study described below, EEG technology was chosen to
record brain activity.
Further, received signal has to be processed and
prepared for translation algorithm. This phase involves
a feature extraction during which the most expressive
characteristics of obtained signal are discovered. In the
case of EEG signal, these characteristics usually relate
to some physiological activity such as eye blink, eye
movement, raise brow etc.

KEYWORDS
Electroencephalography, Brain - Computer Interface,
Robotics, Neuro-headset
ABSTRACT
The basic idea of Brain - Computer Interface (BCI) is
the connection of brain waves with an output device
through some interface. Aim of this article is to clarify
the potential utilization of complex EEG signal in BCI
system. For this purpose, real application of BCI
technology was designed and tested. This paper
describes this real application in detail and discussed its
qualities with respect to its further practical utilization.
INTRODUCTION
The human brain is a complex system, which is an
object of our research. It is regarded as the most
complex system in the universe. The modern science is
currently attempting to understand the complex
interconnection among individual parts of the brain
(Sporns et.al. 2005). There are many publications,
which deal with a description of the brain. (Adeli 2010,
Damasio 1995, Sporns et al. 2005)
The brain itself is composed of several parts, without
which his activity could not be possible. One of its basic
structural parts is a neuron. The neuronal cells are
characterized by the fact that electrical activity is
carried out in them. These cells communicate with each
other by electrical signals. According to the last

Figure 1: Basic principle of BCI system
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The brain itself is composed of several parts, without
which his activity could not be possible. One of its basic
structural parts is a neuron. The neuronal cells are
characterized by the fact that electrical activity is
carried out in them. These cells communicate with each
other by electrical signals. According to the last

Figure 1: Basic principle of BCI system
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Finally, the translation algorithm transfers selected
features to commands of external device or software.
Currently, there are many known applications of BCI
technology, but not enough to each particular field of
study. Signal that is sensed from the brain is the key
element in the BCI model; therefore the design of an
appropriate algorithm for processing of the signal is the
most discussed part of BCI model structure. (Schalk et
al. 2004)
The aim of this paper is to introduce a real application
of BCI technology which uses Emotiv EPOC neuroheadset (EEG device) for sensing brain activity and
robotic device Mindstorms EV3 as an external device.

headset do not need any additional tools. It has 14 high
resolution sensors, which are placed on optimal
positions on the human head (Figure 3).
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Signal Sensing

Signal Sensing

There are several approaches for sensing brain activity.
The most widely used is EEG technology, which
belongs among the non-invasive methods. Devices
based on EEG technology provide signal with very low
voltage amplitude because the signal has to pass
through the relatively low conductive skull. The
amplitude ranges from tens to hundreds microvolts.
Recently, we use Emotiv EPOC neuro-headset to obtain
EEG signal from the human brain. Sensing of EEG by
Emotiv EPOC neuro-headset has a number of
advantages because it already involves solved
elementary issues in the processing of the measured
signal. Due to this fact, it is not necessary to operate
with raw data. It depends on the further usage of the
data. Although the spectrum of this data could be used
in many applications, it is not simple to understand the
entire significance of the whole signal even if the
proportion of the noise is minimal. This technology has
the greatest expansion and certainly also the priority
significance in diagnosis of various diseases in
medicine. (Adeli 2010)
Emotiv Corporation developed personal brain computer interface for human - computer interaction
using neuro-technology, which is based on processing
of electromagnetic waves occurring in the human brain.
The interface has a wide range of possible applications;
for example in interactive games, intelligent adaptive
environment, audio-visual art and design, medicine,
robotics and automotive industry. Moreover, it can be
deployed in a large amount of scientific research.
Emotiv EPOC neuro-headset (Figure 2) measures a
signal wirelessly transferred to common personal
computer. It is a device, which has a set of sensors
intended for sensing the activity produced by human
brain. Traditional EEG devices requires the use of
conductive pasta to improve the conductivity between
electrodes and hairs. On the other hand, the neuro-
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Figure 3: Placement of electrodes of Emotiv EPOC
neuro-headset
Moreover, it also includes gyroscope for determinate
the position in the area. Each channel has its own label
based on its position on the head: AF3, F7, F3, FC5, T7,
P7, O1, O2, P8, T8, FC6, F4, F8, and AF4. Internal
sampling frequency of the neuro-headset is 2048 Hz.
On the other hand, the neuro-headset provides signal
with sampling frequency of 128Hz. More information
about neuro-headset can be found in (Emotiv 2012).
Emotiv provide basic software set containing many
tools, which can be used for recording various signals
such as electric potential from all 14 sensors, power
spectrum of individual EEG channels in real time and
rotational acceleration of the head in horizontal and
vertical axis using data from gyroscope. All of these
outputs are shown in graphs. Data are also available in
raw form, which can be used for further analysis. If it is
required special functionality, which is not provided by
native software, it is desirable to develop own
application using Emotiv SDK (Software Development
Kit).
Signal Processing
Signal processing is important part of BCI system;
therefore, this area has to be deeply examined. This part
is responsible to either physiological or mental activity
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recognition. Current recognition methods are based on
artificial neural networks and they are able to detect
following states of mind:
Instantaneous excitement - introduced as a
consciousness or feeling of physiological excitement
with positive value. Excitement is characterized by
activation of sympathetic nervous system, which is
responsible for physiological responses such as dilated
pupils, stimulation of the sweat glands, pulse frequency
etc.
Long-term excitement - similar to instantaneous
excitement. Detection of this state is designed and set to
obtain more precise measurement of excitement
changes in longer time periods (minutes).
Engagement - known as both alertness and directing
attention to suggestions to the tasks. It is characterized
as a growth of physiological excitement. It can be
observed in beta-waves and alpha waves of EEG record.
Contrary of this state is called boredom. The more
attention or concentration is performed, the higher value
is recorded during detection phase. The writing of text
to the paper or writing on computer rises a value of
engagement state, while closing eyes almost always
rapidly decreases that value.
The most pronounced physiological activity is facial
expression; thus, movement of brow, mouth or eyes can
be detected. The brain signals of these activities is
similar among all people; therefore, universal signatures
can be used to detect facial expressions of almost each
person.

Figure 4: Robotic device Mindstroms EV3
RESULTS
The structure of proposed BCI application can be
divided into three parts as was described in previous
section: signal sensing, signal processing and external
system control.
Signal sensing part ensures measurement of brain
signals using Emotiv EPOC neuro-headset. Moreover,
data from embedded gyrocope are also recorded. Both
brain signal and gyroscope data are sent to the computer
through the wireless connection. Further, obtained data
are processed in software application interface.
The whole application interface was realized on the
higher abstraction level. Its architecture was designed
with emphasis on mutual compatibility among available
technical resources.
Parallelization was chosen in order to achieve real time
response; thus, proposed application contains special
program threads, where individual consuming
operations are carried out. Thread B (labelled as Brain
part) performs communication with the neuro-headset
and listens to events related to physiological activity
such as blink of an eye; it also receives gyroscope data.
Thread C (labelled as computer/device part) was
implemented analogously to previous thread, but it is
connected to the external system; in our case, it is a
robotic device Mindstorms EV3. The main task of
thread C is to switch servomotors of a robot according
to states, which are transmitted between threads B and
C.
Time delay for both loops were selected in hundreds of
milliseconds to ensure fluent communication between
neuro-headset and robot. Moreover, when one of the
servomotors is started by communication interface, it
requires at least 100ms to perform required operation.
Gyroscope has to be calibrated before its usage. That
operation takes 550ms. The data from gyroscope is
then used to control direction of robot rotation. Even if
the data contains values of angular velocity in
horizontal (x) and vertical (y) axis, robot is controlled
with using only horizontal movement of neuro-headset,
where the gyroscope is located. Robot control is
performed as follows. Whenever neuro-headset rotates

External System Control
External system can be either software or hardware
model. For the purposes of our research, robotics device
Mindstorms EV3 was chosen as an external system
(Figure 4.), because it supports most of communication
interfaces such as Bluetooth, Wi-Fi, USB connection
etc. It consist of many static parts from which it is
possible to construct various robotic solutions. Further,
robot can be equipped with colour sensor, ultrasonic
sensor, gyroscope sensor or touch sensor. Robot’s
motion is assured by interactive servomotors.
Communication and logic of robot’s behaviour is
controlled by programmable intelligent EV3 Brick.
Figure 4. shows an example of one specific robotic
device, which is possible to construct from parts
described above.
Intelligent EV3 Brick can be programmed in native
graphics program language in LabView software.
Moreover, there is also an option to develop own
software application in some other supported languages
such as Java, C# etc.
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left, robot also rotates to left. The same applies for right
rotation. Moreover, software interface is set to react on
angular velocity higher then 20 deg/s in both directions.
The reason for this adjustment was too high sensitivity
of control due to which the robot was difficult to
control.
Finally, Interface part is main thread in which
translation algorithm takes care of interconnection
between B and C thread. Proposed architecture of
communication interface is depicted on Figure 6. Then,
whole design and realization with the real devices is a
prototype, which has to be subjected to thorough testing
on several levels of development. Interface part is main
thread of application.
The part of Emotiv research SDK edition software
package is also a simulator of brain activity called
EmoComposer, which is able to simulate occurrence of
brain activities mentioned in previous section of this
article. Firstly, the testing of reliability of proposed
communication interface were tested using that
simulator, which communicates through the same
network protocol. At this case, reliability was 100%;
thus, each initiation of specific brain activity using the
simulator caused a motion of the robotic device.
Activity of open eye was chosen as test brain activity.

Gyroscope could not be simulated, so it was tested with
real devices.
Experiment with real neuro-headset showed following
results. EEG record of closed eyes is depicted in Figure
5, where its activity is bounded by red rectangle. The
rest of the signal responds to the state of open eyes.
Neuro-headset was set on the head of test subject.
Further, the scanned brain activity of the subject was
sent to the computer through the wireless connection.
Obtained signal was processed using proposed
communication interface mentioned above. Finally, an
appropriate command was sent to the robotic device.
The aim of this experiment was to find out the real
efficiency of brain - computer interface when universal
signature of open eyes state is used to detect a brain
activity from the subject.
Current study builds on our previous research, which
dealt with the EEG signal analyses with respect to its
usage for biometrical purposes. (Zak et al. 2014, Svejda
et al. 2014) Our previous research brought results of
response reliability on universal signature of eye
blinking activity. The model reacts with approximately
from 60 to 70% success rate. However, current research
showed that universal signature of open or close eyes is
more suitable; the succes rate was around 98%.
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Figure 6: Architecture of described software interface
devices provide EEG signal in the highest possible
quality depended on the current technical progress.
The aim of our experiment was to demonstrate the real
efficiency of communication between EEG and the
robotic device using universal signatures of selected
brain activities. The average reliability of robotic device
response on signal of eye blinking was 65.45%. On the
other hand, the response on state of open eyes was
around 98%. Therefore, we decided to use universal
signature of open eyes in our further research.
These results were obtained during initial test
experiment, whose aim was to find out whether it is
possible to use brain activity signal to control external
device; therefore, only one volunteer was participated in
this initial experiment. There were performed 300
attempts of eye blinking activity detection with this
participant. Our future research will deal with proving
of mentioned results on greater group of volunteers.
The low reliability could be caused by prolonged use of
neuro-headset which may leads to headache caused by
slight pressure of soft pads on the skull; thus, subject’s
focus on repeating the same activity may be partly
affected by this unwanted headache. Finally, it was also
the reason for making breaks after each three set of
attempts.
Further, difference between response reliabilities on two
selected brain activities could be caused by the different
difficulty level of tested tasks. Repeating the eye
blinking activity with respect to obtain similar signal
waveform at each attempt seems to be more
complicated then repeating state of open/close eyes.
Moreover, the first activity has usually short duration,
while the second may be quite longer; thus, it brings
more comfort ways to control external device.
In addition, inexperienced subject need time to become
familiar with how to properly perform an activity,
which should be recognized using universal signature.
Other investigations shows that even subjects who have
no BCI control in the first few sessions can learn the

DISCUSSIONS
Human brain is the most complex known system in the
universe. Study of its activity is extremely important
mainly due to the most precise diagnosis of brain
diseases and their treatment. Furthermore, acquired
knowledge could be used in modern technologies with
BCI systems, where an interaction between brain and
computers appears.
Our research deals with BCI system, which was used to
control robotic device. We designed the architecture of
software communication interface between neuroheadset and robotic equipment. The abilities of
proposed software were confirmed on real BCI system.
The system consisted of EEG device, computer and a
robotic device. Tests proved that proposed architecture
of
software
communication
interface
meets
requirements for real-time control of an external device
using brain waves.
Further, our research examined practical issues
associated with currently one of the most advanced
EEG equipment intended for technical utilization. The
time, which one spends with its installation on the
subject head, is approximately from 5 to 10 minutes. It
depends on whether it is the very first installation of the
equipment or whether it is reused in the same day. Even
if the device does not need any special gel, which will
be applied on subject’s head, it still requires application
of saline solution on sensor pads. Further, the important
part of the installation is also to find the right position
for the neuro-headset on the head. This process is
usually controlled by software, which provides
information about contact quality of each sensor. This
issue is not problem in laboratory conditions, but it
could bring complications in practical applications;
thus, it could be the one of the main reasons of making
the whole system unusable because of the time needed
to set the system up. On the other hand, current EEG
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operation by neuro-biofeedback training. (Birbaumer et
al. 1999, Guger et al. 2003, Neuper et al. 1999,
Pfurtscheller et al. 2000)
Our research proved that robot can react on brain
activity. The set of universal signatures contains other
activities (brow movement, smile etc.). Each of them
could be mapped into different robot action.
Unfortunately, there are many activities, which are not
included in the set of universal signatures e.g.
movement imagination, limb movement etc. These
activities can currently be recognized only after
additional learning of neural network. This kind of
activities could be another appropriate subject of further
research.
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operation by neuro-biofeedback training. (Birbaumer et
al. 1999, Guger et al. 2003, Neuper et al. 1999,
Pfurtscheller et al. 2000)
Our research proved that robot can react on brain
activity. The set of universal signatures contains other
activities (brow movement, smile etc.). Each of them
could be mapped into different robot action.
Unfortunately, there are many activities, which are not
included in the set of universal signatures e.g.
movement imagination, limb movement etc. These
activities can currently be recognized only after
additional learning of neural network. This kind of
activities could be another appropriate subject of further
research.
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predetermined number of N RBFs, each of them playing
the role of a local model (Musavi et al 1992). Then the
aggregation of all the local models as a weighted sum of
their output produces the overall nonlinear output of the
RBFN.
There are some important differences between the RBF
networks and the classical feed forward networks, such
as the well known multilayer perceptron (MLP), often
called back-propagation neural network (Pogio and
Girosi 1990; Park and Sanderberg 1993). The most
important difference is that the RBFN are heterogenious
in parameters, in a sense that they have three different
groups of parameters, which need to be tuned by using
different learning (optimization) algorithms. This makes
the total learning process of the RBFN more complex,
because it is usually done in a sequence of several
learning phases. This obviously may affect
the
accuracy of the produced model.
In this paper we briefly analyse the internal structure
and the properties of the classical RBFN model with a
pre-determined number of RBF units and the respective
learning allgorithm, based on the Particle Swarm
Oprimization (PSO) with constraints (Eberhart and
Kennedy 1995). Then we present and analyse a new
learning algorithm for creating an incremental structure
of the RBF network, called Growing RBFN model.
The algorthm starts with a RBFN model that has only
one RBF unit and at each step of the algorithm a new
RBF unit is inserted to the RBFN model. This process
obviously leads to gradual increase of the model
complexity, but at the same time the model accuracy is
gradually increased. The importnat point here is that the
optimiization procedure is only performed for the small
group of parameters of the newly insrted single RBF
unit. This leads to a reduction in the number of the
simultaneously optimized parameters. Such repetitive
(step-wise) optimization scheme is able to eventually
produce a model with the desired approximation error at
a lower computation cost.
The merits of the proposed learning algorithm for
creating a growing RBFN model are discused and
analysed in the paper by solving nonlinear aproximation
problem on a test nonlinear example. Another novel part
in the paper is the proposed clasification criterion that is
calculated by a specially introduced quantization
procedure. It converts the real valued outputs from the
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models, Particle Swarm Optimization, Nonlinear
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ABSTRACT
In this paper a multi-step learning algorithm for creating
a Growing Radial Basis Function Network (RBFN)
Model is presented and analyzed. The main concept of
the algorithm is to gradually increase by one the number
of the Radial Basis Function (RBF) units at each
learning step thus gradually improving the total model
quality. The algorithm stops automatically, when a
predetermined (desired) approximation error is
achieved. An essential part in the whole algorithm plays
the optimization procedure that is run at each step for
increasing the number of the RBFs, but only for the
parameters of the newly added RBF unit. The
parameters of all previously RBFs are kept at their
optimized values at the previous learning steps. Such
optimization strategy, while suboptimal in nature, leads
to significant reduction in the number of the parameters
that have to be optimized at each learning step. A
modified constraint version of the particle swarm
optimization (PSO) algorithm with inertia weight is
developed and used in the paper. It allows obtaining
conditional optimum solutions within the range of
preliminary given boundaries, which have real practical
meaning. A synthetic nonlinear test example is used in
the paper to estimate the performance of the proposed
growing algorithm for nonlinear approximation.
Another application of the Growing RBFN model is
illustrated on two examples for data classification, one
of them from the publicly available red wine quality
data set.
INTRODUCTION
Radial Basis Function (RBF) Networks have been
widely used in the last decade as a power tool in
modeling and simulation, because they are proven to be
universal approximators of nonlinear input-output
relationships with any complexity (Pogio and Girosi
1990; Park and Sanderberg 1993; Musavi et al. 1992).
In fact, the RBF Network (RBFN) is a composite multiinput, single output model, consisting of a
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The output u of each RBF is calculated by the following
Gaussian function in the K-dimensional input space:

growing RBFN model into respective integer predicted
classes. This allows the RBFN model to be used as a
classifier for solving nonlinear classification problems.
Two such classification problems are solved and
discussed in the paper by using the proposed algorithm
for creating the Growing RBFN models.

 K

u  exp    ( x j  c j )2 (2 2 )   [0,1] 
 j 1


It is easy to notice that each RBF is determined by K+1
parameters, namely the K-dimensional vector
C  [c1 , c2 ,..., cK ] representing the center (location) of
the RBF in the input space and the scalar width (spread)
 . An example of a RBF with a scalar width   0.15
and a center C  [0.4,0.6 ] in the two-dimensional space
(K=2) is shown in Fig. 2.

BASICS OF THE CLASSICAL RBF NETWORK
MODEL
Our objective is to create a model of a real process
(system) with K inputs and one output based on a
preliminary available collection of M experiments
(input-output pairs) in the form:

Here X  [ x1 , x2 ,..., xK ] is the vector consisting of all
K inputs of the system (process) under investigation.
The produced experimental output from the process is
denoted by y . Then the predicted output, calculated by
the RBF network model can be denoted, as follows:

Here X  [ x1 , x2 ,..., xK ] is the vector consisting of all
K inputs of the system (process) under investigation.
The produced experimental output from the process is
denoted by y . Then the predicted output, calculated by
the RBF network model can be denoted, as follows:

ym  f ( X, P) 

ym  f ( X, P) 

Here P  [ p1 , p2 ,..., pL ] represents the vector of all L
parameters participating in the RBFN model. They will
be explained later on.
The classical RBFN has a fixed structure of three
layers, namely the input layer, hidden layer and output
layer as shown in Fig. 1.

Here P  [ p1 , p2 ,..., pL ] represents the vector of all L
parameters participating in the RBFN model. They will
be explained later on.
The classical RBFN has a fixed structure of three
layers, namely the input layer, hidden layer and output
layer as shown in Fig. 1.

Figure 1: Structure of the Classical Radial Basis
Function Network with K inputs and N RBFs

ym  w0 

 wiui

(3)

i 1

Here ui , i  1, 2,..., N are the outputs of the RBFs with K
inputs

x1 , x2 ,..., xK and wi , i  0,1, 2,..., N are the

weights associated with the RBFs, including one
additional offset weight w0 as seen in the figure.
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Using the above notations, it is easy to calculate the
total number L of all parameters that define the
Classical RBF Network from Fig. 1 having K inputs and
N RBFs. This number is given as:

L  N  K  N  ( N  1)  N  K  2  N  1 

All these parameters constitute the parameter vector P
from (2). It is worth to note that the parameters are
heterogeneous in nature, unlike the parameters of the
classical backpropagation neural network (the multilayer
perceptron), where all the parameters are homogeneous
and represent one category – the connection weights
between the units (neurons).
In the classical RBF Network, the whole group of L
parameters are split into 3 distinct sets (categories): set C
of all Centers with NxK parameters; set σ of N scalar
Widths (Spreads) and a set W of N+1 Weights, as
follows:

All these parameters constitute the parameter vector P
from (2). It is worth to note that the parameters are
heterogeneous in nature, unlike the parameters of the
classical backpropagation neural network (the multilayer
perceptron), where all the parameters are homogeneous
and represent one category – the connection weights
between the units (neurons).
In the classical RBF Network, the whole group of L
parameters are split into 3 distinct sets (categories): set C
of all Centers with NxK parameters; set σ of N scalar
Widths (Spreads) and a set W of N+1 Weights, as
follows:

σ

W 

It is obvious from (5) that the number of the
parameters will rapidly grow with increasing the size of
the RBFN model, namely the number N of RBFs and the
number K of inputs. This leads to a respective increase in
the CPU time for running the optimization algorithm that
tunes the parameters of the RBFN model. In addition,
the increase of the number of optimization parameters L
leads to a respective decrease of the probability for
finding the global minimum for the approximation error.
This means that a reliable optimization algorithm being
able to find the global optimum should be used.

N

Figure 2: Example of a RBF with K=2 Inputs, Center
Located at [0.4, 0.6] and a Single Width σ = 0.15.

L  N  K  N  ( N  1)  N  K  2  N  1 

P  [ p1 , p2 ,..., pL ]  C

The output calculated by the RBFN model with a given
number of N Radial Basis Functions is in the form of a
weighted sum of the outputs from all N RBFs:
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the RBF in the input space and the scalar width (spread)
 . An example of a RBF with a scalar width   0.15
and a center C  [0.4,0.6 ] in the two-dimensional space
(K=2) is shown in Fig. 2.
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(system) with K inputs and one output based on a
preliminary available collection of M experiments
(input-output pairs) in the form:
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The output u of each RBF is calculated by the following
Gaussian function in the K-dimensional input space:

growing RBFN model into respective integer predicted
classes. This allows the RBFN model to be used as a
classifier for solving nonlinear classification problems.
Two such classification problems are solved and
discussed in the paper by using the proposed algorithm
for creating the Growing RBFN models.
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parameters will rapidly grow with increasing the size of
the RBFN model, namely the number N of RBFs and the
number K of inputs. This leads to a respective increase in
the CPU time for running the optimization algorithm that
tunes the parameters of the RBFN model. In addition,
the increase of the number of optimization parameters L
leads to a respective decrease of the probability for
finding the global minimum for the approximation error.
This means that a reliable optimization algorithm being
able to find the global optimum should be used.
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weights associated with the RBFs, including one
additional offset weight w0 as seen in the figure.
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OPTIMIZATION CRITERIA FOR TUNING THE
PARAMETERS OF THE RBF NETWORK
MODEL

4)
The misclassified samples (experiments) is
calculated by applying the following rule:
IF the predicted class for the current sample does not
coincide with the real (given) class for this sample,
THEN q is incremented by one.
Now, the proposed criterion for optimization is in the
form of classification error Cerr that has to be
minimized. This is a real value bounded between 0.0
and 1.0 that shows the portion of all misclassified
samples from the whole list of M samples:

The general assumption for creating a RBF Network
model is that a collection (1) of M input-output pairs of
experiments is available and the structure of the RBFN
(the number N of the RBFs) is fixed prior to the learning
process.
Then, the objective of the procedure for off-line tuning
(optimizing) of all L parameters of the RBFN model is to
minimize a preliminary formulated performance index
(criterion). This is a typical case of supervised learning.

Cerr  q / M ; 0  q  M ; 0.0  Cerr  1.0

Further on in the text an illustration of how the above
criterion (13) is used for optimizing the parameters of
the RBFN model is given on two classification
examples: synthetic data set and a real data set.

Criterion for Optimization of the RBFN Model Used
as Universal Nonlinear Approximator
When the RBFN model is created in order to perform a
nonlinear approximation, the most often used and
natural criterion is to minimize the prediction
(approximation) error RMSE of the RBFN model, based
on all available M experiments:

RMSE 

1
M

TUNING THE PARAMETERS OF THE RBFN
MODEL BY THE ALGORIRHM OF PARTICLE
SWARM OPTIMIZATION WITH CONSTRAINTS
The problem of tuning the parameters of the RBF
network has been investigated by many authors for a
long time by using different learning algorithms that
include separate or simultaneous tuning of the 3 groups
of parameters [Musavi et al. 1992; Yousef 2005] and by
applying different optimization approaches. In this paper
we use a nonlinear optimization strategy for
simultaneous learning of all three groups of parameters
in (6) and we use for this purpose a modified version of
the Particle Swarm Optimization algorithm with
constraints, as described in the sequel.
The PSO algorithm belongs to the group of the multiagent optimization algorithms (Eberhart and Kennedy
1995; Yousef 2005; Zhang et al. 2007). It uses a
heuristics that mimics the behavior of flocks of flying
birds (particles) in their collective search for a food. The
main concept is that a single bird has not enough power
to find the best solution, but in cooperation and
exchanging information with other birds in the
neighborhood it is likely to find the best (global)
solution. The swarm consists of a predetermined number
n of particles (birds).
The classical version of the PSO algorithm does not
include any constraints (boundaries) on the search in the
input space, i.e. this is an unconstrained search in the
input space. Here the general idea is that birds should be
free to explore the whole unlimited space until
eventually find the global optimum.
However, when solving practical engineering problems
it is often mandatory to impose certain constraints
(limits) to the parameters [ x1 , x2 ,..., xK ] in the input
space in order to produce a physically meaningful
solution. From a theoretical point of view, this is a
constrained optimization procedure, which finally
produces a conditional optimum that can be practically
implemented.
In order to achieve such plausible solutions, we have
made slight modification in the original version of the
PSO algorithm with inertia weight that uses constraints
in the form of boundaries (minimum and maximum) on
all input parameters, as follows:

M

 ( yi  yim )2  min 
i 1

Further on in the text a synthetic example is given for
illustration of the optimization of the parameters of the
RBFN model when used as nonlinear approximator.
Criterion for Optimization of the RBFN Model Used
as Classifier for Solving Classification Problems
When a classification problem has to be solved, the
outputs of all M samples (experiments) from the training
set are not real values, but rather integer numbers that
represent T ordered classes with their integer labels:
t  1,2,..., T . Since the classical RBFN model produces
real valued outputs, some post processing of the outputs
is needed in order to transform the RBFN model into a
Classifier. Here we propose to do this by the following
quantization procedure:
1)

Define

the

ranges

of

the

real

values

Rt  [ Bt min , Bt max ], t  1,2,..., T that correspond to the
respective classes, as follows:

Bt min  (2t  1) / 2, t  2,3,..., T

(8)

Bt max  (2t  1) / 2, t  1,2,..., T  1

(9)

Here we apply the following assumption (heuristics):

B1min  0.0;

BT max  T  1;

(10)

2)
Then the total range R of the real values that
correspond to all T classes will be:

R  R1 R 2 ... RT  [ B1min , BT max ]

(13)

(11)

3)
For every real output value, predicted by the
RBFN model (the classifier), the following integer
predicted class will be assigned:

if ( Bt min  y  Bt max ) then Predicted Class  t (12)
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OPTIMIZATION CRITERIA FOR TUNING THE
PARAMETERS OF THE RBF NETWORK
MODEL

4)
The misclassified samples (experiments) is
calculated by applying the following rule:
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coincide with the real (given) class for this sample,
THEN q is incremented by one.
Now, the proposed criterion for optimization is in the
form of classification error Cerr that has to be
minimized. This is a real value bounded between 0.0
and 1.0 that shows the portion of all misclassified
samples from the whole list of M samples:

The general assumption for creating a RBF Network
model is that a collection (1) of M input-output pairs of
experiments is available and the structure of the RBFN
(the number N of the RBFs) is fixed prior to the learning
process.
Then, the objective of the procedure for off-line tuning
(optimizing) of all L parameters of the RBFN model is to
minimize a preliminary formulated performance index
(criterion). This is a typical case of supervised learning.

Cerr  q / M ; 0  q  M ; 0.0  Cerr  1.0

Further on in the text an illustration of how the above
criterion (13) is used for optimizing the parameters of
the RBFN model is given on two classification
examples: synthetic data set and a real data set.

Criterion for Optimization of the RBFN Model Used
as Universal Nonlinear Approximator
When the RBFN model is created in order to perform a
nonlinear approximation, the most often used and
natural criterion is to minimize the prediction
(approximation) error RMSE of the RBFN model, based
on all available M experiments:

RMSE 

1
M
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(y
i 1

i

TUNING THE PARAMETERS OF THE RBFN
MODEL BY THE ALGORIRHM OF PARTICLE
SWARM OPTIMIZATION WITH CONSTRAINTS
The problem of tuning the parameters of the RBF
network has been investigated by many authors for a
long time by using different learning algorithms that
include separate or simultaneous tuning of the 3 groups
of parameters [Musavi et al. 1992; Yousef 2005] and by
applying different optimization approaches. In this paper
we use a nonlinear optimization strategy for
simultaneous learning of all three groups of parameters
in (6) and we use for this purpose a modified version of
the Particle Swarm Optimization algorithm with
constraints, as described in the sequel.
The PSO algorithm belongs to the group of the multiagent optimization algorithms (Eberhart and Kennedy
1995; Yousef 2005; Zhang et al. 2007). It uses a
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in the form of boundaries (minimum and maximum) on
all input parameters, as follows:

 yim )2  min 
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by adding another RBF to the current BBFN model.
Thus N becomes 2 and the number of all parameters will
be: L = 2xK+2x2+1. This is the growing step of the
algorithm. The new RBFN model obviously has a higher
complexity. However the PSO algorithm is run for only
the new added parameters L’ = K+2, namely: K centers,
one width and one weight for the newly added RBF unit.
The previously optimized parameters (for N=1) are kept
at their optimal values from the previous step.
If the desired approximation error is not yet achieved,
another growing step is performed by adding another
RBF unit (N=3) and the PSO algorithm is run for the
new added L’ = K+2 parameters only. The process stops
until the desired error is satisfied, that is: RMSE <=
RMSEmin.
As a result, the Growing RBFN model automatically
creates the RBFN model with the minimal number of
RBFs, thus avoiding the problem of over-parameterizing
of the model.

xi min  xi  xi max , i  1,2,...,K 
The idea of the constrained optimization is very simple.
The input parameter that has violated the input space is
moved back to its boundary value from (14), as follows:


if ( xi  xi min ) then xi  xi min ; i  1, 2,...K
if ( xi  xi max ) then xi  xi max ; i  1, 2,...K



As a result, at the next iteration of the search, a velocity
(step) with different amount and direction will be
generated. Then the particle is likely to escape from the
“prohibited” area beyond the boundary. This of course,
may take sometimes a few trials (iterations).
THE LEARNING ALGORITHM FOR CREATING
GROWING RBFN MODELS
The simultaneous learning of all L parameters of the
classical RBFN model with predetermined number of N
RBFs has the serious disadvantage that there is no way
to predict in advance the correct number of RBFs that
will produce a model with the desired RMSE (7).
Therefore it is a normal case to run several times the
whole algorithm for tuning the RBFN model with
different number N of RBFs, until achieving the right
model with the desired accuracy (RMSE). This is a
tedious process that leads to redundant and
computationally expensive optimizations.
There is another serious demerit of the simultaneous
learning of all L parameters of the classical RBFN
model. It is that the increase in the number N of RBFs
will linearly increase the number L of the learning
parameters, according to (5). As a result, the
computation time for running the larger optimization
task will also increase even faster than linearly, because
a larger number of iteration will be needed to get closer
to the global optimum in the higher L-dimensional space.
The main idea of the algorithm for creating a Growing
RBF Network Model has been explained in our previous
work (Vachkov and Sharma 2014). It is experimentally
shown there that this algorithm creates an economical
model, in terms of computation time and reduced model
complexity.
The proposed Growing RBFN model is free of the above
demerits of the simultaneous learning of the fixed RBFN
model. Instead of optimizing simultaneously all L
parameters from (5) it decomposes the entire
optimization problem into a sequence of optimizations,
each of them with smaller number of parameters, namely
those of the newly added RBF unit only. Thus the initial
large optimization task is replaced by a sequence of
optimization sub-task, each of them with smaller
dimensionality (smaller number of tuning parameters).
In this algorithm, we run a multi-step procedure that
starts with the simplest possible RBFN model with just
N=1 RBF and a small number of parameters: L =
K+2+1 = K+3 according to (5). These parameters are: K
centers, one width, one weight and the offset weight. The
optimization of these parameters is done by the PSO,
explained in the previous section.
Then, if the desired accuracy RMSEmin is not yet
achieved, we proceed with a second step of the algorithm

PERFORMANCE OF THE GROWING RBFN
MODEL ON A TEST NONLINEAR EXAMPLE
Detailed comparison of the standard learning algorithm
for the classical RBFN model with the learning
algorithm for creating the Growing RBFN model was
given in (Vachkov and Sharma 2014). Here we make a
brief summary from comparing the two learning
methods, based on the test nonlinear example shown in
Fig. 3. This is an example with K=2 inputs and one
output, specially generated for testing purposes.

a)

b)
Figure 3: Test Nonlinear Example with two K=2 Inputs
and the Training Set of Evenly Distributed M=441
Experimental Data Used in Simulations
In order to partly eliminate the influence of the random
nature of the PSO algorithm, both learning algorithms
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were run 10 times each, by using the same tuning
parameters of the PSO for both of them.
The standard RBFN model was learned with a fixed
number of N=10 RBF units and the Growing RBFN
model started from N=1 and was grown until N=10
RBFs.
The learning results from all 10 trials (runs) for the
classical RBFN model are displayed in Fig. 4. In a
similar way the results from learning of the Growing
RBFN model until N=10 (for all 10 trials) are shown in
Fig. 5. Here the gradual and stable decrease of the
training error RMSE can be clearly seen.

with changing the maximal number of iterations for each
run of the PSO.
USING THE GROWING RBFN MODELS FOR
CLASSIFICATION
In this Section we present the experimental results from
using the proposed Growing RBFN model for solving
classification problems, according to the explained
quantization procedure in (8) – (12) and the criterion for
calculating the classification error (13).
Classification Based on the Test Nonlinear Example
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using the proposed Growing RBFN model for solving
classification problems, according to the explained
quantization procedure in (8) – (12) and the criterion for
calculating the classification error (13).
Classification Based on the Test Nonlinear Example

Here the same nonlinear test example from Fig. 3 was
used for classification purpose and T=3 classes were
artificially created by assuming the following levels of
quantization for the output:
if  0  y  10  then Class = 1;
(16)
if 10  y  20  then Class = 2;
if  20  y  35  then Class = 3;
The surface of all these 3 classes in the 2-dimesional
feature (input) space is shown in the following Fig. 6
and Fig. 7.

Figure 4: Results from Learning of the Classical RBFN
Model after 2000 Iteration and 10 Trials
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Figure 6: Surface of the Generated 3 Classes
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Figure 5: Results from Learning of the Growing RBFN
Model with 400 Iterations for all Steps N=1,2,…,10 and
for 10 Trials

Figure 5: Results from Learning of the Growing RBFN
Model with 400 Iterations for all Steps N=1,2,…,10 and
for 10 Trials

It is easy to notice the smaller deviation of the results
produces by the Growing RBFN model after all 10 trials.
The minimal obtained error RMSE is similar for both
models, but the mean of the RMSE for the Growing
RBFN model: RMSE = 0.5785 is smaller than the mean
of the RMSE for the Growing RBFN model: RMSE=
1.0196. In addition, the standard deviation for the
classical RBFN model is: 0.5641, while for the Growing
model it is only: 0.1556.
From these experimental results a conclusion can be
drawn that the learning algorithm for the Growing RBFN
model is more stable, in a sense that it produces results
with a smaller deviation of the results for multiple runs.
Both learning methods have similar computation cost
(about 50 sec in these experiments) with the assumed
number of iterations. However, this balance may change
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Figure 7: Boundaries between the Three Classes in the
Two-Dimensional Input Space
The learning algorithm for the Growing RBFN model
was applied by using a training set with 400 randomly
generated samples in the 2-dimensional space, as shown
in Fig. 8. As a Classifier, the optimal Growing RBFN
model with 8 RBFs was used, as shown for the training
results in Fig. 9. Here the minimal classification error
(13) was Cerr = 0.0025, which means one
misclassification only.
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The response surface of the optimal Classifier is shown
in Fig. 10. The results from classification of two test
data sets, consisting of 200 and 300 random samples are
shown in the next Fig. 11 and Fig. 12 respectively.
It is worth noting that the popular k-nearest neighbors
(kNN) algorithm (Suguna and Thanushkodi 2010) has
produced in average worse results for the same
classification task with k = 3,5 and 7, as follows:
Test Data Set with 200 Samples: 14, 14 and 11
misclassifications; Test Data set with 300 samples: 15,
10 and 14 misclassifications respectively.
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Figure 11: Classification Results from a Test Set with
200 Random Samples (12 Misclassifications)

Figure 8: Training Results of the Classifier (Growing
RBFN Model with 8 RBFs), based on 400 Random
Samples.
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RBFN Model with 8 RBFs), based on 400 Random
Samples.
Figure 12: Classification Results from a Test Set with
300 Random Samples (11 Misclassifications)

Figure 9: Gradual Decrease of the Training Error
During the Learning of the Growing RBFN Model

Figure 10: The Response Surface of the Optimal
Classifier (the RBFN Model with 8 RBFs)
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Figure 12: Classification Results from a Test Set with
300 Random Samples (11 Misclassifications)

Classification Based on the Wine Quality Data Set

Classification Based on the Wine Quality Data Set

In (Cortez et al. 2009), two datasets were used as real
examples for testing several data mining methods for
classification. The two datasets are related to red and
white variants of the Portuguese "Vinho Verde" wine.
They comprise of 1599 samples for the red wine and
4898 samples for the white wine. The datasets are
available in UCI Machine Learning Repository
(Asuncion and Newman 2007).
There are 11 input attributes that can be used as possible
features for classification. They represent different real
variables based on physicochemical laboratory tests.
Some of the attributes are correlated, which makes sense
to apply some techniques for feature selection before the
classification.
The output variable (based on sensory data) is the quality
of the wine, expressed as an integer value between 0 and
10. The worst quality is marked as 0 and the best wine
quality is denoted by 10. The classes are ordered (from 0
to 10) but are not balanced (e.g. there are much more
normal wines than excellent or poor ones). The
distribution of all classes for the full data set of the red
wine with 1599 samples is shown in Fig. 13. It is seen
that some classes are not represented by any samples.
Therefore they are omitted and only the real classes
(3,4,5,6,7 and 8) are taken into consideration. They are
renumbered as “new classes” with respective new labels:
1,2,3,4,5 and 6 for classification, as shown in Fig. 13.
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the approximation error RMSE is gradually decreased at
each step.
The obtained Growing RBFN model is optimal in a
sense that it is the model with minimal number of RBFs
that satisfies the predetermined desired RMSE. Thus the
problem of over-parameterizing of the model is avoided.
The proposed Growing RBFN model can be used
successfully
for
nonlinear
approximation
of
multidimensional processes (functions) that have real
valued outputs. This was demonstrated in the paper on a
test nonlinear example.
The proposed Growing RBFN model can be successfully
used as a classifier for solving nonlinear classification
problems. Here a special post-processing quantization
procedure was designed that transforms the real valued
outputs from the model into respective predicted classes
of the classifier. The training and classification process
of the classifier, based on the Growing RBFN model was
demonstrated on the Red Wine Quality Data set.
A future direction of this research is aimed at solving
some currently existing problems. First, the problem of
automatic selection of the tuning parameters of the PSO
algorithm should be solved in such way, so that to
decrease the variations in the results from the different
runs. Second, a more detailed and elaborated method is
needed for possible automatic generation of the
boundaries between the different classes. This could
significantly improve the results from classification.

Figure 13: Distribution of the Classes for the Dataset of
Red Wine with 1599 Samples
As for the inputs, we have omitted input 8 (wine
density), since it has very small variation throughout the
whole range of samples (between 0.9901 and 1.0037).
Thus only the remaining 10 inputs were used as features
for the classification problem with the new 6 classes.
The training curve for creating the Growing RBFN
model is shown in Fig. 14. Here the first 1000 samples
have been used as a training set. The minimal
classification error Cerr=0.3720 was obtained with
N=12 RBFs. This translates into 372 misclassifications.

Figure 14: Gradual Decrease of the Training Error
During the Learning of the Growing RBFN model.
The above simulations show that the Data set with the
red wine samples is much more “difficult” for
classification than the test nonlinear example because it
has a higher dimension and obviously some of the
classes are overlapped. The performance of the
Classifier, based on the Growing RBN model is slightly
better than that one of the kNN algorithm for different
assumed numbers of neighbors.
CONCLUSIONS
A multi-step learning algorithm for creating a Growing
RBFN model is proposed in this paper. It gradually
increases the model complexity by inserting one new
RBF unit at each step. An optimization strategy, based
on the PSO algorithm with constraints is used to
optimally tune the parameters of the newly inserted RBF
unit only, while keeping the parameters of all “older”
RBF units at their previously optimized values. In such
way a significant reduction in the dimensionality of the
optimization problem is achieved, compared with the
case of learning the classical RBFN model. In addition,
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Figure 14: Gradual Decrease of the Training Error
During the Learning of the Growing RBFN model.
The above simulations show that the Data set with the
red wine samples is much more “difficult” for
classification than the test nonlinear example because it
has a higher dimension and obviously some of the
classes are overlapped. The performance of the
Classifier, based on the Growing RBN model is slightly
better than that one of the kNN algorithm for different
assumed numbers of neighbors.
CONCLUSIONS
A multi-step learning algorithm for creating a Growing
RBFN model is proposed in this paper. It gradually
increases the model complexity by inserting one new
RBF unit at each step. An optimization strategy, based
on the PSO algorithm with constraints is used to
optimally tune the parameters of the newly inserted RBF
unit only, while keeping the parameters of all “older”
RBF units at their previously optimized values. In such
way a significant reduction in the dimensionality of the
optimization problem is achieved, compared with the
case of learning the classical RBFN model. In addition,
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Arlazarov V.L. et al., 2014).
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Machine learning methods are commonly used in such a
way that the classification result given the input sample
is represented as a vector of probability estimations for
each class. In the case of Artificial Neural Networks
(ANNs) this is achieved using the softmax output unit,
which can provide the probability estimates for classes
consistent with the input and training data (Denker and
Le Cun, 1991).

ABSTRACT
Contemporary recognition systems use various methods
of symbol recognition and post-processing methods
designed for enhancing the quality of text recognition.
For some recognition problems it may be difficult to
create an adequate dataset for training symbol
recognizers, so several symbol recognizers are used to
ensure better performance. In this paper the concept of
recognizer relevance is introduced as a way of analysing
the recognizer output. A method is described using this
concept, allowing to use external information about the
input samples in order to balance the contributions of
the recognizer and the post-processing subsystem.

Yet recognition systems using ANNs for character
recognition and post-processing techniques based on the
probabilistic language models (such as Hidden Markov
Models (Bouchaffra et al., 1997) or Weighted FiniteState Transducers (Llobet et al., 2010), or other methods
of statistical post-processing (Sholomov et al., 2005,
Arlazarov V.L. et al., 2014) often suffer from the
inability to optimally calibrate the character recognizer
output. Using single-vector recognizer output model a
problem of recognizer overconfidence occurs. That
means that even if the symbol recognition result is false
the distribution of the estimations provided by the
recognizer can be strongly shifted to the probability
estimation of the incorrect class. In that case the postprocessing techniques have less chance to correct the
recognition result using the language model of the
recognized text.

INTRODUCTION
For any recognition algorithm based on machine
learning the training dataset is always an approximation
of the universal set of test cases. The goal of the
recognizer training, whether it is an artificial neural
network (Haykin, 1998), or support vector machine
(Hastie et al., 2001), or another technique, is almost
always a minimization of some error function on a
training dataset. One of the most important problems
which has to be dealt with during the recognizer training
is local minima of this error function.

In this paper we propose a model of recognizer
relevance and a way of looking at the recognizer output
not as a vector of class probabilities, but as a vectorfunction of the recognizer relevance argument. This
model allows us to vary the classification information
output of the symbol recognizer. By knowing the
properties of the recognizer behaviour given the
different nature of the input data we can decrease the
recognizer relevance value for some characters if we
want the post-processing algorithm to pay more
attention for these characters.

A number of techniques has been developed to avoid
this problem. In the scope of artificial neural networks,
such methods as stochastic gradient descent (Moulines
and Bach, 2011; Zeiler and Fergus, 2013) have proven
quite effective when dealing with machine learning
problems, partly because they remedy the convergence
of the error function to local minima.
The synthetic extension of the training dataset is also
proposed (Nikolaev et al., 2014). This technique can be
used in order to approximate the universal set of test
cases more accurately.

RELEVANCE MODEL

Engineering approaches to avoid the local minima after
the recognizer training (i.e. at the operational stage)
include the combination of recognizers (Tulyakov et al.,
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Character recognition can be formally considered as a
problem of classification of an input image to one of the
K classes. A classifier (recognizer) is an agent that
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This parameterization can be seen as a 'gammacorrection' of the output pseudo-probability estimates.

assigns a result vector p = ( p1 ,..., p K ) to an input
image x . We assume that p1 ,..., p K are real numbers in
range [0,1] with

∑

K
i =1

pi = 1 . The classification result is

Recognizer output vectors can be seen as points in
K -dimensional
space
belonging
to
the
( K − 1) -dimensional simplex with it’s center in

an index of a class and it corresponds to an index of the
maximal item of a vector p .

(1 K ,...,1 K )
Let’s introduce the relevance as an abstract external
argument of the recognizer, represented as a
nonnegative real number τ ∈ [0, +∞ ] . Using this term we
will now consider another model for the recognition
output: instead of the result vector p the classifier now

Fig. 1 and 2 show the sample curves corresponding to
the recognizer outputs on several input samples.

input image x . The relevance parameter τ represents
the amount of information which will be provided to a
system by the recognizer. The value p(0) will
correspond to a vector with zero classification
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The relevance model can be defined for different
recognizers, but perhaps the most natural definition
comes in terms of ANNs with softmax output unit. The
softmax output unit of the ANN takes a vector of values
A = (a1 ,..., aK ) as an input and performs the softmax
transformation:
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softmax output unit of the ANN takes a vector of values
A = (a1 ,..., aK ) as an input and performs the softmax
transformation:

∑

K

e
j =1

aj

pi = eai

Using the measurable or known in advance properties of
the classes distribution, represented by positive “gain”
values g1 ,..., g K , the softmax unit can be used to yield a
probability distribution more suited to the desired
recognition system (Denker and Le Cun, 1991). So,
more generally:

pi = e gi ai

∑

K
j =1

e

Figures 1: Sample Recognizer Output Vector-Functions,
Projection on the ‘M’-‘N’-‘H’ Facet
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Figures 2: Sample Recognizer Output Vector-Functions,
Projection on the ‘C’-‘O’-‘0’ Facet
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The analysed recognizer is a convolutional ANN trained
to recognize projectively distorted symbols of the OCRB font. The alphabet consists of 37 symbols (decimal
digits, Latin letters and one special character). Fig. 1
shows the orthogonal projection of the recognizer output
vector-function curves to the 2-dimensional facet of the
simplex containing the characters ‘M’, ‘N’ and ‘H’.
Fig. 2 shows the projection to the 2-dimensional facet
containing the characters ‘C’, ‘O’ (letter) and ‘0’ (digit).

GiV, j ( I ) = I i +1, j − I i , j
GiH, j ( I ) = I i , j +1 − I i , j
GiD, j1 ( I ) = ( I i +1, j +1 − I i , j )

2

GiD, j2 ( I ) = ( I i , j +1 − I i +1, j )

2

The quality estimation of an image I is then calculated
as a minimal 0.95-quantile of these derivatives:

As shown in Fig. 1, one of the samples of the letter ‘N’
was incorrectly recognized as ‘M’. The curve
corresponding to the recognizer output connects the
center of the simplex with its 0-dimensional facet,
corresponding to the answer ‘M’ (that means that there
was only one maximal value of the softmax unit input
vector). However, it can be observed that the curve is
significantly drawn to the direction of the ‘N’ vertex.
More so in Fig. 2 - letter ‘O’ and digit ‘0’ in the OCR-B
font is poorly distinguishable, so even the correctly
recognized samples show curves which are slightly
drawn to the direction of the similar symbol vertex. The
curve of the Incorrectly recognized sample of the digit
‘0’ is very noticeably drawn to the ‘correct’ vertex,
though in the end it still approaches the vertex
corresponding to the letter ‘O’.

 q ( GV ( I ) ) , q ( G H ( I ) ) , 


Q ( I ) = min 

D1
D2
q
G
(
I
)
,
q
G
(
I
)
(
)
(
)


Here q (G) is a 0.95-quantile of the derivative image,
i.e. a minimal g such that 95% of the values Gi , j are
less than or equal to g .
The estimation Q( I ) can be used as a measure of image
quality containing the information about contrast,
defocus and motion blur. This estimation is proportional
to the image contrast, and on defocused images all
derivative values will be lower. On images with motion
blur only derivative in some directions will be lower,
that is why the final estimation Q( I ) is calculated as a
minimum of four derivative quantiles.

In the original model of the recognizer outputs only one
point on the curve is taken as a classification result.
Using the whole vector-function of the recognition result
we can vary the amount of information obtained from
the symbol recognizer, thus allowing more space to
other methods, such as recognition post-processing
techniques.

Using the calculated quality estimations of the character
images, we assigned the recognizer relevance parameter
for each character cell as a linear function of Q( I ) :

APPLICATION OF THE MODEL

τ ( I ) = a ⋅ Q( I ) + b

We performed our experiments for the system designed
for machine-readable zone (MRZ) recognition on
images obtained from a camera of a mobile device.
These images often suffer from bad lighting conditions
and various distortions, such as motion blur and defocus
(Arlazarov V.V. et al., 2014).

Here a and b are selected in such way that the
character image with maximal quality estimation would
be assigned with τ ( I ) = 1 and a hypothetical character
image with the lowest tolerable quality estimation
Q( I ) = Q0 would be assigned with relevance τ ( I ) = τ 0 .

Recognition errors were more frequently observed on
poorly-focused character images. Since the recognition
results even in those cases often have shifted class
estimations distribution, the post-processing method
based on the MRZ language model sometimes fails to
correct those errors.

Using this pre-evaluation of the character image quality
in order to adjust a recognizer relevance score we make
the post-processing algorithm use less information from
the recognition result of the images with poor quality,
relying more on the language model instead.
This method was tested on a reference dataset of 3000
unique images of the machine-readable zones,
containing in total ~260’000 characters. The recognition
precision of the system with the fixed relevance
parameter ( τ = 1 ) is 99.30%. The variance of the
relevance parameter depending on the quality estimation
of the character image (with τ ∈ [τ 0 = 0.6, 1] ) helped to
achieve the precision of 99.67%.

Prior to the recognition we calculate the quality
estimation for each character image. First, we estimate
the gradient of the image I using derivative images in
four directions: vertical, horizontal and two diagonal:
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type I collagen. As the collagen degrades over time, the
parchment loses strength, becomes brittle, and
deteriorates to the point that it can no longer be used.
The basis for the biodegradation of parchment is
generally resulting from the biodegradation of collagen,
but the presence of a lipid fraction may play an
important contribution. The presence of lipids acting as
a free radical generator upon interaction with
atmospheric sulphur dioxide is suggested as a possible
means of the degradation of the collagen. The formation
of protein-lipid complexes may be an indication of
collagen degradation, as similar conjugates are found in
the aging process. Ghioni et al. (2005) suggest a
relationship between collagen degradation and the
increased lipid content of parchment. In general, the
parchments can be degraded by internal and external
factors. Internal factors are linked to the composition,
types of glues, chemical residues and metal particles,
while the external factors can be divided in biological,
chemical, physical and mechanical.

KEYWORDS
Parchment Degradation, Logic Programming, Artificial
Neural Networks, Knowledge Representation and
Reasoning.
ABSTRACT
Parchment stands for a multifaceted material made from
animal skin, which has been used for centuries as a
writing support or as bookbinding. Due to the historic
value of objects made of parchment, understanding their
degradation and their condition is of utmost importance
to archives, libraries and museums, i.e., the assessment
of parchment degradation is mandatory, although it is
hard to do with traditional methodologies and tools for
problem solving. Hence, in this work we will focus on
the development of a hybrid decision support system, in
terms of its knowledge representation and reasoning
procedures, under a formal framework based on Logic
Programming, complemented with an approach to
computing centered on Artificial Neural Networks, to
evaluate Parchment Degradation and the respective
Degree-of-Confidence that one has on such a
happening.

One of the factors to be taken into account for the
preservation of parchments is the Relative Humidity
(RH) of the storage location. The most commonly
encountered recommendations in the conservation
literature for the storage and display of parchment are in
the region of 50% RH to 65% RH. However,
recommendations vary and include unspecified levels
such as “complete dryness” for the display of
parchment. Storage or display below around 25% RH is
not indicated but decreasing the water content reduces
(in both cases) the possibility of biodeterioration. A
slightly higher value than 30% RH is suggested like a
optimum condition for an object for the long-term
preservation leaving intact collagen, the most important
structural protein of animal cells (Hansen and Steve
1992). It can finally be referred that below 30% relative
humidity results in the loss of physical properties of the
parchments, while above 50% relative humidity induce

INTRODUCTION
Parchment denotes a material found in libraries,
archives or museums, just to name a few. Maps,
liturgical books, charters and other significant medieval
manuscripts are examples of parchment artifacts that
survived until today. It is an animal skin artifact that has
been altered through chemical and physical means to
resist putrefaction. It can be made from different
animals skins, being produced in different ways and in
dissimilar regions and times. These differences may
result in disparate aging and reaction characteristics.
Parchment, primarily originating from the hides of
cattle, sheep, and goats, is predominantly composed of
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loss of physical and chemical properties. It is accepted
by some authors that the ideal range of relative humidity
for storage is the one between 30% and 50%.

KNOWLEDGE REPRESENTATION AND
REASONING
Many approaches for knowledge representation and
reasoning have been proposed using Logic
Programming (LP), namely in the area of Model Theory
(Gelfon and Lifschitz 1988; Kakas et al. 1998; Pereira
and Anh 2009) and Proof Theory (Neves 1984; Neves et
al. 2007). In this work it is followed the proof
theoretical approach in terms of an extension to the LP
language to knowledge representation and reasoning.
An Extended Logic Program (ELP) is a finite set of
clauses in the form:

The degradation of the ink is another factor to pay
attention. We can consider three different types of ink
degradation. Haloing is when a light brown halo
spreads out from the inked area. Burnthrough is when
the ink appears to sink through the parchment and
become increasingly visible on the reverse side, and
Lacing is when the inked areas become so weak and
brittle that they crack, crumble and fall out (Reibland
and Groot 1999). In this paper we assume that Haloing
is the level one of degradation, Burnthrough is the level
two and Lacing is the third one and the worst in ink
degradation.

ሼ

Biological attacks can be induced by microorganisms,
revealed by the appearance of spots of different colors,
intensities and conformations or by insect action that
may already be inside where the parchment is filed or
may arise from objects already infested. It can also be
via the action of rodents that invade the premises
through windows, doors or the tubing.

 ՚ ଵ ǡ  ڮǡ  ǡ ݊ݍݐଵ ǡ  ڮǡ ݊ݍݐ 
ǫ ሺଵ ǡ  ڮǡ  ǡ ݊ݍݐଵ ǡ  ڮǡ ݊ݍݐ ሻሺ݊ǡ ݉  Ͳሻ
݁݊݅ݐ݁ܿݔభ 

}

݁݊݅ݐ݁ܿݔೕ ሺ݆  ݉ǡ ݊ሻ
ሽ݃݊݅ݎܿݏ ௩௨ 
where “?” is a domain atom denoting falsity, the pi, qj,
and p are classical ground literals, i.e., either positive
atoms or atoms preceded by the classical negation sign
 (Neves 1984). Under this formalism, every program
is associated with a set of abducibles (Kakas et al. 1998;
Pereira and Anh 2009) given here in the form of
exceptions to the extensions of the predicates that make
the program. The term ݃݊݅ݎܿݏ௩௨ stands for the
relative weight of the extension of a specific ݁ݐܽܿ݅݀݁ݎ
with respect to the extensions of the peers ones that
make the overall program.

The chemical attack may occur by environmental
pollution (e.g. dust has a cutting and abrasive action
leading to wear and damage on the scrolls). However,
dirtiness is the deterioration agent that most affects
parchment, that if coupled with inadequate
environmental conditions triggers reactions that leads to
(parchment) degradation.
The mechanical degradation is related to handling and
use and assumes the forms of folds, wear, paints stains
and gaps.

Due to the growing need to offer user support in
decision making processes some studies have been
presented (Halpern 2005; Kovalerchuck and Resconi
2010) related to the qualitative models and qualitative
reasoning in Database Theory and in Artificial
Intelligence research. With respect to the problem of
knowledge representation and reasoning in LP, a
measure of the Quality-of-Information (QoI) of such
programs has been object of some work with promising
results (Lucas 2003; Machado et al. 2010). The QoI
with respect to the extension of a ݁ݐܽܿ݅݀݁ݎ will be
given by a truth-value in the interval [0,1], i.e., if the
information is known (positive) or false (negative) the
QoI for the extension of ݁ݐܽܿ݅݀݁ݎ is 1. For situations
where the information is unknown, the QoI is given by:

Solving problems related to Degradation-ofParchments (DoPs) requires a proactive strategy.
However, the stated above shows that the DoP
evaluation should be correlated with many variables and
require a multidisciplinary approach. Consequently it is
difficult to assess the DoP since it needs to consider
different conditions with intricate relations among them,
where the available data may be incomplete,
contradictory and/or unknown. In order to overcome
these drawbacks, the present work reports the founding
of a computational framework that uses knowledge
representation and reasoning techniques to set the
structure of the information and the associate inference
mechanisms. We will centre on a Logic Programming
(LP) approach to knowledge representation and
reasoning (Neves, 1984; Neves et al. 2007),
complemented with a computational framework based
on Artificial Neural Networks (ANNs) (Cortez et al.
2004).

ܳܫ ൌ ݈݅݉

ͳ

ே՜ஶ ܰ

ൌ Ͳሺܰ Ͳ بሻ

(1)

where N denotes the cardinality of the set of terms or
clauses of the extension of ݁ݐܽܿ݅݀݁ݎ that stand for the
incompleteness under consideration. For situations
where the extension of ݁ݐܽܿ݅݀݁ݎ is unknown but can
be taken from a set of values, the QoI is given by:
ܳܫ ൌ ͳൗ݀ݎܽܥ
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(2)

݁ ݏ݊݅ݏ݊݁ݐݔെ  ݂െ ݁ݐܽܿ݅݀݁ݎ ൌ

where Card denotes the cardinality of the abducibles set
for i, if the abducibles set is disjoint. If the abducibles
set is not disjoint, the QoI is given by:
ܳܫ ൌ

ͳ
ௗ
ܥଵௗ   ڮ ܥௗ

ൌ ራ ݈ܿܽ݁ݏݑ ሺݔଵ ǡ  ڮǡ ݔ ሻ ܫܳ  ܥܦ 
ଵஸஸ

where  ڂand m stand, respectively, for set union and the
cardinality of the extension of ݁ݐܽܿ݅݀݁ݎ . On the other
hand, DoCi denotes one’s confidence on the attribute’s
values of a particular term of the extension of
݁ݐܽܿ݅݀݁ݎ , whose evaluation will be illustrated below.
In order to advance with a broad-spectrum, let us
suppose that the Universe of Discourse is described by
the extension of the predicates:

(3)

ௗ
where ܥௗ
is a card-combination subset, with Card
elements.

The next element of the model to be considered is the
relative importance that a predicate assigns to each of its
attributes under observation, i.e., ݓ , which stands for
the relevance of attribute k in the extension
of݁ݐܽܿ݅݀݁ݎ . It is also assumed that the weights of all
the attribute predicates are normalized, i.e.:
 ݓ ൌ ͳǡ 

݂ଵ ሺ ڮሻǡ ݂ଶ ሺ ڮሻǡ  ڮǡ ݂ ሺ ڮሻ݁ݎ݄݁ݓሺ݊  Ͳሻ

ଵஸஸ

where  denotes the universal quantifier. It is now
possible to define a predicate’s scoring function ܸ ሺݔሻ
so that, for a value  ݔൌ ሺݔଵ ǡ  ڮǡ ݔ ሻ, defined in terms of
the attributes of ݁ݐܽܿ݅݀݁ݎ , one may have:

݂ଵ ǣ ݔଵ ǡ ݔଶ ǡ ݔଷ ՜ ሼͲǡ ͳሽ

allowing one to set:

Taking into account the following clause where the
former argument stands for itself, with a domain that
ranges in the interval [0, 12], where the value of the
second one may fit into the interval [5.5, 7] with a
domain that ranges between 2.5 and 10, and the value of
the last one is unknown, being represented by the
symbol ٣, with a domain that ranges in the interval
[0, 2]. Therefore, one may have:

(6)

that denotes the inclusive quality of ݁ݐܽܿ݅݀݁ݎ with
respect to all the predicates that make the program. It is
now possible to set a logic program (here understood as
the predicates’ extensions that make the program)
scoring function, in the form:
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௧௧௨௧Ʈ௦௩௨௦௫భ ǡ௫మ ǡ௫య 

where pi stands for the relevance of the ݁ݐܽܿ݅݀݁ݎ in
relation to the other predicates whose extensions denote
the logic program. It is also assumed that the weights of
all the predicates’ extensions are normalized, i.e.:
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In this program, the first clause denotes the closure of
݂݁ݐܽܿ݅݀݁ݎଵ . Once the clauses or terms of the
extension of the predicate are established, the next step
is to set all the arguments, of each clause, into
continuous intervals. In this phase, it is essential to
consider the domain of the arguments. As the third
argument is unknown, its interval will cover all the
possibilities of the domain. The first argument speaks
for itself. Therefore, one may have:



  ൌ ͳǡ 

(11)

where “{” and “}” is one´s notation for sets, and “0”
and “1” denote, respectively, the truth values false and
true.

(5)

ଵஸஸ

݁ݐܽܿ݅݀݁ݎ ሺݔଵ ǡ  ڮǡ ݔ ሻ ܸ  ሺݔሻ

(10)

Assuming that a clause denotes a happening, a clause
has as argument all the attributes that make the event.
The argument values may be of the type unknown or
members of a set, or may be in the scope of a given
interval, or may qualify a particular observation. Let us
consider that the case data is given by the extension of
predicate f1, in the form:

(4)

ܸ ሺݔሻ ൌ  ݓ ܫܳ כ ሺݔሻΤ݊

(9)

(8)

ୀଵ

It is now possible to engender the universe of
discourse, according to the information given in the
logic programs that endorse the information about the
problem under consideration, according to productions
of the type:
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DoC

݂ଵ ሺሾǡ
ሿǡሾͷǤͷǡ ሿǡ ሾͲǡ ʹሿሻ  ܥܦ  ͳ 
ᇣᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇥ

௧௧௨௧Ʈ௦௩௨௦௫భ ǡ௫మ ǡ௫య 

௧௧௨௧Ʈ௦௩௨௦௫భ ǡ௫మ ǡ௫య 

ሾͲǡ ͳʹሿሾʹǤͷǡ ͳͲሿሾͲǡ ʹሿ
ᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥ
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Figure 1: Evaluation of the Degree of Confidence

It is now achievable to calculate the Degree of
Confidence for each attribute that make the term
argument (e.g. with respect to the second attribute it
denotes one’s confidence that the attribute under
consideration fits into the interval [5.5, 7]). Next, we set
the boundaries of the arguments intervals to be fitted in
the interval [0, 1] according to a normalization
procedure given by ሺܻ െ ܻ ሻȀሺܻ௫ െ ܻ ሻ, where
the ܻ௦ stand for themselves. One may have:

where the DoC’s for f1(1, 0.98, 0) is evaluated as
(1+0.98+0)/3 = 0.66, assuming that all the argument’s
attributes have the same weight.
A CASE STUDY
In order to exemplify the applicability of our
approach, we will look at an extension of the relational
database model, since it provides a basic framework that
fits into our expectations (Liu and Sun 2007), and is
understood as the genesis of the LP approach to
knowledge representation and reasoning (Neves 1984).

݂ଵ ሺݔଵ ǡ ݔଶ ǡ ݔଷ ሻ ึ ݂݊ݐଵ ሺݔଵ ǡ ݔଶ ǡ ݔଷ ሻ
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As a case study, consider the scenario where a
relational database is given in terms of the extensions of
the relations depicted in Figure 2, which stands for a
situation where one has to manage information in order
to evaluate the degradation of parchments. Under this
scenario some incomplete and/or unknown data is also
available. For instance, in case 1, the age of the
parchment is unknown, while the last intervention
occurred between 5 (five) and 10 (ten) years.

ͲǤͷሿǡ ሾͲǤͶǡ ͲǤሿǡ ሾͲǡ ͳሿሻ ܥܦ  ͳ 
݂ଵ ሺሾͲǤͷǡ
ᇣᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇥ
௧௧௨௧Ʈ௦௩௨௦௦
௫భ ǡ௫మ ǡ௫య ௭ௗ

 ሾͲǡ
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ᇣᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇥ
௧௧௨௧Ʈ௦ௗ௦௫భ ǡ௫మ ǡ௫య
௭ௗ

ሽͳ 

The Degree of Confidence (DoC) is evaluated using
the theorem of Pitagoras, i.e.,  ܥܦൌ ξͳ െ ο݈ ଶ , as
illustrated in Figure 1. Here ο݈ stands for the length of
the arguments intervals, once normalized.
Below, one has the expected representation of the
extensions of the predicates that make the universe of
discourse, where all the predicates’ arguments are real
numbers. They speak for one’s confidence that the real
values of the arguments fit into the attributes’ values
ranges referred to above. Therefore, one may have:
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It is now achievable to calculate the Degree of
Confidence for each attribute that make the term
argument (e.g. with respect to the second attribute it
denotes one’s confidence that the attribute under
consideration fits into the interval [5.5, 7]). Next, we set
the boundaries of the arguments intervals to be fitted in
the interval [0, 1] according to a normalization
procedure given by ሺܻ െ ܻ ሻȀሺܻ௫ െ ܻ ሻ, where
the ܻ௦ stand for themselves. One may have:
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where the DoC’s for f1(1, 0.98, 0) is evaluated as
(1+0.98+0)/3 = 0.66, assuming that all the argument’s
attributes have the same weight.
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In order to exemplify the applicability of our
approach, we will look at an extension of the relational
database model, since it provides a basic framework that
fits into our expectations (Liu and Sun 2007), and is
understood as the genesis of the LP approach to
knowledge representation and reasoning (Neves 1984).
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As a case study, consider the scenario where a
relational database is given in terms of the extensions of
the relations depicted in Figure 2, which stands for a
situation where one has to manage information in order
to evaluate the degradation of parchments. Under this
scenario some incomplete and/or unknown data is also
available. For instance, in case 1, the age of the
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occurred between 5 (five) and 10 (ten) years.
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In Light column of the Physical Effects table 0 (zero)
and 1 (one) stands for not exposed and exposed,
respectively, while in Temperature column 0 (zero)
denotes a value into the optimum range of temperature,
i.e., between 2 ºC and 18 ºC whereas 1 (one) stands for
values outside this interval. The Humidity column is
populated with 0 (zero), 1 (one) or 2 (two) according to
the Relative Humidity (RH) of the storage location.
Thus, 0 (zero) denotes RH < 30%; 1 (one) stands for a
RH ranging in interval [30, 50]; and 2 (two) denotes a
RH>50%.

The Degree of Confidence (DoC) is evaluated using
the theorem of Pitagoras, i.e.,  ܥܦൌ ξͳ െ ο݈ ଶ , as
illustrated in Figure 1. Here ο݈ stands for the length of
the arguments intervals, once normalized.

With respect to the Mechanical Effects and the
Biological Attacks, affirmed on the last two columns of
the General Information and the first three columns of
the Chemical Effects tables are filled with 0 (zero) and 1
(one)
denoting,
respectively,
absence/no
or
presence/yes. The last column of the Chemical Effects
table is populated with 0 (zero), 1 (one), 2 (two) or 3
(three) according to the severity of the effects caused by
ink degradation. Hence, 0 (zero) stands for no effects; 1
(one) denotes haloing; 2 (two) stands for burnthrough
and 3 (three) denotes lacing.
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the Relative Humidity (RH) of the storage location.
Thus, 0 (zero) denotes RH < 30%; 1 (one) stands for a
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Below, one has the expected representation of the
extensions of the predicates that make the universe of
discourse, where all the predicates’ arguments are real
numbers. They speak for one’s confidence that the real
values of the arguments fit into the attributes’ values
ranges referred to above. Therefore, one may have:
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between [0, 2] [0, 8], [0, 6], [0, 4] and [0, 4],
respectively.
Now, we may consider the relations given in Figure 2,
in terms of a parch_degrad predicate, depicted in the
form:
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Figure 2: An Extension of the Relational Database Model
The values presented in the Handling/Disasters,
Biological Attack, Chemical, Mechanical and Physical
Effects columns of Parchment Degradation table are the
sum of the correspondent columns or tables, ranging

between [0, 2] [0, 8], [0, 6], [0, 4] and [0, 4],
respectively.
Now, we may consider the relations given in Figure 2,
in terms of a parch_degrad predicate, depicted in the
form:

݀ܽݎ̴݄݃݁݀ܿݎܽǣ ݁݃ܣǡ ܮ௦௧ ܫ௧௩௧ ǡ ܪௗ Ȁܦ ݏݎ݁ݐݏܽݏǡ ܤ ܣ௧௧௦ ǡ ܥ ܧ௧௦ ǡ

ܯ ܧ௧௦ ǡܲ௬௦ ܧ௧௦ ՜  ሼͲǡͳሽ

ܯ ܧ௧௦ ǡܲ௬௦ ܧ௧௦ ՜  ሼͲǡͳሽ

where parch_degrad stands for the predicate parchment
degradation, where 0 (zero) and 1 (one) denote,
respectively, the truth values false and true. It is now
possible to give the extension of the predicate
parch_degrad, in the form:

where parch_degrad stands for the predicate parchment
degradation, where 0 (zero) and 1 (one) denote,
respectively, the truth values false and true. It is now
possible to give the extension of the predicate
parch_degrad, in the form:

ሼ

ሼ

݀ܽݎ̴݄݃݁݀ܿݎܽሺ݁݃ܣǡ ܫܮǡ ܪȀܦǡ ܣܤǡ ܧܥǡ ܧܯǡ ܲܧሻ ึ ݊݀ܽݎ̴݄݃݁݀ܿݎܽݐሺ݁݃ܣǡ ܫܮǡ ܪȀܦǡ ܣܤǡ ܧܥǡ ܧܯǡ ܲܧሻ
݀ܽݎ̴݄݃݁݀ܿݎܽሺ٣
ǡ ሾͷǡ ͳͲሿǡͲǡͳǡሾͳǡ ʹሿǡʹǡͳሻ  ܥܦ  ͳ 
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

݀ܽݎ̴݄݃݁݀ܿݎܽሺ݁݃ܣǡ ܫܮǡ ܪȀܦǡ ܣܤǡ ܧܥǡ ܧܯǡ ܲܧሻ ึ ݊݀ܽݎ̴݄݃݁݀ܿݎܽݐሺ݁݃ܣǡ ܫܮǡ ܪȀܦǡ ܣܤǡ ܧܥǡ ܧܯǡ ܲܧሻ
݀ܽݎ̴݄݃݁݀ܿݎܽሺ٣
ǡ ሾͷǡ ͳͲሿǡͲǡͳǡሾͳǡ ʹሿǡʹǡͳሻ  ܥܦ  ͳ 
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

௧௧௨௧Ʈ௦௩௨௦

௧௧௨௧Ʈ௦௩௨௦

ሾͶͲͲǡ
ͲͲሿሾͲǡ ͳͲͲሿሾͲǡ ʹሿሾͲǡ ͺሿሾͲǡ ሿሾͲǡ ͶሿሾͲǡ Ͷሿ
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

ሽͳ 

௧௧௨௧Ʈ௦ௗ௦

ሾͶͲͲǡ
ͲͲሿሾͲǡ ͳͲͲሿሾͲǡ ʹሿሾͲǡ ͺሿሾͲǡ ሿሾͲǡ ͶሿሾͲǡ Ͷሿ
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

ሽͳ 
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Chemical Effects
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0
1
0
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0
0
2
0
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0
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1
0
1
1
0
2
0
1
0
1
… …
…
…
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0
1
1
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The values presented in the Handling/Disasters,
Biological Attack, Chemical, Mechanical and Physical
Effects columns of Parchment Degradation table are the
sum of the correspondent columns or tables, ranging

General Information
Last
Inadequate Occurrence
Age
Intervention Handling of Disasters
[5, 10]
0
0
٣
[650, 700]
8
0
1
…
…
…
…
1
1
[400, 425]
٣

௧௧௨௧Ʈ௦ௗ௦

496

In this program, the former clause denotes the closure of
predicate parch_degrad, and the next, taken from the
extension of the parchment degradation relation shown
in Figure 2, presents the information regarding case 1

ሼ

(one). Moving on, the next step is to transform all the
argument values into continuous intervals, and then
move to normalize the predicate´s arguments. One may
have:

In this program, the former clause denotes the closure of
predicate parch_degrad, and the next, taken from the
extension of the parchment degradation relation shown
in Figure 2, presents the information regarding case 1

ሼ

݀ܽݎ̴݄݃݁݀ܿݎܽሺ݁݃ܣǡ ܫܮǡ ܪȀܦǡ ܣܤǡ ܧܥǡ ܧܯǡ ܲܧሻ ึ ݊݀ܽݎ̴݄݃݁݀ܿݎܽݐሺ݁݃ܣǡ ܫܮǡ ܪȀܦǡ ܣܤǡ ܧܥǡ ܧܯǡ ܲܧሻ
݀ܽݎ̴݄݃݁݀ܿݎܽሺͲǡͲǤͻͻͻǡͳǡͳǡͲǤͻͺǡͳǡͳ
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥሻ Ͳ  ͳ Ǥͺͷͷ

݀ܽݎ̴݄݃݁݀ܿݎܽሺ݁݃ܣǡ ܫܮǡ ܪȀܦǡ ܣܤǡ ܧܥǡ ܧܯǡ ܲܧሻ ึ ݊݀ܽݎ̴݄݃݁݀ܿݎܽݐሺ݁݃ܣǡ ܫܮǡ ܪȀܦǡ ܣܤǡ ܧܥǡ ܧܯǡ ܲܧሻ
݀ܽݎ̴݄݃݁݀ܿݎܽሺͲǡͲǤͻͻͻǡͳǡͳǡͲǤͻͺǡͳǡͳ
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥሻ Ͳ  ͳ Ǥͺͷͷ

௧௧௨௧Ʈ௦ௗ௩௨௦

௧௧௨௧Ʈ௦ௗ௩௨௦

ሾͲǡ
ͳሿሾͲǤͲͷǡ ͲǤͳሿሾͲǡ ͲሿሾͲǤͳʹͷǡ ͲǤͳʹͷሿሾͲǤͳǡ ͲǤ͵͵ሿሾͲǤͷǡ ͲǤͷሿሾͲǤʹͷǡ ͲǤʹͷሿ
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

ሾͲǡ
ͳሿሾͲǤͲͷǡ ͲǤͳሿሾͲǡ ͲሿሾͲǤͳʹͷǡ ͲǤͳʹͷሿሾͲǤͳǡ ͲǤ͵͵ሿሾͲǤͷǡ ͲǤͷሿሾͲǤʹͷǡ ͲǤʹͷሿ
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

௧௧௨௧Ʈ௦௩௨௦௭ௗ

௧௧௨௧Ʈ௦௩௨௦௭ௗ

ሾͲǡ
ͳሿሾͲǡ ͳሿሾͲǡ ͳሿሾͲǡ ͳሿሾͲǡ ͳሿሾͲǡ ͳሿሾͲǡ ͳሿ
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

ሽͳ 

ሾͲǡ
ͳሿሾͲǡ ͳሿሾͲǡ ͳሿሾͲǡ ͳሿሾͲǡ ͳሿሾͲǡ ͳሿሾͲǡ ͳሿ
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

௧௧௨௧Ʈ௦ௗ௦௭ௗ

ሽͳ 

of them. To ensure statistical significance of the attained
results, 30 (thirty) experiments were applied in all tests.
The back propagation algorithm was used in the
learning process of the ANN. As the output function in
the pre-processing layer it was used the identity one. In
the other layers we used the sigmoid function.

where its terms make the training and test sets of the
Artificial Neural Network given in Figure 3.
ARTIFICIAL NEURAL NETWORKS
Several studies have shown how Artificial Neural
Networks (ANNs) could be successfully used to
structure data and capture complex relationships
between inputs and outputs (Caldeira et al. 2011;
Salvador et al. 2013; Vicente et al. 2012). ANNs
simulate the structure of the human brain, being
populated by multiple layers of neurons, with a valuable
set of activation functions. As an example, let us
consider the former case presented in Figure 2, where
one may have a situation in which the evaluation of the
parchments’ degradation is needed. In Figure 3 it is
shown how the normalized values of the interval
boundaries and their DoC and QoI values work as
inputs to the ANN. The output translates the
parchments’ degradation and the confidence that one
has on such a happening. In addition, it also contributes
to build a database of study cases that may be used to
train and test the ANN.

A common tool to evaluate the results presented by
the classification models is the coincidence matrix, a
matrix of size L × L, where L denotes the number of
possible classes. This matrix is created by matching the
predicted and target values. L was set to 2 (two) in the
present case. Table 1 present the coincidence matrix
(the values denote the average of the 30 experiments). It
shows that the model accuracy was 87.5% (35 instances
correctly classified in 40). Thus, the predictions made
by the ANN model are satisfactory and therefore, the
generated model is able to predict degradation state of
parchments.
Pre-processing
Layer
0

Input
Layer

Hidden
Layer

Output
Layer

1

The dataset holds information about the factors
considered critical in the prediction of degradation state
of parchments. Twenty three variables were selected
allowing one to have a multivariable dataset with 40
records (Figure 2). These variables were grouped into
five main categories, i.e., General Information,
Biological Attacks, and Chemical, Physical and
Mechanical Effects. Thus, the number of variables used
as input of the ANN model was reduced to seven, i.e.,
the predicate´s arguments were workout according to a
process of sensibility analysis, based on their DoCs
values. A technique used to determine how different
values of an independent variable will impact a
particular dependent variable under a given set of
assumptions.
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1
•
•
•

•
•
•

•
•
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0.855
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The dataset used in the training phase it was divided
in exclusive subsets through the 4-folds cross validation.
In the implementation of the respective dividing
procedures, ten executions were performed for each one

௧௧௨௧Ʈ௦ௗ௦௭ௗ
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the other layers we used the sigmoid function.

where its terms make the training and test sets of the
Artificial Neural Network given in Figure 3.
ARTIFICIAL NEURAL NETWORKS
Several studies have shown how Artificial Neural
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one may have a situation in which the evaluation of the
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shown how the normalized values of the interval
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inputs to the ANN. The output translates the
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has on such a happening. In addition, it also contributes
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A common tool to evaluate the results presented by
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matrix of size L × L, where L denotes the number of
possible classes. This matrix is created by matching the
predicted and target values. L was set to 2 (two) in the
present case. Table 1 present the coincidence matrix
(the values denote the average of the 30 experiments). It
shows that the model accuracy was 87.5% (35 instances
correctly classified in 40). Thus, the predictions made
by the ANN model are satisfactory and therefore, the
generated model is able to predict degradation state of
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Biological Attacks, and Chemical, Physical and
Mechanical Effects. Thus, the number of variables used
as input of the ANN model was reduced to seven, i.e.,
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values of an independent variable will impact a
particular dependent variable under a given set of
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(one). Moving on, the next step is to transform all the
argument values into continuous intervals, and then
move to normalize the predicate´s arguments. One may
have:

The dataset used in the training phase it was divided
in exclusive subsets through the 4-folds cross validation.
In the implementation of the respective dividing
procedures, ten executions were performed for each one

1
1

Figure 3: The Artificial Neural Network Topology
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Table 1: The Coincidence Matrix for the ANN Model
Target
False (0)
True (1)

Halpern, J. 2005. Reasoning about uncertainty. MIT Press,
Massachusetts.
Hansen, E. and L. Steve. 1992. “The Effects of Relative
Humidity on Some Physical Properties of Modern
Vellum: Implications for the Optimum Relative Humidity
for the Display and Storage of Parchment.” Journal of the
American Institute for Conservation 31, 325-342.
Kakas, A.; R. Kowalski; and F. Toni. 1998. “The role of
abduction in logic programming”. In Handbook of Logic
in Artificial Intelligence and Logic Programming, D.
Gabbay, C. Hogger and I. Robinson (Eds.). Vol. 5,
Oxford University Press, Oxford, 235-324.
Kovalerchuck, B. and G. Resconi. 2010. “Agent-based
uncertainty logic network”. In Proceedings of the IEEE
International Conference on Fuzzy Systems (Barcelona),
596-603.
Liu, Y. and M. Sun. 2007. “Fuzzy optimization BP neural
network model for pavement performance assessment”.
In Proceedings of 2007 IEEE International Conference
on Grey Systems and Intelligent Services (Nanjing,
China), 18-20.
Lucas, P. 2003. “Quality checking of medical guidelines
through logical abduction”. In Proceedings of AI-2003
(Research and Developments in Intelligent Systems XX),
F. Coenen, A. Preece and A. Mackintosh (Eds.). Springer,
London, 309-321.
Machado, J.; A. Abelha; P. Novais; and J. Neves. 2010.
“Quality of Service in healthcare units.” International
Journal of Computer Aided Engineering and Technology
2, 436-449.
Neves, J. 1984. “A logic interpreter to handle time and
negation in logic databases”. In Proceedings of the 1984
annual conference of the ACM on The Fifth Generation
Challenge, R.L. Muller and J.J. Pottmyer (Eds.). ACM,
New York, 50-54.
Neves, J.; J. Machado; C. Analide; A. Abelha; and L. Brito.
2007. “The halt condition in genetic programming”. In
Progress in Artificial Intelligence, J. Neves, M.F. Santos
and J. Machado (Eds.). Lecture Notes in Artificial
Intelligence, Vol. 4874, Springer, Berlin, 160-169.
Pereira, L.M. and H.T. Anh. 2009. “Evolution prospection”. In
New Advances in Intelligent Decision Technologies –
Results of the First KES International Symposium IDT
2009, K. Nakamatsu (Ed.). Studies in Computational
Intelligence, Vol. 199, Springer, Berlin, 51-64.
Reissland, B. and G. Groot. 1999. “Ink corrosion: comparison
of currently used aqueous treatments for paper objects”.
In Proceedings of the 9th International Congress of IADA
(Copenhagen), 121-129.
Salvador, C.; M.R. Martins; H. Vicente; J. Neves; J.M.
Arteiro; and A.T. Caldeira. 2013. “Modelling Molecular
and Inorganic Data of Amanita ponderosa Mushrooms
using Artificial Neural Networks.” Agroforestry Systems
87, 295-302.
Vicente, H.; S. Dias; A. Fernandes; A. Abelha; J. Machado
and J. Neves. 2012. “Prediction of the Quality of Public
Water Supply using Artificial Neural Networks.” Journal
of Water Supply: Research and Technology – AQUA 61,
446-459.

Predictive
False (0)
True (1)
18
4
1
17

CONCLUSIONS AND FUTURE WORK
To set a timeline to the maintenance of parchments is a
hard and complex task, which needs to consider many
different conditions. On the other hand, once the
parameters to assess DoP are not fully represented by
objective data (i.e., are of types unknown or not
permitted, taken from a set or even from an interval),
the problem was put into the area of problems that must
be tackled by Artificial Intelligence based
methodologies and techniques for problem solving. In
fact, the computational framework presented above uses
powerful knowledge representation and reasoning
methods to set the structure of the information and the
associate inference mechanisms. One’s approach may
revolutionize prediction tools in all its variants, making
it more complete than the existing ones. It enables the
use of normalized values of the interval boundaries and
their respective QoI and DoC values, as input to the
ANN. The output translates the DoP and the confidence
that one has on such a happening. Indeed, the main
contribution of this work is to be understood in terms of
the evaluation of the DoC, and the possibility to address
the issue of incomplete information.
Future work may recommend that the same problem
must be approached using others computational
frameworks like Case Based Reasoning, Genetic
Programming or Particle Swarm, just to name a few.
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CONCLUSIONS AND FUTURE WORK
To set a timeline to the maintenance of parchments is a
hard and complex task, which needs to consider many
different conditions. On the other hand, once the
parameters to assess DoP are not fully represented by
objective data (i.e., are of types unknown or not
permitted, taken from a set or even from an interval),
the problem was put into the area of problems that must
be tackled by Artificial Intelligence based
methodologies and techniques for problem solving. In
fact, the computational framework presented above uses
powerful knowledge representation and reasoning
methods to set the structure of the information and the
associate inference mechanisms. One’s approach may
revolutionize prediction tools in all its variants, making
it more complete than the existing ones. It enables the
use of normalized values of the interval boundaries and
their respective QoI and DoC values, as input to the
ANN. The output translates the DoP and the confidence
that one has on such a happening. Indeed, the main
contribution of this work is to be understood in terms of
the evaluation of the DoC, and the possibility to address
the issue of incomplete information.
Future work may recommend that the same problem
must be approached using others computational
frameworks like Case Based Reasoning, Genetic
Programming or Particle Swarm, just to name a few.
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ABSTRACT

INTRODUCTION

This work relates to the intelligent systems tracking
such as UAV’s (unmanned aviation vehicle) navigation
in GPS-denied environment. Generally it considers the
tracking of the UAV path on the basis of bearing-only
observations including azimuth and elevation angles. It
is assumed that UAV’s cameras are able to capture the
angular position of reference points and to measure the
directional angles of the sight line. Such measurements
involve the real position of UAV in implicit form, and
therefore some of nonlinear filters such as Extended
Kalman filter (EKF) or others must be used in order to
implement these measurements for UAV control. Meanwhile, there is well-known method of pseudomeasurements which reduces the estimation problem to the linear
settings, though these method has a bias. Recently it
was shown that the application of the modified filter
based on the pseudomeasurements approach provides the
reliable UAV control on the basis of the observation
of reference points nominated before the flight. This
approach uses the known coordinates of reference points
and then applies the optimal linear Kalman type filter.
The principal difference with the usage of location of
reference points nominated in advance is that here we
use the observed reference points detected on-line during
the flight. This approach permits to reduce the necessary
on-board memory up to reasonable size. In this article
the modified pseudomeasurement method without bias for
estimation of the UAV position has been suggested. On
the basis of this estimation the control algorithm which
provides the tracking of reference path in case of external
Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)
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Modern UAV’s navigation systems use the standard
elements of INS (inertial navigation system) along with
GPS, which permit to correct the bias and improve the
UAV localization which is necessary for resolving mapping issues, targeting and reconnaissance tasks (Osborn
and Bar-Shalom, 2013). The performing of these tasks
in autonomous flights needs so-called data fusion which
is a difficult task especially for small UAVs which are
implemented usually at low altitude, and therefore have
relatively high level of the barometric altitude sensor
errors. There are systematic errors which are inherent
in GPS usage at low altitude, and they are also rather
important and for this reason special approaches such
as robust nonlinear (Nemra et al., 2008), (Nemra and
Aouf, 2010) or adaptive (Ding et al., 2010) filtering
are necessary. An alternative to the GPS is the usage
of various complementary measurement systems such as
opto-electronic cameras and passive radio- or ultrasonic
locators which give direction-finding (or bearing-only)
observations.
Optical absolute positioning
In our approach some aerospace maps of the terrain
under the planned flight path are loaded into UAV control
system memory. For this purpose the technology of feature points (Lowe and David, 1999) has been used. As a
result one can detect current location and orientation without time-error accumulation. These methods are invariable
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to deformations of that predetermined maps which may
be caused by change of height, aspect ratio, luminance,
weather conditions, etc. Also from the previous plane
surveying some new constructions could have been built
or the landscape could have been partly changed. For
these reasons some special recognition system is needed
to detect special points like specific buildings, cross of
the roads, tops of mountains and so on. The principal
difficulties inherent in detecting of such special objects
are the different scale and aspect angles of observed and
stored images which leads to the necessity of huge templates library in the memory of UAV control system. Here
one can avoid these difficulties using another approach
based on observation of so-called feature (Konovalenko
and Kuznetsova, 2015) points which are the scale and the
aspect angle invariant. This technology appeared first in
(Guan and Bai, 2012). Another contribution of our work
is the usage of modified unbiased pseudo measurements
filter for bearing only observations of some reference
points with known terrain coordinates.

demands. The idea of such nonlinear filtering has been
developed by V. S. Pugachev and I. Sinitsyn in the form
of so-called conditionally-optimal filtering (Pugachev and
Sinitsyn, 1987), which provides the non-biased estimation
within the class of linear filters with the minimum mean
squared error. In this paper we use such filter for the
UAV position estimation and give the algorithm for the
path planning along with the reference trajectory under
external perturbations and noisy measurements.
RANDOM SAMPLE CONSENSUS FOR
HOMOGRAPHY
The principal issue in comparison of observed and
template images is that they are related by some unknown
projective transformation. Generally this transformation is
known up to some level of accuracy which is determined
by the UAV attitude/position errors. In order to find the
correspondence between the cloud of feature points on
observed and template images one needs to identify this
transformation. So the task is to find a projective transformation (generally the homography matrix H) between
two images. To solve this problem the technology of feature points and RANdom SAmple Consensus (RANSAC)
(Zuliani et al., 2005) method had been used.

In order to evaluate the performance of suggested algorithms we use the computer simulation of the UAV flight
and corresponding video sequence simulation obtained by
video camera on its board. Simulation program is written
in MATLAB. The types of detected feature points are:
ASIFT, OpenCV (Python). Feature points in this model
are used in real conditions because the modelled images
captured by on-board camera and the images known from
previously loaded maps were transformed projectively
according to the flight model and obtained from different
cameras’ careers.

x
are the coordinates of feature points in the
y
x0
original plane, r0 = 0 are the coordinates of feature
y
points in the target plane, and projective transformation
has the form
Let r =

Kalman filter

h(r) =

In order to get the metric data from visual observations
one needs first to make observations from different positions (i.e. triangulation) and then to use the nonlinear filtering. However, all nonlinear filters either have unknown
bias (Belfadel et al., 2013) or very difficult for on-board
implementation like the Bayesian type estimation (Bishop
et al., 2010), (Jauffet et al., 2011). Approaches for the
position estimations based on bearing-only observations
had been analyzed long ago especially for submarine
applications (Lin et al., 2002) and nowadays for UAV
applications (Osborn and Bar-Shalom, 2013), (Zhang and
Bar-Shalom, 2011).

h11 x+h12 y+h13
h31 x+h32 y+h33
h21 x+h22 y+h23
h31 x+h32 y+h33

,

where coefficients hi,j depend on the aspect angle and
the height of the flight.
Threshold t is a maximum allowed reprojection error
which permits to treat a point pair as an inlier. That is, if
||r0 − h(r)||2 < t
0

the pair (r , r) is treated as inlier.
The method finds and returns the projective transformation between the source and the destination planes so
that the back-projection error:

Comparison of different nonlinear filters for bearingonly observations in the issue of the ground-based object
localization (Miller et al., 2013) shows that EKF (extended Kalman filter), unscented Kalman filter, particle
filter and pseudomeasurement filter give almost the same
level of accuracy, while the pseudomeasurement filter is
usually more stable and simple for on-board implementation. This observation is in accordance with rather old
results (Lin et al., 2002), where all these filters were
compared in the issue of moving objects localization. It
have been mentioned that all these filters have bias which
makes their use in data fusion issues rather problematic
(Aidala and Nardone, 1982). The principle demand to
such filters in data fusion is the non-biased estimate with
known mean square characterization of the error. Among
the variety of possible filters only the pseudomeasurement filter can be modified to satisfy the data fusion

n
X

||ri0 − h(ri )||2

i=1

is minimized over set of original three points chosen for
determining the transformation h(r).
If not all of the points’ pairs fit the rigid projective
transformation (that is, there are some outliers) this estimate will be poor. In this case one can use RANSAC. It
tries many different random subsets of the corresponding
point pairs (of four pairs each) and by using this subset
estimates the homography matrix and the explicit formula,
and thereby gives the possibility to compute the quality/goodness of the computed homography (which is the
number of inliers for RANSAC). The best subset is then
used to produce the estimate of the homography matrix
and the mask of inliers/outliers.
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The computed homography matrix is refined further
(using inliers only) with the Levenberg-Marquardt method
(Mor, 1978) for stronger decrease of re-projection error.

The computed homography matrix is refined further
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(Mor, 1978) for stronger decrease of re-projection error.

The RANSAC method can handle practically any ratio
of outliers but it needs a threshold to distinguish inliers
from outliers. Homography matrix is determined up to a
scale. Thus, it is normalized so that h33 = 1.
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of outliers but it needs a threshold to distinguish inliers
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Figure 1: Modeling of frames received by on-board video
camera
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Figure 1 shows a modelled frame received by on-board
video camera. It corresponds to left slot of figure 4. Chess
colouring surface corresponds to null data.
At the figure 2 above there is frame I1 obtained by the
camera and below is the map I2 which is stored in UAV’s
memory. So one can obtain an estimate of projective
transformation between them, that is I2 = h(I1 ). The
modified pseudomesurement Kalman filter, which will
be used further, requires knowledge of certain reference
point on the image I1 , a point with known coordinates.
Since projective transformation retains direct lines the
point of quadrangle’s diagonals’ intersection B is projectively invariant. That’s why an original point of diagonals’
intersection of stored map is chosen as a reference point
A = h−1 (B).

•

The UAV motion is defined by two angles,
namely: θ(t) (the angle between the projection
of velocity to the plane y0x and the axis OX)
and γ(t) (the angle between the the vector of
velocity and the plane y0x). We assume the
reference motion has the constant linear velocity
and varying altitude.

At the figure 2 above there is frame I1 obtained by the
camera and below is the map I2 which is stored in UAV’s
memory. So one can obtain an estimate of projective
transformation between them, that is I2 = h(I1 ). The
modified pseudomesurement Kalman filter, which will
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point of quadrangle’s diagonals’ intersection B is projectively invariant. That’s why an original point of diagonals’
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The model of the UAV motion is described by equation
(1) corresponding to so called navigation control level
which is important for the path planning in the case
of GPS denied environment. This level of simplification is common for navigation control. See (Miller and
Miller, 2014a)–(Miller, 2015) and references wherein.
We assume 3D UAV motion described by coordinates
(X(tk ), Y (tk ), Z(tk )) at times tk = k∆t, k = 1, 2, .....
These coordinates satisfy the following equations:

The problem of the bearing-only filtering is considered
to determine the coordinates of UAV which could observe
some objects with precisely known coordinates. Of course
one can take into account coordinates’ errors, but we will
do it in further works.
Assumptions:

•

Figure 1 shows a modelled frame received by on-board
video camera. It corresponds to left slot of figure 4. Chess
colouring surface corresponds to null data.

Model of the UAV motion

FILTERING PROBLEM STATEMENT

•
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Z(tk+1 )

The UAV has the standard set of INS devices,
which enables to perform the flight with some
degree of accuracy which, however, is not enough
for the mission completion.

+V ∆t

The UAV control system determines the bearings
on the observed reference points with known
coordinates. These points determined with the aid
of RANSAC algorithm.
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reference motion has the constant linear velocity
and varying altitude.

Model of the UAV motion

Assumptions:

!

where (Wkx , Wky , Wkz ) are uncorrelated random perturbations acting along axis (OX, OY, OZ), having zero
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means and variances (σx2 , σy2 , σz2 ), correspondingly. The
controls θ(tk ) and γ(tk ) are the angles between projection
of velocity vector on the the plane y0x and the axis
OX, and between vector of velocity and the axis OX,
correspondingly (see figure 3), these angles define the
nominal UAV motion.

(Pugachev and Sinitsyn, 1987) one can obtain the unbiased estimation and the variance evaluation with the
aid of prediction-correction filter (Miller and Pankov,
2007),(Miller and Miller, 2014a), (Miller and Miller,
2014b).
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Figure 3: UAV’s rotation angles
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Problem 1: Get the estimation of the UAV position at time tk+1 on the basis of previous estimations X̂(tk ), Ŷ (tk ), Ẑ(tk ), P̂ (tk ), observations φi (tk+1 ),
λi (tk+1 ), known position of i-th observable reference
point (Xi , Yi , Zi ), and known parameters of the motion equations (1) in the interval [tk , tk+1 ]. In other
words one needs to find the unbiased estimations of
(X̂(tk+1 ), Ŷ (tk+1 ), Ẑ(tk+1 ) and the matrix P̂ (tk+1 )) on
the basis mk and the motion parameters. These estimates
must satisfy (6),(5).

Measurements
Assume that (Xi , Yi , Zi ) are the coordinates of i - th
reference point and (φi (tk ), λi (tk ) are the bearing angles
on that point. At moment tk these angles satisfy the
relations:
Yi − Y (tk )
I (t ) = tan φi (tk ) + ε0k
Xi − X(tk ) i k

Prediction
Zi − Z(tk )
p
Ii (tk ) = tan λi (tk ) + ε00k ,
(Xi − X(tk ))2 + (Yi − Y (tk ))2
The prediction is obtained by assuming that at the
(2)
moment tk+1 the values of φi (tk+1 ) and λi (tk+1 ) could
have been measured
where one can assume that ε0k ∼ WN (0, σ12 ), ε00k ∼
WN (0, σ22 ) are uncorrelated random variables with zero
means and variances σ12 , σ22 , defined as errors in measure
 

X̂(tk )
X̃(tk+1 )
ment of tangents of angles φi (tk ), λi (tk ), and forming the
 Ỹ (tk+1 )  =  Ŷ (tk ) 
white noise sequences.
Z̃(tk+1 )
Ẑ(tk )
MODIFIED METHOD OF
!
cos γ(tk ) cos θ(tk )
PSEUDOMEASUREMENTS
+V ∆t cos γ(tk ) sin θ(tk )
Linear measurements model
sin γ(tk )
The idea of the pseudomeasurement method is to
separate in (2) the observable and non observable values,
 0

which gives the following measurement vector (Miller
m̃k+1
and Miller, 2014a), (Miller and Miller, 2014b):
m̃k+1 =
m̃00k+1

mk =

m0k
m00k

Y (tk ) cos φi (tk ) − X(tk ) sin φi (tk )
 +ε0k (Xi − X(tk )) cos φi (tk )

=
 Z(t ) sin φ (t ) cos λ (t ) − Y (t ) sin λ (t )
k
i k
i k
k
i k
+ε00k (Yi − Y (tk )) cos λi (tk )






Ỹ (tk+1 ) cos φi (tk+1 )
−X̃(tk+1 ) sin φi (tk+1 )



=

 Z̃(tk+1 ) sin φi (tk+1 ) cos λi (tk+1 )
−Ỹ (tk+1 ) sin λi (tk+1 )




.


After getting mk+1 (more precisely the tangents of
angles φi (tk+1 ) and λi (tk+1 )) one can obtain the estimate
of the UAV position at the time tk+1 . Therefore, the
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(3)
Thereby we obtain the system (3) of linear measurement
equations, though the noise variance depends on unobservable coordinates. By using V. S. Pugachev method
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Solution of Problem 3

solution of Problem 1 has a form:


 
X̂(tk+1 )
X̃(tk+1 )
 Ŷ (tk+1 )  =  Ỹ (tk+1 ) 
Z̃(tk+1 )
Ẑ(tk+1 )

We determine velocity V (tk ) and angles γc (tk ),θc (tk )
on the basis of the current estimates (X̂, Ŷ , Ẑ) in order
to minimize the deviation from the reference path on the
next step, so the solution of the Problem 3 has a form
(Amelin and Miller, 2013), (Miller, 2015):


P̃ xm (tk+1 )
+  P̃ ym (tk+1 )  (P̃ mm (tk+1 ))−1 (mk+1 − m̃k+1 )
P̃ zm (tk+1 )
(6)
and the matrix of the mean square errors is equal:


V (tk )


P̂ (tk+1 ) = P̃ (tk+1 )

 xm
T
P̃ xm (tk+1 )
P̃ (tk+1 )
−  P̃ ym (tk+1 )  (P̃ mm (tk+1 ))−1  P̃ ym (tk+1 )  .
P̃ zm (tk+1 )
P̃ zm (tk+1 )
(7)


Remark 1: The estimates obtained by (6), (7) are
unbiased (Miller and Pankov, 2007),(Pugachev and Sinitsyn, 1987) and give the best linear estimates, they are
kept constant until measurement at the time tk+1 > tk
and they must be updated by formulas (6), (7) at that
moment. Of course, these estimates are not equal to the
conditional expectations, but they are projections on the
set of preceding measurements m1 , ..., mk , therefore, they
are orthogonal to the linear space L{m1 , ..., mk }.

At the Fig. 4 there is one of UAV’s flight simulation
time-step. In the upper left slot there is a modelled frame
received by on-board camera. In the upper right slot there
is an aerospace map from UAV’s memory. Between these
two images there are matchings in the form of green
line segments. These matchings have been received with
the help of feature points method. One can see that they
connect the same objects on Earth. In the lower left slot
there is a scheme of flight, view of Earth from above.
Blue quadrangles signify maps’ edges, which are kept
in memory; blue dots mean nominal (desired) trajectory;
black dots mean real UAV’s location (it is affected by
noise and control), red signs mean estimate of UAV’s own
position. The aim of control is to lead the red trajectory
to blue ones (squares mean estimates of position, when
a reference point has been found, otherwise there are
dots). In total, one can see, how control brings red dot’s
trajectory back to blue ones, however in fact UAV is
located on the black trajectory and the upper left slot is
being modelled from that very point. On the bottom right
slot is the frame received from the on-board camera, but it
was projectively converted as if it was map from a UAV’s
memory. The old map’s image is replaced by the new one.
One can see, that on both right slots there is one and the
same terrain in different survey condition, that visually
proves validity of algorithm.

The problem of the optimal control for system (1) is
stochastic one with incomplete information and doesn’t
have the explicit solution. However, for practical reasons
one can simplify it if to consider the locally optimal
control. Here we discuss two problems:
Problem 2: Find the locally optimal controls γ(tk )
and θ(tk ) at constant velocity V aimed to keep the motion
of UAV along the reference trajectory.
Problem 3: Find the locally optimal controls
γ(tk ), θ(tk ), V (tk ) aimed to keep the motion of
UAV along the reference trajectory.
Solution of Problem 2
Assuming that we have some reference trajectory
(Xnom (tk ), Ynom (tk ), Znom (tk )) we obtain locally optimal controls γc (tk ) and θc (tk ) on the basis of current
estimates (X̂, Ŷ , Ẑ) in order to minimize the deviation
from the reference path at the next time moment tk+1
(Miller and Miller, 2014a), (Miller and Miller, 2014b):

CONCLUSIONS
The usage of this sub-optimal filter provides the good
quality of the UAV trajectory estimation. The angular and
velocity controls permit to realize the good tracking in the
area of bearing-only measurement. However, we do not
aim to demonstrate the possibility of good control on the
basis of bearing-only observation. Of course, this type
of observations must be used with other measurement
systems and our results really open the way to the data
fusion. The principal reason for this is that we obtain the
unbiased UAV position estimate with known mean square

where

!
=

Xnom (tk )
Ynom (tk )
Znom (tk )

!

While angular controls remain the same as above (15),
(16).
SIMULATIONS

CONTROL OF UAV

∆X(tk )
∆Y (tk )
∆Z(tk )


∆X(tk )
= cos γc (tk ) cos θc (tk )
+ V cos γ(tk ) cos θ(tk )
∆t


∆Y (tk )
+ cos γc (tk ) sin θc (tk )
+ V cos γ(tk ) sin θ(tk )
∆t


∆Z(tk )
+ sin γc (tk )
+ V sin γ(tk ) .
∆t
(17)




X̂(tk )
−  Ŷ (tk ) 
Ẑ(tk )
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tan θc (tk ) =

∆Y (tk ) + V ∆t cos γ(tk ) sin θ(tk )
∆X(tk ) + V ∆t cos γ(tk ) cos θ(tk )

tan θc (tk ) =

(15)

and

∆Y (tk ) + V ∆t cos γ(tk ) sin θ(tk )
∆X(tk ) + V ∆t cos γ(tk ) cos θ(tk )

(15)

and
tan γc (tk ) =

tan γc (tk ) =
(16)

(16)

∆Z(tk ) + V ∆t sin γ(tk )
.
cos θc (tk )(∆X(tk ) + V ∆t cos γ(tk ) cos θ(tk )) + sin θc (tk )(∆Y (tk ) + V ∆t cos γ(tk ) sin θ(tk ))

∆Z(tk ) + V ∆t sin γ(tk )
.
cos θc (tk )(∆X(tk ) + V ∆t cos γ(tk ) cos θ(tk )) + sin θc (tk )(∆Y (tk ) + V ∆t cos γ(tk ) sin θ(tk ))

Figure 4: Illustration of the simulation

Figure 4: Illustration of the simulation
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ABSTRACT

Periodic patterns often present on document images as
holograms, watermarks or guilloche elements which are
mostly used for fraud protection. Automatic detection of
such patterns allows the automatic document processing
system to perform fraud detection, helps determine document types and lets an embedded OCR system to vary its
settings depending on pattern presence. In this paper we
propose a method of periodic pattern detection on document images which uses discrete Fourier transform.

Periodic patterns often present on document images as
holograms, watermarks or guilloche elements which are
mostly used for fraud protection. Automatic detection of
such patterns allows the automatic document processing
system to perform fraud detection, helps determine document types and lets an embedded OCR system to vary its
settings depending on pattern presence. In this paper we
propose a method of periodic pattern detection on document images which uses discrete Fourier transform.

INTRODUCTION

Figure 1: Scanned Russian Passport Example

A common problem encountered when scanning documents is noise which reduces the accuracy of OCR
(Optical Character Recognition) systems (Farahmand et al.
2013). Many documents have protective elements such as
holograms, watermarks or guilloche to prevent various
kinds of fraud. However, these elements often clutter
useful data and act as aforementioned noise for OCR
systems.
A lot of work has been done regarding document images’
noise detection and removal (Farahmand et al. 2013) but
most of them deal with unstructured noise (Ali 1996) or
clutter on documents with simple background (Agrawal
and Doermann 2009).
Consider an example of Russian citizen passport on Fig. 1
(personal data was removed). It has evident periodic holographic pattern which clutters some parts of the personal
data. Detection of such patterns would not only help
Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

Some periodic noises could be detected via straightforward engineering approach based on signal smoothing and
penalty accumulation (Nikolaev et al. 2015). For quite
small (relatively to the text size) periodic noise samples it’s
possible to apply morphological operations (Liang et al.
1994) to remove them. Unfortunately, these techniques
won’t help detecting periodic patterns in complicated
cases as they don’t allow to modify the distinction model
between periodic pattern and complex background as we
require for Russian passports, for example.
In this paper we propose a method of periodic pattern
detection on document images which can be used for
various periodic pattern structures implying their nature
is known for the given document type. The method will
be illustrated and experimentally tested for Russian citizen
passport images.
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IMAGE SIGNAL MODEL
Let I(x) be the original image signal of length N . It’s
composed of two image signals: background image h(x)
and an image g(x) containing periodic pattern which we
aim to detect:
I(x) = h(x) + g(x)

(1)

Let’s examine the nature of Fc(x). Assuming that Fourier
transform is discrete and defined (periodically) for k =
0, 1, . . . , N − 1, a Fourier transform of a single delta
function is:
Fk δ(x − x0 ) = e−2πikx0

Due to Fourier transform’s linearity, Fc(x) a sum of
Fourier transforms of delta functions is:

We assume that the number of periodic pattern samples in
g(x) that fit to the signal length N is known beforehand
and is equal to M . Let f (x) be a signal of a single pattern
N
sample. Evenly distributed they have a period T = M
.
Then g(x) can be represented as

Fk c(x) =
=

g(x) =

M
−1
X

However, there is more useful way of representing g(x) to
fit our further needs. Consider an impulse train function
c(x) (also known as Dirac comb, see Fig. 2) which is a
sum of regularly spaced delta functions or unit impulses
δ(x) (Brigham 1988). We want it to have a spacing T
so every unit impulse corresponds to the single periodic
pattern sample of f (x):
M
−1
X

m=0
M
−1
X

Fk δ(x − mT )
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−2πikmT

δ(x − mT )
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M
−1
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It’s easy to see that for k = 0, M, 2M, . . . the sum
(7) becomes equal to M because complex exponent is
2πi-periodic and every member of the sum becomes equal
to 1. Furthermore, for every other k the sum is zero since
it contains every complex exponent with frequency ratios
from 0 to m − 1 and they eliminate each other.
This gives us an important fact: Fourier transform of an
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X
F[c(x)](k) = M ·
δ(k − mM )
(8)

(3)

m
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As an example, Fig. 3 shows a DFT magnitude plot for
an impulse train with T = 32 and N = 256, which fits 8
times therefore DFT has a period of 8.

Figure 2: Impulse Train Example for Period T = 32
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Figure 3: DFT Magnitude for the Impulse Train
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By the convolution theorem, convolution in time domain
equals to pointwise multiplication in frequency domain.
Thus, taking a Fourier transform from g(x) and using an
equation (4) we obtain:
Fg(x) = Ff (x) · Fc(x)
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IMAGE SIGNAL MODEL

(5)

Fk g(x) =

M · Fk f (x), if k = 0, M, 2M, . . .
0,
otherwise

(
(9)

Shifting the pattern signal
In order to simplify our model we have previously assumed that periodic pattern always starts at zero time
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point, which most of the time is not true. Shifting the
pattern signal g(x) is the same as shifting the impulse
train c(x) which leads to the changed form of Fc(x). By
the translation property, the Fourier transform of shifted
signal would only change its phase while its magnitude
would remain the same.

Note that the amount of Gaussians fitting horizontally and
vertically is being kept strictly equal to 2: we will use this
for pattern detection.

Therefore, instead of analyzing plain DFT result Fc(x)
which is an impulse train as shown in (9), we’ll analyze
its magnitude |Fc(x)| which has the same impulse train
form but also is shift-invariant.

To detect the periodic pattern we need to check that
the magnitude of discrete Fourier transform of the actual
image signal |FI(x)| contains the impulse train of known
period M . For two-dimensional case that would be a
certain peak pattern of impulse trains. As an example
we will detect periodic holograms on Russian passports
and therefore use the pattern from Fig. 5(b). Of course,
we need to take into account the DFT magnitude of
background image signal |Fh(x)| which is also present
on |FI(x)|. Now we will describe the steps of the periodic pattern detection algorithm we’ve used with Russian
passports.

Two dimensional image signal model
For the sake of simplicity we have first introduced the one
dimensional image signal mode. Let’s see how our model
works for the two dimensional case.
On Fig. 4 there is a grid with regularly spaced Gaussians and the shifted magnitude of its Discrete Fourier
transform, zoomed in to the center. Similar to the onedimensional case, there are multiple impulse trains having
horizontal period of 5 and vertical period of 4 due to
the number of Gaussians fitting horizontally and vertically.

(a)

PERIODIC PATTERN DETECTION

Image cropping
First, we need to establish a cropping region of the
passport image (see Fig. 1) that contains a constant number
of periodic pattern samples and the least amount of background noise. Fig. 6 shows the region we’ve chosen for
the Russian passport (personal data was changed).

(b)
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Figure 4: A Grid of Regularly Spaced Gaussians and its
DFT Magnitude

However, holographic periodic pattern on Russian passports (see Fig. 1) has a slightly different layout. Fig.
5 shows DFT magnitude (grayscale) for chessboard-like
Gaussians grid.

However, holographic periodic pattern on Russian passports (see Fig. 1) has a slightly different layout. Fig.
5 shows DFT magnitude (grayscale) for chessboard-like
Gaussians grid.
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Figure 5: A Grid of Chessboard-Like Spaced Gaussians
and its DFT Magnitude

Image cropping
First, we need to establish a cropping region of the
passport image (see Fig. 1) that contains a constant number
of periodic pattern samples and the least amount of background noise. Fig. 6 shows the region we’ve chosen for
the Russian passport (personal data was changed).

(b)

Figure 4: A Grid of Regularly Spaced Gaussians and its
DFT Magnitude

Figure 6: Cropped Region of the Russian Passport that
Contains 2x2 Grid of the Periodic Pattern

PERIODIC PATTERN DETECTION

Figure 6: Cropped Region of the Russian Passport that
Contains 2x2 Grid of the Periodic Pattern

The cropping accuracy is important: non-integer number
of fitting periodic pattern samples can drastically change
the DFT magnitude structure.

The cropping accuracy is important: non-integer number
of fitting periodic pattern samples can drastically change
the DFT magnitude structure.

Image downscale and preprocessing

Image downscale and preprocessing

After cropping is done we need to suppress the difference
between each periodic pattern sample which could be done
by downscaling the image. Our experiments have shown
the best results when the images were downscaled from
initial size of 910x938 by 16 times to 56x58 (reducing the
area by 256 times), see Fig. 7(a). Note that downscaled
image size is constant and doesn’t depend on the original
image size.
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by downscaling the image. Our experiments have shown
the best results when the images were downscaled from
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image size is constant and doesn’t depend on the original
image size.
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In addition to downscaling we add a morphological close
operation (Gonzalez and Woods 2006) to make what’s left
of the letters disappear and to smooth the periodic images
samples even more, see Fig. 7(b).

(a)

(b)

For every peak candidate we compute the minimum difference D(xi , yi ) between the candidate value and each
of its 8 neighbours. The reason behind this computation
is the assumption that DFT magnitude of an image not
containing a periodic pattern is practically random. Therefore, it is highly probable that one of the peak candidate’s
neightbours will have a greater value than the candidate
itself causing the negative minimum difference.

In addition to downscaling we add a morphological close
operation (Gonzalez and Woods 2006) to make what’s left
of the letters disappear and to smooth the periodic images
samples even more, see Fig. 7(b).
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of its 8 neighbours. The reason behind this computation
is the assumption that DFT magnitude of an image not
containing a periodic pattern is practically random. Therefore, it is highly probable that one of the peak candidate’s
neightbours will have a greater value than the candidate
itself causing the negative minimum difference.

At last, the average value Q between all D(x, y) is computed as the final score and compared with the threshold
value Q∗ . If Q > Q∗ then the image is expected to contain
a periodic pattern. For Russian passports we have used
Q∗ = 0.

At last, the average value Q between all D(x, y) is computed as the final score and compared with the threshold
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a periodic pattern. For Russian passports we have used
Q∗ = 0.

Fig. 9 shows an example of preprocessed Russian passport
region without periodic pattern and its shifted logarithmic
DFT magnitude.

Fig. 9 shows an example of preprocessed Russian passport
region without periodic pattern and its shifted logarithmic
DFT magnitude.
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Figure 7: Downscaled by 16 Times (a) and Then
Morphologically Closed (b) Russian Passport Region

Figure 7: Downscaled by 16 Times (a) and Then
Morphologically Closed (b) Russian Passport Region

We have also experimented with several other operations
and their combinations to preprocess downscaled images,
such as Laplacian of Gaussian filter or H-maxima transform (Soille 1999). In the end, simple morphological closing of the downscaled image provided the best detection
accuracy as it will be shown later.
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such as Laplacian of Gaussian filter or H-maxima transform (Soille 1999). In the end, simple morphological closing of the downscaled image provided the best detection
accuracy as it will be shown later.

Discrete Fourier transform analysis

Discrete Fourier transform analysis
(a)

Fig. 8 shows a shifted logarithmic plot of DFT magnitude
of the preprocessed passport region image. As expected, it
has noticeable periodic peaks and now we need to match
them against a known pattern while having a small amount
of false-positives.

Figure 8: Shifted Logarithmic DFT Magnitude of the
Preprocessed Image

(b)

Figure 9: Preprocessed (a) Russian Passport Region
Without Periodic Pattern and its DFT (b)
It can be easily seen that the DFT on Fig. 9(b) does not
contain the peak pattern as DFT on Fig. 8 and is rejected
by our detection algorithm.

Consider first K peaks candidate locations (xi , yi ) distributed along some selected diagonal ray outgoing from
the middle point. We have used K = 3 and peaks
candidate locations were (2; 2), (4; 4) and (6; 6).
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It can be easily seen that the DFT on Fig. 9(b) does not
contain the peak pattern as DFT on Fig. 8 and is rejected
by our detection algorithm.

Proposed method’s complexity

Proposed method’s complexity

Let N be a total number of original image pixels after cropping. For preprocessing there are downscale (to
some predefined constant size N ∗ ) and morphological
close operations which are both O(N ). Next, DFT is
performed on the preprocessed image using FFT algorithm
for O(N ∗ log N ∗ ), followed by O(1) analysis.
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close operations which are both O(N ). Next, DFT is
performed on the preprocessed image using FFT algorithm
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The resulting complexity is quite simple because FFT is
performed on the downscaled image of a small constant
size not depending on the original image size.
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EXPERIMENTAL RESULTS

We propose a very simple peak matching algorithm which
has yet shown a good accuracy on our datasets.

(a)

Fig. 8 shows a shifted logarithmic plot of DFT magnitude
of the preprocessed passport region image. As expected, it
has noticeable periodic peaks and now we need to match
them against a known pattern while having a small amount
of false-positives.

We have used 3 datasets for experiments, each one
containing scanned Russian passport images. First one,
”scan500”, is positive i.e. contains holographic periodic
patterns on every image. Other two are negative: ”nomrz
print” are passport images without readable zone and with
machine-printed text, which is usual; ”nomrz hw” has
handwritten text on passport fields.
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The best results amongst various preprocessing methods
were obtained using morphological closing after downscaling by 16 times. Table 1 shows experimental results
for specified datasets with morphological closing as preprocessing operation.
Table 1: Experimental Results of the Detection
Algorithm with Morphological Closing
Dataset
scan500
nomrz print
nomrz hw

Type
Positive
Negative
Negative

Size
484
522
204

Accepted
99,38%
1,72%
0,00%

Rejected
0,62%
98,28%
100,00%

The false-positive and false-negative rates are quite small
given almost no parameter tuning.
For other preprocessing methods, H-maxima transform
worked best without downscale with 97.73% (82.64%
when applied after downscaling by 16 times).
Laplacian of Gaussian filter provided the best visual holographic pattern contrasting but its combinations with other
preprocessing methods only decreased the final detection
accuracy.
CONCLUSIONS
In this paper we proposed a method of periodic pattern
detection on document images which uses discrete Fourier
transform. The implementation is very simple but has yet
shown good experimental results even almost without any
parameter tuning. This lays a good foundation for further
research, especially for the problem of periodic pattern
localization.
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The best results amongst various preprocessing methods
were obtained using morphological closing after downscaling by 16 times. Table 1 shows experimental results
for specified datasets with morphological closing as preprocessing operation.
Table 1: Experimental Results of the Detection
Algorithm with Morphological Closing
Dataset
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522
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Accepted
99,38%
1,72%
0,00%

Rejected
0,62%
98,28%
100,00%

The false-positive and false-negative rates are quite small
given almost no parameter tuning.
For other preprocessing methods, H-maxima transform
worked best without downscale with 97.73% (82.64%
when applied after downscaling by 16 times).
Laplacian of Gaussian filter provided the best visual holographic pattern contrasting but its combinations with other
preprocessing methods only decreased the final detection
accuracy.
CONCLUSIONS
In this paper we proposed a method of periodic pattern
detection on document images which uses discrete Fourier
transform. The implementation is very simple but has yet
shown good experimental results even almost without any
parameter tuning. This lays a good foundation for further
research, especially for the problem of periodic pattern
localization.
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systems is able to provide reliable forecast information
to travellers to enhance safety and efficiency of the routes.
These efforts are under-utilised so far in term of traffic
information systems where every vehicle can be presented
as a single node in an ad-hoc network (Thomas et al.
2004).
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Programming.
ABSTRACT
In the last decade, cooperative vehicular network has
been one of the most studied areas for developing the
intelligent transportation systems (ITS). It is considered
as an important approach to share the periodic traffic
situations over vehicular ad hoc networks (VANETs) to
improve efficiency and safety over the road. However,
there are a number of issues in exchanging traffic data
over high mobility of VANET, such as broadcast storms,
hidden nodes and network instability.
This paper proposes a new model to detect the traffic
conditions using clustering traffic situations that are
gathered from the nodes (vehicles) in VANET. The model
designs new principles of multi-level clustering to detect
the traffic condition for road users. Our model (a) divides
the situations of vehicles into clusters, (b) designs a set
of metrics to get the correlations among vehicles and (c)
detects the traffic condition in certain areas. These metrics
are simulated using the network simulator environment
(NS-3) to study the effectiveness of the model.

Figure 1: VANET concept (Khan 2010)

In fact, several recent relevant ITS applications in the
current time require fixed infrastructure. Particularly, the
activity of information exchange between vehicles and
infrastructure is defined as Vehicle-to-Infrastructure (V2I)
communications. Although, it provides several solutions
for any transport challenges, it is arguable that V2I
architecture has faced several restrictions such as the
cost of sufficient infrastructure and reliable connection
(Thomas et al. 2004).
According to these circumstances, researchers and
commercial projects tend to focus on a different architecture of ITS applications, known as the vehicle-tovehicle (V2V) communications, which focus on direct
message delivery between nodes (vehicles). Figure 1
illustrates the architecture of vanet including these types
of communications. Currently, VANET-based wireless
networks are a natural fit to intelligent information
transportation system (ITS).
The rest of paper is structured as follows. Section II
discusses related work of the proposed model. Section

INTRODUCTION
EHICULAR ad hoc network is considered as new
technology that has recently developed in terms
of improving road safety, traffic knowledge and tourist
information service. The issues of traffic control and
management have become significantly important in order
to utilize full capacity of all roads. In addition, the lack
consideration of travel safety may also increase number of
traffic accidents. For instance, approximately six million
accidents are recorded annually in the United States alone
and the same study shows that in the 2007, thousands
of people have died and were injured in China due to
cars crashes (Zhou et al. 2010).
Therefore, much effort has been placed to develop ITS
applications to reduce the problems to avoid traffic jams
or dangerous areas on their current routes. For instance,
Bishop (2005) states that the combination of ITS and
telecommunication systems and transport information
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III demonstrates our model and methodologies that are
applied. Then section IV generally concludes the paper
and briefly introduces the future work of the project.

Then the message will be forwarded to that node.
They proposed vehicles assisted data delivery algorithms
(VADD) which use dense roads to deliver the packet to
obtain faster delivery. However, the authors didnt focus
on a method of detecting the traffic situation whether it
is dense or not.

RELATED WORK
Designing traffic monitoring dissemination approach
is still one of the open research challenges being
investigated in VANET. Researchers often consider that
it is significant to detect the specific traffic conditions
over roads or junctions in vehicular networks (Praba &
Ranichitra 2013). On one hand, it is widely known that
the more vehicles are on the road, more reliable and
faster for information delivery in vehicular networks. On
the other hand, the higher the density of vehicles, the
more probability that traffic congestion or accidents may
happen in the area. Therefore, the number of vehicles are
on the road is a double-edged sword in order to achieve
a high level of stability of networks.
The big challenge for reliable and fast data delivery
is blind vehicles. Floating car data is a technology that
gathers road status data from vehicles. FLOAT is a system
of driving alongside the sections and recording the traffic
conditions when road users travel (Bishop 2005). This
scheme assumes that cars can be considered as a moving
sensor that runs on a network. In addition, floating car
data technology (FCD) has become widely used in many
algorithms for solving the challenges of fixed monitoring
systems (Li et al. 2012). Thus traffic information of FCD
may improve drivers decisions for their route choices.
Manvi et al. (2009) introduced a cognitive model
which performs pull and push processes on relevant
and important data collected in VANETs and also they
proposed a critical data retrieve agent called CIPLA.
Sometimes, vehicles are interested to recollect latest
weather information from other vehicles, such as fog,
rain, etc. However, CIPLA seems to be complex and
messages that forwarded by this system are also sent
slowly, consequently, the delay may tend to be bigger
and the performance might be low.
Vision car detection based system was presented for
FCD, which helps to improve the context of Vehicular
networks (Llorca et al. 2010). Packets are transmitted
based on GPRS/UMTS communication which also uses
a central unit to mix the expanded FCD. However,
GPRS/UMTS is responsible for the delivering the packets,
which it means that their model depends on an existed
infrastructure such as stations, road side units (RSU)
etc. Therefore, Carry messages then forward is quite
appropriate mode with low mobility and acceptable delay
networks (Li et al. 2012).
Therefore, Zhao & Cao (2008) focused on V2V
communication and they introduced the idea of ”carrying
then forwarding” packets, which means that packets will
be temporarily kept in node’s buffer until it obtains
a connection with other node that enters the network.

Gamati et al. (2011) proposed algorithm for traffic
detection, named (TCDA) in V2V communication. Their
idea is based on using the optimum number of messages
that provide sufficient indication to detect the conditions
about the roads. They obtain good result compared
with Flooding and AODV protocol. A serious question
with TCDA model, however, is the idea of optimum
number could be varied depending on weather and
traffic situation, such as fog, snow, etc. They obtained
good results compared with flooding protocol. Moreover,
the algorithm did not clearly consider the issue of the
boundaries of area that is covered to estimate the traffic
condition. Moreover, other unconsidered parameters may
affect on the reliability of detecting the conditions, such
as speed, direction.
The proposed model is designed to take a place
on an application layer in VANET. Therefore, the
existing routing protocols are applied for exchanging
and delivering packets among nodes in the network. It
was decided to use Ahoc On Demand Distance Vector
routing protocol (AODV) to achieve the routing suite in
the model.
AODV is considered as a reactive routing protocol that
enables dynamic multi-hop routing among participating
nodes to establish and maintain a network (Perkins
et al. 2003). AODV can manage low and relatively high
mobility of nodes, as well as a variety of data traffic
levels. Route Requests (RREQs), Route Replies (RREPs),
Route Errors (RERRs), and hello packets are some types
of the message defined by the protocol (Perkins et al.
2003). As it is found that AODV is suited sufficiently for
VANET, authors decided to enhance AODV by adding
traffic monitoring features.
The model combines routing functionality for delivery
the messages to provide efficient detection of traffic situation; cluster aggregation of nodes to improve stability,
avoid broadcast storms and finally a part of a system to
define cloud information network in each cretin area. Our
model (a) divides the situations of vehicles into groups,
(b) designs a set of metrics to get the correlations among
vehicles and (c) detects the traffic condition in certain
areas.
PROPOSED WORK
Designing a reliable traffic detection model is a
challenge, an interesting and widely considered by
researchers. According to relevant works, previous
models do not apply the idea of using clustered vehicles’
situations to detect traffic conditions. The new model
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will consider this idea to achieve the aim of traffic
condition detection over traffic scenario in ad hoc
network. A framework of reliable traffic detection is
designed and simulated in NS-3. IEEE 1609.4 and
IEEE 802.11p standard is applied in the model for
the communication between V2V and V2I in our
model. Moreover, the model will link the area between
VANET environment and vehicle’s driver decision
based on the gathered messages from traffic roads status.
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based on the gathered messages from traffic roads status.

Figure 2 illustrates a general diagram of proposed
work which includes two main phases as follow; First,
mobility scenario, which is presented as generated mobility patterns by simulation of urban mobility software
(SUMO), and AODV routing protocol for delivering
packets between nodes. Second, phase is for traffic
condition detection, it consists of (a) stage of augmenting
and defining traffic condition into the mobility pattens
file and (b) detecting the traffic condition stage by
clustering the gathered messages. These messages reflect
individual cars’ situations, such as ABS (on/off), brake
lights (on/off), windscreen wipers (on/off), etc.
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Figure 2: Proposed Framework of Traffic Condition Detection

initialization: number of vehicles is n , defining
traffic situations, t;
while within simulation time do
read message vi ;
if do messages have the same type of traffic
situation then
if the type of message is already aggregated
then
add to cluster si ;
else
keep this message
end
else
update the clusters by these messages;
end
while there is a correlation among sn do
if the correlation between cluster si and sj
is positive then
merge si and sj into a new cluster Ci ;
else
check next clusters
end
end
end

Generating Traffic Mobility Using SUMO
SUMO is one of the most popular microscopic opensource tools for handling and simulating traffic in large
scale of street networks (Krajzewicz et al. 2012). SUMO
uses a number of tools to integrate roads network processing and traffic generation. The roads are represented
as cretin edges of an oriented graph, with nodes being the
intersections (SUMO 2015). In addition, Edges can carry
relevant traffic information, such as street category, traffic
lights location, speed limitations and other signs, etc..
Moreover, SUMO has a tool called net-convert, which
is capable to convert digital maps (e.g., OpenStreetMap)
into SUMO map format (SUMO 2015).
The algorithm 1 shows pseudocode of the suite of
clustering and detecting the traffic condition in the
proposed model. Figure 3 explains the stages of algorithm
how they are simulated by presenting the levels of the
model. The lowest level is to identify the network by
the existing routing protocol. Then the traffic detection
suite which includes (a) level of gathering vehicles’
messages, and (b) clustering the vehicles based on
the gathered traffic situations. Finally detecting the
road conditions, including detecting clusters boundaries,
based on studying the correlation level between cars’
situations. In addition, the following equations explain
the mathematical background for this aim.

Algorithm 1: Pseudocode of The Algorithm

Where messages v1, v2, v3,... are the gathered individual situations, and A, B, C, D,... represent sets of traffic
situations. Each set of vehicles will create their own
cluster as long as they send the same type of messages,
even these vehicles might not be physically neighbours.

A = {v1, v3, v4, v6}

(1)

B = {v1, v2, v3, v6}

(2)

C = {v3, v7, v8}

(3)

D = {v7, v10}

(4)

After creating clusters of traffic situation, the model
studies the correlation between them. As it is shown in
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Figure 3: Sample of the Traffic Scenario

figure 3 for example, cluster of hazard lights and other
cluster of windscreen wipers (on) may merge and indicate
to a higher and a bigger new cluster of slippery road
condition. Equations 5 and 6 identify the higher level of
clusters, where x and y are detected traffic conditions.
x=A∪B

, where

A ∩ B 6= φ

(5)

y =C ∪D

, where

C ∩ D 6= φ

(6)

Figure 4 illustrates how sets of traffic situations can
create sets of traffic conditions. It is shown that one of
sets of traffic situations may participate in more than one
cluster of traffic condition decision.

Figure 4: Example of Studying Correllations Between Set of
Traffic Situations
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CONCLUSION

CONCLUSION

It is widely clear that the coming intelligent transportation systems can go further from present capabilities.
In this paper we have proposed a system to monitor
and detect the traffic conditions based on clustering of
individual cars situations.
The paper illustrated the new technique of the clustering and it also explained how to obtain the correlation
among sets of situations to detect the traffic conditions.
The future work will focus on implementing the new
model on NS-3. In addition, the model will be implemented with different routing protocols based on IEEE
1609.4 and IEEE 802.11p standard. Results will be
presented and studied based on how the model can affect
on the performance of the routing protocols.
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(5)
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(6)
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There exist numerous publicly available image
databases: MNIST, EVVE (Revaud et al. 2013), faces
(Cinbis et al. 2011), human actions (Laptev et al. 2008),
buildings, cars, plants, etc. There are a few methods for
creation of datasets using Google image search engine
which give an opportunity to get many examples of
frequent image classes (Cheng et al. 2015). One can use
3D modeling to create images with different projective
distortions. There is also a range of instruments for
image labeling. (Russell et al. 2008). The problem is that
most of these methods and instruments are applicable to
images of frequent classes only. To get enough examples
of rare or even not existing in public datasets images
one needs to collect them, which might turn to a rather
long and expensive process. There are some ways to
improve this collecting and marking process (e.g. Google
reCAPTCHA) but they are expensive too.
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ABSTRACT
This paper studies methods of data sampling for
training of convolutional neural networks for character
recognition. These methods are considered for optical
character recognition of machine readable zone (MRZ)
of documents captured by a mobile phone camera. Advantages and disadvantages of training on natural and
artificial datasets are discussed. In this paper we describe
some set of image transformations and give examples
of their practical implementation. At the end we show
how adding artificial examples (to the training database),
generated according to the analysis of recognition error,
improves the quality of recognition.
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2. NATURAL AND ARTIFICIAL DATASETS
In this section we describe three methods of image
dataset designing. These methods can be classified by the
way the images are obtained to natural, partially natural
and artificial methods.
Each dataset should satisfy a number of requirements.
First, the number of examples should be sufficient for the
teaching method and the complexity of the recognition
method chosen. For example, in our experiments we use
a convolutional neural network with 900 neurons and
about 5000 weights. Thus, according to (LeCun et al.
1998), the minimal number of image examples is more
than 50000. According to experiments with high quality
recognition systems based on a neural network described
in (Krizhevsky et al. 2012), even 106 examples might not
be enough. Image distortions of different types increase
the task complexity and the required number of images
dramatically.

INTRODUCTION
Optical character recognition in a video stream has its
own peculiarity. If the optical axis of the camera is fixed
orthogonal to the object plane, the model of geometric
distortion consists of orthogonal transformations only.
But for mobile camera projective transformations appear
naturally, that complexify the model. Furthermore, there
are other types of distortions: blinks, blurring, unfocused
images, digital noise in low light conditions (distortions
caused by recording conditions), and compression artifacts and camera filters, e.g. Bayesian filter (distortions
caused by image processing). Special attention should
be paid to careful use of complex algorithms because
of medium CPU performance and low RAM capacity of
mobile devices (Hudelist et al. 2014).
The paper is structured as follows. In Section 1 we
discuss some existing methods of creation of training
datasets, their advantages and limitations. In Section 2,
we consider methods of datasets creation. We distinguish
three methods of datasets creation. In Section 3 we
describe the recognition algorithm and training and testing
methods used in our experiments. In Section 4 we present
the results of these methods and their impact on the error
structure.
Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

Second, datasets (especially, test datasets) must contain real examples with real image distortions and deformations.
Second, datasets (especially test datasets) must contain
real examples with real image distortions. Otherwise one
cannot predict the recognition quality in real life.
Third, the numbers of images of different classes should
be nearly equal. Otherwise certain statistical information
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Fig. 1. We collected about 800000 unique symbols from

about the class frequencies should accompany the dataset.
Such an approach goes beyond this paper.
Three methods of dataset development can be distiguished
according to the dataset nature:
1) Natural datasets (closest to reality, but too expensive)
Data for natural datasets are obtained in real conditions
and therefore contain a number of different distortions,
geometric transformations and a correct ratio between
them. Varying image capturing conditions and devices,
one can get excellent data for training of recognition systems. Some distorted images can be even unrecognizable
by human eye, but they still are presented in the dataset.
However, obtaining natural datasets is rather expensive
and takes a lot of human time. There is a number of
useful techniques (e.g. Google reCAPTCHA) accelerating
this process, but they are expensive too. Moreover, some
images for datasets can be obtained in the same conditions
and could be pretty much the same (therefore the quality
of the datasets is rather low).
2) Natural datasets + generated images (a cheaper
method, but not so precise)
More complex but more useful method to obtain an
image dataset is to add to a natural dataset a number
of different distortions of its images. One can generate
a huge number of examples of good quality from a
small number of natural examples. Using mathematical
models of distortion one simulates the corresponding real
distortions. As a result, acquired images replace naturally
obtained images fairly well. This method simplifies the
process of datasets collecting and reduces its price. On the
other hand, this method has some important limitations.
No one knows the real ratio between different distortions
— it can only be estimated indirectly. As a result, adding
too much examples of images with distortion (or set of
distortions) of the same type can complicate training of a
neural network and decrease the quality of its recognition.
Another problem relates to additional random distortions
that could be added to training datasets occasionally, during distortion generation process. For example, inaccurate
work with translation distortion of an image can lead to
non-equal amount of images with different translation
vectors. Finally, the distortion generation process may
take huge computational time and powers. On the other
hand, it can save man-hours.
3) Artificial datasets (easy to generate, but possibly far
from reality)
This method is much cheaper than the first two methods
proposed because it saves human time. There is no need
in image marking and data collecting — the whole dataset
generation process is controlled by choice of an algorithm
and a set of its parameters. One can generate a huge
number of images with all types of distortions. However,
weak connection between such a dataset and reality might
cause bad recognition of real data.
In our work we consider training of the neural network
on datasets designed using all of these methods.

Figure 1: Network Structure.

MRZ (machine readable zone) of various documents. The
quality of these symbols differs, as they has been obtained
in different conditions (e.g., brightness, outdoor/indoor,
time of the day, etc.) and with different mobile devices
(e.g., iPhones of 4, 5, 6 generations and Samsung Galaxy
of several models). We made a number of short video
movies (5-15 seconds) from different angles to the light
source and to the document, which eventually were turned
into storyboards. Thus we knew the conditions each
symbol image was obtained under. Using this information
we partitioned the whole set of examples of symbol
images into training, validation and test sets. We did not
use images from the same source (i.e. video) in different
sets. Moreover, we tried not to use images taken under
similar conditions in training, validation and test sets.
Symbols for training datasets were centered manually.
We used the back propagation training method of training
with decreasing of learning speed during training, dropout
and regularization. We trained the neural network in batch
mode with 10 epochs and 200 iterations per each epoch.
By “one experiment” we mean “training and testing of
one network”. No pre-training or post-processing methods
were used. The set of examples was splitted 250000
examples for training, 300000 examples for validation
and 350000 for test. Such a proportion was chosen in
order to view various types of mistakes from validation
data and not to use a huge amount of images for training.
The test and validation sets were completely natural anf
fixed for all experiments. The frequency of symbols of
different classes in the test set was close to their frequency
in reality. The frequency of symbols of different classes
in the validation and trainig sets was equalize. The test
dataset contained examples of the following classes in the
following quantities:
0: 22416
4: 8587
8: 9734
C: 3891
G: 2169
K: 2702
O: 4515
S: 5499
W: 744
<: 110438

3. TESTING METHODS
In this section, we describe the technology of learning
and testing and the datasets used. We used convolutional
neural network as a recognition method. This method
has shown good results in different tasks and situations.
The configuration of the neural network is shown on
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D: 2952
H: 3309
L: 4989
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T: 3730
X: 331

2: 13746
6: 8697
A: 12022
E: 7349
I: 6737
M: 6244
Q: 109
U: 4224
Y: 1834

3: 8115
7: 8082
B: 1834
F: 3282
J: 93
N: 7897
R: 7717
V: 3117
Z: 1246
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Table 2: The most frequent mistakes on natur images.

Table 1: Test Results of Networks Trained on Natural
Dataset.
Experiment

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

MRZ
quality
(correctly
recognized
zones
in
percents)
84.90
84.06
83.86
84.96
84.76
87.00
85.10
84.26
85.30
85.06
85.33
81.16
84.53
84.76
85.36
86.63
85.10
85.20
84.80
84.40
84.80
85.20
84.00
84.20
84.77
Mean values
84.78

symbol
’0’
’<’
’8’
’O’
’4’
’6’
’1’
’L’
’M’
’E’
’A’

Correctly
recognized
symbols
(in
percents)
99.628
99.606
99.600
99.630
99.624
99.683
99.633
99.611
99.639
99.632
99.640
99.526
99.618
99.624
99.640
99.674
99.633
99.636
99.625
99.615
99.625
99.636
99.604
99.609
99.625

errors,
total
437
71
35
20
19
18
17
14
14
14
14

was misrecognized as
Experiment
’O’:419, ’U’:5, ’J’:4, ’2’:2, ’1’:1, ’G’:1
’2’:29, ’K’:6, ’P’:6, ’4’:4, ’6’:4, ’1’:3
’B’:10, ’6’:10, ’D’:4, ’E’:2, ’M’:2, ’S’:2
’0’:19, ’Q’:1
’6’:5, ’N’:3, ’<’:2, ’A’:1, ’D’:1, ’F’:1
’G’:4, ’S’:4, ’D’:3, ’O’:2, ’4’:2, ’8’:2
’T’:6, ’Y’:5, ’7’:2, ’3’:1, ’6’:1, ’8’:1
’I’:9, ’4’:4, ’C’:1
’H’:7, ’P’:5, ’3’:1, ’N’:1
’C’:5, ’I’:3, ’B’:2, ’F’:2, ’A’:1, ’G’:1
’J’:7, ’P’:3, ’E’:1, ’M’:1, ’4’:1, ’6’:1

Figure 2: Wrongly Recognized Translated Images.

misrecognitions of ”0” and ”O” can easily be corrected
by the statistical post processing (in MRZ recognition
task). Other misrecognition are not so simple for context
correction. Looking at these misrecognitions closer, one
can see several types of images, whose recognition is
difficult for a neural network trained on natural images.
Namely, these are noisy images, projectively distorted
images (e.g. translated images and especially rotated
ones), images overlapped by random lines, and blurred
images.
2) Training on natural + partially generated datasets.
The information about the most frequent types of mistakes
allowed us to improve recognition adding some distorted
images to the original training dataset. Wrongly recognized translated images are shown on Figure 2. First, we
added randomly translated images. We made two shifted
images per each natural. Each component of the shift
vector (δx, δy) (in pixels) was taken as rounded to integer
random value ϕ from a centered Gaussian distribution
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We say that MRZ is recognized correctly if all
symbols from the zone are recognized correctly. Sometimes we give results not only in percents of correctly
recognized symbols, but also in percents of correctly
recognized zones.
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Changing σ for x and y axes separately, one can get
various distribution of translated images. For example the
distribution of shifts for σ = 2 is shown in Figure 5.
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4. RESULTS
In this section we discuss the results testing of the
networks trained on different datasets and decribe some
useful techniches improving training.
1) Training on natural datasets.
Generation of training datasets from real images has
low computational complexity. We took all images for
training, equalized their amount (just repeat rare images)
and divide them into train batches. Then we made 25
experiments. We trained 25 networks with different initial
conditions. The results of testing are shown in Table 1.
Careful study of misrecognitions made by the networks
on validation dataset could help us to change the train
dataset and improve the recognition. The most frequent
misrecognitions are shown in Table 2 As shown in Table
2, the majority of errors is related to pairs of symbols
(”0”,”O”), (”<”,”2”), and (”8”,”B”). The predominant
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Figure 4: Wrongly Recognized Rotated Images
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Table 2: The most frequent mistakes on natur images.
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Figure 8: Validation Errors For Training With Rotations
of Images Added.

ing dataset, so that total amount of images increased
by 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25, 30, 35, 40, 45 percents. The results are shown on Figure 7. We obtain the
best result with 3 percents of images with lines added.

Figure 6: Validation Errors for Training with Translations
Generated with Different X,Y Sigma Pairs

Next, the most frequent remaining error became misclassifications of rotated images. Wrongly recognized
rotated images are shown on Figure 4. We have added
random 10 percents of rotated by a random angle images
from the centered Gaussian distribution
ϕ2
1
P (δα) = √ e 2σ2
σ 2π
We used σ = 0, 0.25, 0.5, 0.75, 1.0, 2.0, 3.0, 4.0 The
results are shown on Figure 8. We obtain the best result
with σ = 0.5

We used σ = 0.25, 0.5, 1.0, 2.0, 3.0, 4.0 for each axis.
For each pair of σ values we made 10 experiments and
calculated the average misclassification error. The results
are presented in Figure 6. The minimal number of error
was reached for σx = 0.25 and σy = 0.5. With respect
to training without translated images, the MRZ quality
increased from 84.78 to 89.68 and the number of correctly
recognized symbols — from 99.62 to 99.75.
After this improvement the most frequent remaining errors are misclassifications of images with lines
overlapped. Wrongly recognized images with lines are
shown on Figure 3. Again, one can generate images
with such lines and add them to the train dataset. We
generated images with 1, 2, or 3 lines of different
directions added to the random place inside the image. Lines are added to the random place inside the
picture, by the different angles to the botders of image. We have added images with lines to the train-

3) Training on artificial datasets.
We took font samples, background samples and generated
training datasets from them. As mentioned in the previous
section, we added artificial distortions to the training
dataset. Comparing to real images, artificially generated
datasets are too clean, which makes a training process
complicated. After training on artificial datasets without
distortions we got low quality on validation and test
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Table 3: Summarised Results.
Training dataset type
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images + line overlapping
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images + line overlapping + rotated images
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MRZ quality
84.78
89.68
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quality
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datasets. There were lots of misrecognitions of rather
simple blurred images, images with small lightspots, and
images with combinations of small distortions. We could
try to add different distortions with many parameters but
optimization of these parameters is rather difficult and
might take a lot of time. In our work, we used nomad optimization package for optimization of distortion
parameters. As a result we achieved 81.72 percent of
correctly recognized MRZ strings.
The best results achieved by our neural network
trained on datasets of the three types are summarised in
Table 3.
CONCLUSION
In this paper, we describe three methods of training
datasets development. The best results were obtained
on datasets created from natural images with distortions
generated from natural datasets. Using information about
neural network (trained on natural datasets) recognition
errors, we have improved our results and designed a
network more stable to distortions, compared to network
trained only on natural images.. As a result, using some
of the distortions for generating additional examples in
training datasets, we achieved quality 94.5% of correctly
recognized MRZ strings (0.9987% per letter). Using the
context postprocessing, which solves ”0” - ”O”, ”M””N”-”H” problems, we achieve quality 99.3% of correctly
recognized MRZ strings.
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ABSTRACT
This paper introduces a method for counting vehicle axles
in the video sequence appropriate for use in vision-based
automatic vehicle classifiers with narrow field of vision. The
procedure is simple, robust to wheel detector errors, and
computationally efficient due to the use of the fast Hough
transform. It provides a self-test for applicability for detection
of cases where it is not applicable, thus allowing adaptive
method switching for cases of non-uniform speed. We also
consider extensions to the method allowing for systematic false
positive wheel detections and non-uniform motion.
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a frame, and wheel detector can be constructed using pattern
recognition methods, such as Viola-Jones method (Minkina
et al. 2015; Viola and Jones 2004) or any other. To determine
the total wheel count we could plot the wheel centers in (x, t)
coordinates, x for the position along the motion direction
(horizontal) and t for timestamp of the frame and then count
the continuous tracks (connected components) corresponding
to each wheel.
In practice, since wheel is a highly varied and thus illdefined pattern, any wheel detector would have finite accuracy
and generate errors in the form of false positives, false
negatives or multiple activations per wheel (Figure 1). Determination of total wheel count from connected components
and center crossings is not very effective in these conditions
since there may be false tracks and large gaps.
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INTRODUCTION

INTRODUCTION

Toll roads play an important role in modern transportation
systems. To maximize the throughput of a toll gate it is essential to measure these characteristics automatically. Systems
that do this are known as automated vehicle classifiers (AVC).
Fee on such roads usually depends on geometric characteristics
of the vehicle (length and height) and its weight. In practice
the weigh-in-motion systems are expensive and troublesome,
and instead the wheel axle count is used as a proxy for the
maximal vehicle weight (Mimbela and Klein 2000).
In commercially available AVCs axles are usually counted
by optic pairs which are occluded by wheels of the passing
vehicle (Ueda et al. 1997). This system has significant disadvantages: it cannot discriminate between wheels and other
objects and doesn’t register raised wheel pairs which are
commonly used to reduce fuel consumption on empty rides.
Furthermore, it quickly becomes dysfunctional in conditions
of snow or dirt as optic pairs are located very close to the road
surface, and thus has very large maintenance costs. Compared
to such systems, computer vision-based systems for counting
vehicle axles seem beneficial.
One obvious way to count vehicle axles is to set up a video
camera looking at the side of a passing vehicle and use some
object tracking method to trace the path of each wheel (Figure 1). The problem of counting axles thus becomes the problem of counting wheels. For example, Frenze (2002) proposed
wheel detector based on circular Hough transform approach.
Also wheel can be defined as a characteristic static shape on
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Figure 1: Vehicle passing near an automatic vehicle classifier
camera. Squares show wheel detector results.
We present a robust and accurate method of vehicle axle
counting based on inputs from one or many noisy wheel
detectors for the case optimized for quasi-uniform motion of
the vehicle. The essence is that in the case of uniform motion
the track of each wheel is a straight noisy line (Figure 3a)
and we can robustly count these lines using the fast Hough
transform (FHT) (Nikolaev et al. 2008) with pre-smoothing.
The algorithm works with any wheel detector which gives the
coordinates of proposed wheel centers on each frame. Specifics
of wheel detection on a static image are beyond the scope of
this paper.
Throughout the text the algorithm or software component
that computes the integral wheel count from outputs of wheel
detectors on frames of video sequence will be referred to as
wheel integrator (WI).
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the track of each wheel is a straight noisy line (Figure 3a)
and we can robustly count these lines using the fast Hough
transform (FHT) (Nikolaev et al. 2008) with pre-smoothing.
The algorithm works with any wheel detector which gives the
coordinates of proposed wheel centers on each frame. Specifics
of wheel detection on a static image are beyond the scope of
this paper.
Throughout the text the algorithm or software component
that computes the integral wheel count from outputs of wheel
detectors on frames of video sequence will be referred to as
wheel integrator (WI).
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PROPOSED METHOD

In this section we describe a method for counting vehicle
axles in a video sequence of a vehicle pass using the fast
Hough transform.
A vehicle moves along the road through a reference plane
X that is perpendicular to the direction of vehicle’s movement.
The optical axis of the camera lies in the reference plane X.
Orthogonal projection of the plane X is observed on source
images as the line P .
We process frame sequences with corrected radial distortion.
If the vehicle is present as indicated by the pass detector
described elsewhere (Bocharov et al. 2015) we collect wheel
data. We know that the pass detector turns on before the actual
vehicle’s front (correspondingly it’s first axle) intersects the
line P on the image and turns off after the vehicle’s rear edge
(correspondingly it’s last axle) finishes intersecting the same
line P (Figure 2).
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X that is perpendicular to the direction of vehicle’s movement.
The optical axis of the camera lies in the reference plane X.
Orthogonal projection of the plane X is observed on source
images as the line P .
We process frame sequences with corrected radial distortion.
If the vehicle is present as indicated by the pass detector
described elsewhere (Bocharov et al. 2015) we collect wheel
data. We know that the pass detector turns on before the actual
vehicle’s front (correspondingly it’s first axle) intersects the
line P on the image and turns off after the vehicle’s rear edge
(correspondingly it’s last axle) finishes intersecting the same
line P (Figure 2).
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Figure 3: Steps of the wheel integrator algorithm for a vehicle
with 3 axles: raw W (x, t) image of wheel detector results (a);
result of W (x, t) preprocessing (b); Hough transform of the
preprocessed image (c).
(since Viola-Jones-based detector works on 3x or 4x downscaled image), we morphologically dilate the W (x, t) image
along the x-axis (the size of dilation structure element is also
adjusted experimentally). We will refer to the preprocessed
image as Wp (x, t). In case of uniform motion, wheel tracks on
Wp (x, t) are represented by almost continuous straight lines.
These lines are to be counted to give the final answer. An
example of Wp (x, t) is shown on Figure 3b.

3)

The algorithm starts when the vehicle leaves the frame.
Input to the axle counter consists of wheels w detected at
each frame by one or more wheel detectors. Each wheel
wi = {x, y, t, score, size}i is characterized by the coordinates
x, y of the center, frame timestamp t, size of detected wheel
size, confidence score score given by the detector.
Before counting axles we apply a spatial-domain detection
filter which is presented in further sections. After spatial filter
is applied wheel data is plotted on an image W (x, t):
score(w)

(1)

Example of raw W (x, t) image is illustrated below on
Figure 3a.
Image preprocessing
Since our wheel detectors have either significant xcoordinate error or discretization step greater than 1 pixel

Figure 3: Steps of the wheel integrator algorithm for a vehicle
with 3 axles: raw W (x, t) image of wheel detector results (a);
result of W (x, t) preprocessing (b); Hough transform of the
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(since Viola-Jones-based detector works on 3x or 4x downscaled image), we morphologically dilate the W (x, t) image
along the x-axis (the size of dilation structure element is also
adjusted experimentally). We will refer to the preprocessed
image as Wp (x, t). In case of uniform motion, wheel tracks on
Wp (x, t) are represented by almost continuous straight lines.
These lines are to be counted to give the final answer. An
example of Wp (x, t) is shown on Figure 3b.
Lines are represented by sharp maxima in the Hough-image
(Figure 3c). To find all straight lines in the image we employ
FHT backprojection method, which is illustrated on Figure 4.
The algorithm proceeds as follows:
1) Compute the initial Hough image (Hxt ):
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w: x(w)=x, t(w)=t
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Lines are represented by sharp maxima in the Hough-image
(Figure 3c). To find all straight lines in the image we employ
FHT backprojection method, which is illustrated on Figure 4.
The algorithm proceeds as follows:
1) Compute the initial Hough image (Hxt ):

Figure 2: Vehicle intersecting the line P . The beginning and
the end of intersection correspond to the time interval of a
vehicle presence on input images.

W (x, t) =

(b)

Counting wheel tracks with Hough transform

dt
) = FHT(Wp (x, t))
dx
2) Find the global maximum:

X

(a)

Counting wheel tracks with Hough transform

Hxt (t0 ,

(a)

(c)

4)

5)
6)

dt
Mxt = max Hxt (t0 ,
)
(3)
dx
If Mxt < TM (TM is an adjustable parameter) then there
is no more lines.
Otherwise compute the secondary threshold
Tm = Mxt Tr (Tr is an adjustable parameter) and
increment line count;
Determine parameters (ki , bi ) of the line on image plane
(ki , bi are the indexes of maximum Mxt on Hough
image);
Erase all pixels close to the line on fixed distance on
Wp (x, t);
Repeat the process (1) − (6) until either

dt
) < Tm
(4)
dx
or line count exceeds maximum possible axle count (we
consider vehicles with ≥ 10 axles negligibly rare).
As a side effect, the procedure allows us to determine the
speed of a vehicle (Konovalenko and Kuznetsova 2015) in
pixels per frame:


−1
dx
dt
= arg max Hxt (t0 ,
)
(5)
dt
dx
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Wp (x, t);
6) Repeat the process (1) − (6) until either

The algorithm starts when the vehicle leaves the frame.
Input to the axle counter consists of wheels w detected at
each frame by one or more wheel detectors. Each wheel
wi = {x, y, t, score, size}i is characterized by the coordinates
x, y of the center, frame timestamp t, size of detected wheel
size, confidence score score given by the detector.
Before counting axles we apply a spatial-domain detection
filter which is presented in further sections. After spatial filter
is applied wheel data is plotted on an image W (x, t):
W (x, t) =
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Example of raw W (x, t) image is illustrated below on
Figure 3a.
Image preprocessing
Since our wheel detectors have either significant xcoordinate error or discretization step greater than 1 pixel
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or line count exceeds maximum possible axle count (we
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max Hxt (t0 ,

Determination of more than 9 axles (the maximum possible amount of vehicle axles) in assumption of uniform
motion.
• Intersections of axle tracks within the W (x, t) image
bounds in assumption of uniform motion. This fact means
that we have probably observed axles outrunning one
another, what is absolutely not possible.
The modification is based on erasure of whole 8connected components on preprocessed image Wp (x, t). Assuming Wp (x, t) is already computed, the modified FHTbackprojection-erasure consists of the following steps:
1) Find all 8-connected components on Wp (x, t);
2) Compute the initial Hough image (Hxt );
3) Find global maximum Mxt ;
4) If Mxt < TM (TM is an adjustable parameter) then there
is no more lines.
Otherwise compute the secondary threshold
Tm = Mxt Tr (Tr is an adjustable parameter) and
increment line count;
5) Determine parameters of the counted line on image
plane;
6) Erase all 8-connected components on Wp (x, t) close to
the line within fixed distance along y-axis;
7) Repeat the process (2) − (7) until either max Hxt < Tm
or line count exceeds maximum possible axle count.
•

Figure 4: FHT backprojection-erasure algorithm. Rows in the
figure correspond to algorithm iterations: first row – initial
Wp 0 (x, t) and H0 images; second row – Wp,1 (x, t) with one
erased line and recalculated H1 .
This method is used in conjunction with methods described
in (Konovalenko and Kuznetsova 2015) to detect possible
classification errors due to overspeeding and errors in pass
direction estimation.
Non-uniform motion
FHT-based wheel counter is efficient and robust in cases of
uniform vehicle motion. Though in the case of non-uniform
motion we will observe one or more non-linear tracks on
W (x, t) image (Figure 5). Thus, FHT application may result
in overestimating the number of axles due to breaking tracks
into segments. In this section we propose a modification that
allows us to reliably count curved wheel tracks that enables
the application of the method to a large class of non-uniform
vehicle passes as well.

SPATIAL DETECTION FILTER
It is common for wheel detectors to mistake various round
objects for wheels, such as gas tanks, pictures on vehicles, light
reflections on a road surface etc. Since video camera looks at
the side of a passing vehicle, wheel data in (x, y) domain
will be represented as linear tracks with additive uniform
noise along y-axis. In case of sufficient false positive detection
rate, we expect that mostly all false positive wheels will be
positioned above true positive. Examples of false positive
wheel detections on vehicles are illustrated in Figure 6. Thus,
we can use spatial coordinates (x, y) of each detected wheel
as a criteria for filtration.
Let us consider (x, y) domain and plot wheel data on an
image W (x, y):
W (x, y) =

X

1
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in (Konovalenko and Kuznetsova 2015) to detect possible
classification errors due to overspeeding and errors in pass
direction estimation.
Non-uniform motion
FHT-based wheel counter is efficient and robust in cases of
uniform vehicle motion. Though in the case of non-uniform
motion we will observe one or more non-linear tracks on
W (x, t) image (Figure 5). Thus, FHT application may result
in overestimating the number of axles due to breaking tracks
into segments. In this section we propose a modification that
allows us to reliably count curved wheel tracks that enables
the application of the method to a large class of non-uniform
vehicle passes as well.

SPATIAL DETECTION FILTER
It is common for wheel detectors to mistake various round
objects for wheels, such as gas tanks, pictures on vehicles, light
reflections on a road surface etc. Since video camera looks at
the side of a passing vehicle, wheel data in (x, y) domain
will be represented as linear tracks with additive uniform
noise along y-axis. In case of sufficient false positive detection
rate, we expect that mostly all false positive wheels will be
positioned above true positive. Examples of false positive
wheel detections on vehicles are illustrated in Figure 6. Thus,
we can use spatial coordinates (x, y) of each detected wheel
as a criteria for filtration.
Let us consider (x, y) domain and plot wheel data on an
image W (x, y):
W (x, y) =

(6)

w: x(w)=x, y(w)=y

Figure 5: Preprocessed Wp (x, t) image examples of nonuniform vehicle motion. Images demonstrate 5 (left), 2 (central), 6 (right) axles correspondingly.

Examples of raw W (x, y) images are shown on Figure 7.
Our goal is to estimate the area of true positive wheel
detections. We propose either simple median-based approach
or a more sophisticated FHT-based approach.

The first approach is based on assumptions that a vehicle
moves mostly horizontally on image plane (Figure 7 (a), (c))
and the number of true positive wheels is bigger than the
number of false positive. Thus, a true positive track on
W (x, y) can be approximated with a horizontal line y = y0 .
Method for y0 estimation is represented below:
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w: x(w)=x, y(w)=y

Figure 5: Preprocessed Wp (x, t) image examples of nonuniform vehicle motion. Images demonstrate 5 (left), 2 (central), 6 (right) axles correspondingly.

Median approach
We propose the conditions when the original method of
axle counting is deemed to be unreliable, probably due to
nonuniform motion:
• Pass duration exceeds an adjustable parameter value Tp
(As typical vehicle length is bounded from top while
practical uniform vehicle speed is bounded from bottom).

X

Examples of raw W (x, y) images are shown on Figure 7.
Our goal is to estimate the area of true positive wheel
detections. We propose either simple median-based approach
or a more sophisticated FHT-based approach.
Median approach

We propose the conditions when the original method of
axle counting is deemed to be unreliable, probably due to
nonuniform motion:
• Pass duration exceeds an adjustable parameter value Tp
(As typical vehicle length is bounded from top while
practical uniform vehicle speed is bounded from bottom).

The first approach is based on assumptions that a vehicle
moves mostly horizontally on image plane (Figure 7 (a), (c))
and the number of true positive wheels is bigger than the
number of false positive. Thus, a true positive track on
W (x, y) can be approximated with a horizontal line y = y0 .
Method for y0 estimation is represented below:
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the y-axis. Preprocessed W (x, y) image will be referred as
Wp (x, y). Then we compute Hough image (Hxy ):

the y-axis. Preprocessed W (x, y) image will be referred as
Wp (x, y). Then we compute Hough image (Hxy ):

dy
) = FHT(Wp (x, y))
(10)
dx
Then find coordinates of the global maximum in Hxy :


dy
Mxy = arg max Hxy (y0 ,
)
(11)
dx

dy
) = FHT(Wp (x, y))
(10)
dx
Then find coordinates of the global maximum in Hxy :


dy
Mxy = arg max Hxy (y0 ,
)
(11)
dx

Indexes (b, k) of global maximum Mxy represent the parameters of a line on the source image W (x, y). True positive
wheels area A is defined as follows:

Indexes (b, k) of global maximum Mxy represent the parameters of a line on the source image W (x, y). True positive
wheels area A is defined as follows:
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A : y > k x + b − margin ∩ y < k x + b + margin

Figure 6: Examples of false positive wheels recognition on
vehicles.

(a)

(b)

Current wheel wi passes through filter if x, y (wi ) ∈ A.
The algorithm of true positive wheels area determination is
illustrated below (Figure 8).
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y0 = Median (∀w : y(w))

(c)

(d)

Figure 8: Hough approach for determination true positive
wheels area: raw image W (x, y) (a); pre-processed image
Wp (x, y) (b); Hough image Hxy (c); Algorithm result (d).
Central line approximates wheels track, border lines correspond to area bounds.

Parameter α is determined experimentally and equals 0.15.

Actually, vehicle movement direction on image plane is not
strictly horizontal (Figure 7 (b)) and y0 estimation for accurate
wheel track approximation is not enough. As in the basic
wheel counting procedure, we employ fast Hough transform
(FHT) as both computationally efficient and noise robust. At
first we smooth raw W (x, y) image with the box filter along

(b)

(c)

(d)

(7)

A : y > y0 − margin ∩ y < y0 + margin

(8)

within we assume presence of only true positive wheels.
Current wheel wi passes through filter if y(wi ) ∈ A. Parameter
margin is estimated as follows:
margin = α · Median (∀w : size(w))

(9)

Figure 8: Hough approach for determination true positive
wheels area: raw image W (x, y) (a); pre-processed image
Wp (x, y) (b); Hough image Hxy (c); Algorithm result (d).
Central line approximates wheels track, border lines correspond to area bounds.

Parameter α is determined experimentally and equals 0.15.
EXPERIMENTAL RESULTS

FHT approach

(a)

After y0 coordinate of detected wheels is defined we consider an area A:

(8)

within we assume presence of only true positive wheels.
Current wheel wi passes through filter if y(wi ) ∈ A. Parameter
margin is estimated as follows:

(12)

Current wheel wi passes through filter if x, y (wi ) ∈ A.
The algorithm of true positive wheels area determination is
illustrated below (Figure 8).

Figure 7: Raw W (x, y) image examples: Wheel data doesn’t
contain false positive detection results (a); examples of true
positive wheels tracks (below) and false positive tracks (above)
(b, c).

(7)

After y0 coordinate of detected wheels is defined we consider an area A:

margin = α · Median (∀w : size(w))

Figure 6: Examples of false positive wheels recognition on
vehicles.

(a)

Figure 7: Raw W (x, y) image examples: Wheel data doesn’t
contain false positive detection results (a); examples of true
positive wheels tracks (below) and false positive tracks (above)
(b, c).

A : y > y0 − margin ∩ y < y0 + margin

A : y > k x + b − margin ∩ y < k x + b + margin

(12)

(c)

y0 = Median (∀w : y(w))

Hxy (y0 ,

As wheel integrator has quite a few parameters, we applied
a black-box optimizer NOMAD (Le Digabel 2011). Initial
parameters values were adjusted experimentally by observing
vehicle passes and results of wheel counter.
We have collected test data containing 18313 vehicle passes
and estimated the quality of four variants of the proposed axle
counter. Test results are shown in Table 1.

524

EXPERIMENTAL RESULTS
FHT approach
Actually, vehicle movement direction on image plane is not
strictly horizontal (Figure 7 (b)) and y0 estimation for accurate
wheel track approximation is not enough. As in the basic
wheel counting procedure, we employ fast Hough transform
(FHT) as both computationally efficient and noise robust. At
first we smooth raw W (x, y) image with the box filter along

As wheel integrator has quite a few parameters, we applied
a black-box optimizer NOMAD (Le Digabel 2011). Initial
parameters values were adjusted experimentally by observing
vehicle passes and results of wheel counter.
We have collected test data containing 18313 vehicle passes
and estimated the quality of four variants of the proposed axle
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Table 1: Axle counting algorithm test results, where: Base
– FHT axle counter; M – FHT axle counter with median
filtration; XY – FHT axle counter with FHT-based filtration;
XY-CC – FHT axle counter with FHT-based filtration and nonuniform modification. Each cell contains ratio of correctly
counted vehicle axles to total in percentages.
Axle

Dataset size,

count

vehicle passes

2

16644

99.06

99.21

99.63

99.69

3

324

78.09

83.33

94.44

94.44

≥4

1345

96.88

96.95

95.69

95.24

Total

18313

98.53

98.76

99.25

99.27

Base

M

XY

XY-CC

DISCUSSION
In this section we discuss the effects of various algorithm
modifications on different vehicle classes which you can see
in Table 1.
FHT based axle counter demonstrates 98.53% quality on
the total set of 18313 vehicles. The proposed counter works
best on 2 axle vehicles as they are very common and their
shape of wheels has low variance.
The second-best quality is observed for ≥ 4-axled vehicles.
The variation of vehicle configuration is quite high (includes
trailers, truck tractors and special vehicles like boat carriers),
therefore wheel detectors tend to have more both false positive
and false negative errors. Considering that the exact axle count
is not important, a part of vehicles is classified correctly due
to false positive detections compensating for the lost axles.
This explains why the addition of spatial detection filters can
decrease the quality: the filter removes false positive detections
which canceled out errors from the lost axles. Overall the
decrease for ≥4-axled vehicles is small and is justified by
the increase for other classes.

the counting quality increases with sophistication of the filter
(from 78.09% through 83.33% to 94.44%, four times decrease
in the error rate). These vehicles are also the least frequent
therefore it is difficult to tune the algorithm parameters.
When vehicle trajectory is not horizontal in x, y domain,
median filtration cuts off true positive wheels since it doesn’t
take slope into account. More accurate XY Hough-based
approach significantly increases the total quality from 98.76%
to 99.25%.
Non-uniform modification of counting algorithm that introduces connected component erasure increases total quality
due to improvements in 2-axled vehicles only, whereas ≥ 4axled vehicles take a small hit since this modification tends
to decrease the resulting axle count resulting from merging
errors shown on Figure 10.

Figure 10: Example of an x-t image where connected component erasure leads to an error.
CONCLUSIONS
We have solved the axle counting problem for video-based
vehicle classification in the case of quasi-uniform vehicle
speed and a narrow field of vision. The use of the fast
Hough transform proved beneficial for robust straight line
detection and is employed in both wheel track counting
(FHT-backprojection procedure) and in filtering out systematic
false positive wheel detections. The non-uniform motion can
be handled effectively by extending the FHT backprojection
procedure with connected component analysis, and spatial
detection filters allow to solve the issue of false positive wheel
detection.
The resulting method is a part of an industrial vehicle
classification system already deployed at toll roads in Russia.
We consider further improving the logic for dealing with
nonuniform and reversive motion and static false positive
wheel detections on the background.
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– FHT axle counter; M – FHT axle counter with median
filtration; XY – FHT axle counter with FHT-based filtration;
XY-CC – FHT axle counter with FHT-based filtration and nonuniform modification. Each cell contains ratio of correctly
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FHT based axle counter demonstrates 98.53% quality on
the total set of 18313 vehicles. The proposed counter works
best on 2 axle vehicles as they are very common and their
shape of wheels has low variance.
The second-best quality is observed for ≥ 4-axled vehicles.
The variation of vehicle configuration is quite high (includes
trailers, truck tractors and special vehicles like boat carriers),
therefore wheel detectors tend to have more both false positive
and false negative errors. Considering that the exact axle count
is not important, a part of vehicles is classified correctly due
to false positive detections compensating for the lost axles.
This explains why the addition of spatial detection filters can
decrease the quality: the filter removes false positive detections
which canceled out errors from the lost axles. Overall the
decrease for ≥4-axled vehicles is small and is justified by
the increase for other classes.
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A WAY TO REDUCE THE ARTIFACTS CAUSED BY INTENSELY
ABSORBING AREAS IN COMPUTED TOMOGRAPHY
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ABSTRACT
Artifacts caused by intensely absorbing areas are
encountered in computed tomography and may obscure
or simulate pathology in medical applications, hide or
mimic the cracks and cavities in the devices at industrial
applications. We simulated sinograms with different
levels of absorption to demonstrate the artifacts
dynamics. If the analysis of the measured data shows
the presence of strongly absorbing areas in the object
under study we propose to use quadratic programming
technique for solving the inverse problem. Although the
technique is time-consuming it allows us to avoid the
typical artifacts. We compare the images reconstructed
with different techniques including the proposed one.
OVERVIEW
One known problem in computed tomography (CT) is
the appearance of metal artifacts in reconstructed CT
images (Barrett and Keat 2004; Boas and Fleischmann,
2012). This effect is due to the presence of intensively
absorbing areas inside the objects or in the human body,
such as dental fillings or hip prostheses, and leads to
inconsistencies in the Radon or projection space. These
inconsistencies always observed in the integral
attenuation values are due to the polychromatic X-ray
spectrum produced by the X-ray tube and may occur in
the monochromatic mode. This often leads to artifacts in
the reconstructed images in the form of dark stripes
between metal objects with light, pin-striped lines
covering the surrounding tissue. Besides beam
hardening, another source of metal artifacts is high ratio
between scattered and primary radiation, that causes a
low SNR in the metal shadow. Additionally, the partial
volume effect is a source of metal artifacts in
transmission CT images. Especially in those cases in
which the radiation is completely absorbed due to the
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thickness of the materials, very bright stripes are found
radially around the object; thus the whole image loses
its diagnostic value (Buzug, 2008).
Some manufacturers use different tricks to avoid these
artifacts, like hardware corrections (automatic x-ray
tube current modulation), reconstructed results filtering
and adaptive filtration to reduce the streaking in photonstarved images during sinogram pre-processing. This
software correction smoothes the attenuation profile in
areas of high attenuation before the image is
reconstructed (Barrett and Keat, 2004). Others provide
tomography measurements using multi-energy scanning
(Bamberg et al., 2011).
On the other hand, statistical reconstruction techniques
are especially capable of dealing with the metal artifact
reduction problem. The core of some of these methods
consists of an a priori knowledge of the statistical
distribution of photon counts and a system matrix that
models the physical X-ray absorption process (Muller,
2006; Buzug, 2008). Each row of the system matrix
represents a single X-ray beam running through the
measurement volume. Contrary to filtered backprojection, the influence of each single beam on the
image reconstruction can be weighted separately. In this
way, beams through the metal objects can be treated
appropriately. This maximum likelihood (MLEM)
algorithm (Buzug, 2008) and modified MLEM
algorithm is called λ-MLEM (Oehler and Buzug, 2007)
improves image quality compared with pure
interpolation or missing data concept (Amirkhanov et
al., 2012). An expert system based on fuzzy logic
(Martorelli, 2011) is used to process the CT images and
to clean them automatically leaving the decisional phase
to the computer. We propose to use quadratic
programming technique for solving the inverse problem.
Although the technique is time-consuming it allows us
to avoid the typical artifacts. The quadratic
programming technique was used to remove the ring
artifacts in transmission tomography (Titarenko et al.,
2010). We first propose to implement it to reduce
artifacts caused by intensely absorbing areas. We
compare the images reconstructed with different
techniques including the proposed one.
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Here is the linear absorption coefficient, ij represents
the contribution of the ith pixel to the jth component of
the vector I.
The phantom presented on Figure 2 was used for
simulation of the sinograms. The values of the
absorption coefficients were chosen for 8keV. The
description of the phantom: first ellipse is filled by Si,
the second one is filled by Ge, the values in the
intersection area are consistent with Gd. 2D parallel
projection data contain 180 projections, and each
projection
contains
256
simulated
detector
measurements. The images below were reconstructed on
a 600 × 600 grid with different pixel spacing. We
excluded Poisson error (photon counting noise). As
registered signal is a discrete signal we use the
approximation (APP): to write int(Ij) in the jth
component of the vector instead of Ij.

SIMULATION
This part of the article aims to track the artifacts caused
by intensively absorbing areas through mathematical
analysis. In our model only photoelectric effect of "true
absorption" is considered. The scanning scheme is
parallel (Figure 1) and the monochromatic mode used
for probing.

Figure 1: Schematic diagram of CT
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We discuss the problem directly in discrete form as later
we will use algebraic technique RegART (Prun et al.,
2013) to reconstruct the images. We superimposed a
square grid on the image x,yWe assume that in each
pixel the function x,yis constant. Let  denotes this
constant value in the ith pixel. The values of the pixels
are considered as variables collected in a vector. Like
the image the projections will also be given in oneindex representation. Let Ij denotes the value measured
by a detector cell at particular rotation angle. Then the
size of the vector I is equal to the number of the detector
cells multiplied by the rotation angles. Then the
absorption process is described by the expression:
𝐼 𝑗 = 𝐼0 exp(− ∑𝑖 𝜇𝑖 𝜔𝑖𝑗 )
(1)

Figure 3: Sinogram for 0.5 m pixel size
The simulated sinogram for 0.5 m pixel size is
presented in Figure 3. Fragments of the reconstructed
with RegART images are presented on Figure 4.
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Figure 4: Fragments of the reconstructed image.
Difference between two images (left and right) is that
for the first one the sinogram was calculated according

Figure 2: Phantom used for simulations
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to Expression (1), and for the second one the
approximation (APP) was used. The absence of strong
differences in the images gives us the right to continue
to use this approximation.

to Expression (1), and for the second one the
approximation (APP) was used. The absence of strong
differences in the images gives us the right to continue
to use this approximation.

Figure 7. Sinogram for 1.5 m pixel size

Figure 5: Fragments of the reconstructed image
Once we have increased the size of the pixel (Figure 5.
Left - pixel size is 1.0 m; right - pixel size is 1.5 m.),
thereby increasing the absorption, we are witnessing the
emergence of characteristic artifacts (Figure 6. Pixel
size is 1.5 m.) in the reconstructed image. Images are
reconstructed with RegART.

Figure 6: Fragment of the reconstructed image
Figure 7 shows a sinogram calculated for the case where
the pixel size is 1.5 microns. The middle part of the
sinogram has intensity decrease to almost zero. We have
introduced a minimum threshold to approximate the real
measurements. To reduce the artifacts that may obscure
or simulate pathology in medical applications, hide or
mimic the cracks (Figure 6) and cavities in the devices
at industrial applications we proposed to solve the
inverse problem by the quadratic programming
technique instead of RegART.

RESULTS

RESULTS

The quadratic programming technique was applied to
reduce the artifacts caused by intensely absorbing areas.
A phantom of size 10 by 10 pixels was used (Figure 8a).
It consists of 2 parts. The first from left looks like a
bracket and has high level of absorption. The second is
a small cross which has lower level of absorption. The
image (Figure 8a) is forward projected to get simulated
projection data.
Number of the rotation angles is 35. The angles are
equally distributed on the range from 0 to 180 degrees.
MATLAB function radon was used to perform forward
projection. To model the effect of intense absorption we
introduced the following condition: if the simulated
projection value is greater than the threshold, the
threshold value is attributed:
∑ 𝜇 𝜔 , 𝑖𝑓 ∑𝑖 𝜇𝑖 𝜔𝑖𝑗 < 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑;
𝑃𝑗 = { 𝑖 𝑖 𝑖𝑗
(2)
𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑.
Here j is an index of the ray-sum, i is an index of pixel
of the image that is being reconstructed. The threshold
value is 800. Pixel size is 1.
Image reconstructed with MATLAB iradon function
with default parameters is presented on Figure 8b.
iradon uses the filtered back-projection algorithm to
perform the inverse Radon transform.
Image reconstructed with quadratic minimization
technique (3) is presented in Figure 8c. We solved the
optimization problem, which can be defined by the
constraints:
∑𝑖 𝜇𝑖 𝜔𝑖𝑗 = 𝑃𝑗 , 𝑗 = 1, … ,35 ∗ 10 (3)
with an objective function to minimize:
‖𝑃𝑚𝑒𝑎𝑠𝑢𝑟𝑒 − 𝑃𝑘 ‖2 → 𝑚𝑖𝑛𝜇 .
𝑚𝑒𝑎𝑠𝑢𝑟𝑒
Here 𝑃
is calculated by (2), k is a number of
current iteration.
To advance the quadratic programming technique we
replace the linear system of the constraints equations (3)
by a system of the equations and the inequalities in
agreement with
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𝑖
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We obtain new optimization problem:
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‖𝑃𝑚𝑒𝑎𝑠𝑢𝑟𝑒 − 𝑃𝑘 ‖2 → 𝑚𝑖𝑛𝜇 , 𝑤𝑖𝑡ℎ 𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡𝑠
{𝑖𝑓 ∑𝑖 𝜇𝑖 𝜔𝑖𝑗 < 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑, 𝑡ℎ𝑒𝑛 ∑𝑖 𝜇𝑖𝑘 𝜔𝑖𝑗 = 𝑃𝑗 (4)

artifacts caused by presence of the areas intensively
absorbing or totally blocking the X-ray beams. Presence
of such regions is fairly common situation, for example,
in implantology. The presence of artifacts in this case is
critical. They change the true picture of implants
dynamics.

𝑒𝑙𝑠𝑒 ∑𝑖 𝜇𝑖𝑘 𝜔𝑖𝑗 > 𝑇𝑟𝑒𝑠ℎ𝑜𝑙𝑑,
This optimization problem was solved by the quadratic
programming technique. Figure 8d represents the result.
Comparison of the results: (a) The phantom used for
sonogram simulation; (b) Image reconstructed by
MATLAB iradon with default parameters; (c) Image
reconstructed by quadratic minimization without
inequality restrictions; (d) Image reconstructed by
quadratic programming with inequality restrictions.
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Figure 8: Comparison of reconstruction results
To compare the reconstruction quality for each image
(Fig.8b, Fig. 8c, Fig. 8d) we calculate the mean value E
and the variance Var for the bracket and for the cross.
The boundary of a region within which a value has been
calculated is exactly the same as on the phantom. The
calculated values for the bracket:
E8a=255, E8b=146, E8c=233, E8d=225;
Var8a=0, Var8b=25, Var8c=30, Var8d=26.
The calculated values for the cross:
E8a=164, E8b=69, E8c=170, E8d=151;
Var8a=0, Var8b=3.6, Var8c=19.5, Var8d=5.2.
It is easy to see that the border areas on the last image
less blurred than in other. If we sum all the facts given
above, we get the following output. The use of quadratic
programming technique allows to keep the sharp
boundaries, without increasing the variation on
homogeneous areas.
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𝑒𝑙𝑠𝑒 ∑𝑖 𝜇𝑖𝑘 𝜔𝑖𝑗 > 𝑇𝑟𝑒𝑠ℎ𝑜𝑙𝑑,
This optimization problem was solved by the quadratic
programming technique. Figure 8d represents the result.
Comparison of the results: (a) The phantom used for
sonogram simulation; (b) Image reconstructed by
MATLAB iradon with default parameters; (c) Image
reconstructed by quadratic minimization without
inequality restrictions; (d) Image reconstructed by
quadratic programming with inequality restrictions.
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Figure 8: Comparison of reconstruction results
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E8a=164, E8b=69, E8c=170, E8d=151;
Var8a=0, Var8b=3.6, Var8c=19.5, Var8d=5.2.
It is easy to see that the border areas on the last image
less blurred than in other. If we sum all the facts given
above, we get the following output. The use of quadratic
programming technique allows to keep the sharp
boundaries, without increasing the variation on
homogeneous areas.
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In this paper, we present a new technique of space
symbol detection in the task of monospaced text
recognition for credit cardholder name as an example. In
the considered case, standard methods fail or have low
quality because of background complexity and
variability of symbol colors. Suggested method is based
on the usage of two conjoined symbol images as an
input for artificial neural network. This provides
background visual context for the recognizer, which
helps it to distinguish between symbols and spaces.

In this paper, we present a new technique of space
symbol detection in the task of monospaced text
recognition for credit cardholder name as an example. In
the considered case, standard methods fail or have low
quality because of background complexity and
variability of symbol colors. Suggested method is based
on the usage of two conjoined symbol images as an
input for artificial neural network. This provides
background visual context for the recognizer, which
helps it to distinguish between symbols and spaces.
Figures 1. Example of an Input Image for Card
Recognition

INTRODUCTION
Warren McCulloch and Walter Pitt created the first
computational model for artificial neural networks
(ANN or simply NN) in 1943. They called this model
threshold logic (McCulloch et al., 1943). The first
known implementation of this model (Frank Rosenblatt,
1957) was designed for optical character recognition.
Since 1980, usage of neural networks with convolution
layers took place for the same task (Fukushima and
Kunihiko, 1980) along with multilayer perceptron.
However, computation efficiency of the previous
generation of NNs is still attractive and people continue
to develop new feature extraction methods for them
(Anil K Jain et al., 1996).
It is possible to write dozens of pages about symbol
recognition with neural networks, but this work is about
the application of NNs for something other than the
recognition of separate symbols.
In this work, we consider one of the stages of cardholder
name recognition on credit card images. We analyse the
working high-performance card recognition system. One
of the essential features of the system is processing time.
Therefore, we could not afford methods with high
computational complexity.
The first stage of the card recognition algorithm is card
border detection. We use the method for rectangular
document detection described in (Natalya Skoryukina et
al., 2014). After obtaining card quadrangle, we use
projective rectification to restore its original rectangular
form.
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On the rectified card image, we perform field detection
and recognition. For field detection, we compute image
projection on the vertical axis in the specified region of
interest and determine top and bottom boundaries for
every target field. In this paper, we consider only name
field recognition. There is an example of the name field
region of the input image on Fig. 2.

Figures 2. Example of an Input Image for Name
Recognition, Character Boxes (“#”) and
Space Positions (“_”)
On the name field region of the input image, we apply a
segmentation method to find exact cell coordinates for
every character. We use the fact that all symbols of the
card name field originally have the same width, which
noticeably simplifies the task. In such cases
segmentation algorithm could be based on dynamic
programming with character width deviation constraints.
Algorithm itself is simple and works almost perfect for
the analyzed system.
We crop symbol images and pass them as an input for
the symbol recognizer based on an artificial neural
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We crop symbol images and pass them as an input for
the symbol recognizer based on an artificial neural
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network. At the last stage of the name field recognition,
we apply statistical post-processing using dictionaries
(Sholomov et al., 2005; Slavin et al., 2011).

a broader visual context (at least two neighboring
characters).
We will use the NN with similar architecture, but in a
different way. The main source of architecture
difference between these neural networks is the
processing time handicap. Therefore, new NN should be
lighter. Instead of giving separated symbols for
recognition, we will feed two neighboring symbols
image as input (see Fig. 5). This NN will have four
dimensioned output vector. This neural network is
trained to separate two spaces, symbols and space, space
and symbol and two symbols images.

network. At the last stage of the name field recognition,
we apply statistical post-processing using dictionaries
(Sholomov et al., 2005; Slavin et al., 2011).

Figures 3. Image, which is Hard to Segment
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Space/symbol detection precision of the recognizer used
in our system is 96.5%, when its character recognition
precision is 98.7%. The used recognizer has no special
abilities for space/symbol detection and recognizes them
as characters. Space is one of the 29 different symbols
of the alphabet (A-Z, dot, space and hyphen) and has no
special properties. As the recognition quality
requirements increase, it becomes clear that dictionary
based language model is also not powerful enough for
correction of wrongly recognized spaces. Thus another
algorithm for space/symbol detection is needed which
would be efficient, robust and fast. This algorithm will
have to deal with problems related to the complexity of
card background: lines, curves, sparkles and shadows.
Standard methods of distinguishing between spaces and
characters based on analysis of image statistics show
unsatisfactory results (as we will show below) due to
complexity of the background mentioned above. Due to
the presence of sparkles and shadows along the strokes
of the embossed characters the binarization methods,
which are widely used in scanned document recognition
(Jagroop Kaur and Dr. Rajiv Mahajan, 2014), are also
inapplicable.
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Figures 5. Difference Between NNs Application: Base
and Proposed Way.
Now this approach is poorly investigated. Most relevant
works consider handwriting letters recognition problem
using ligatures classification (Bong-kee Sin and Jin H.
Kim, 1997).
WHY NEURAL NETWORK?
Artificial neural networks are well-known technique
(Tao Wang et al., 2012; Vivek Shrivastava and Navdeep
Sharma, 2012), but it is not the only way to recognize
symbols. A set of completely different methods also
exists (Datong Chen et al., 2014), but every method has
its own specifics and limitations. At first, let us consider
simpler methods to understand why we want to use
neural network in the task of space detection. The
common approach to this problem is to collect and
analyze symbol image statistics (Katherine L. et al.,
2011). We assume that empty character box will differ a
lot from the one with symbol in terms of gradient,
dispersion, etc.
Let us consider in detail why these standard methods
based on image statistics are inapplicable in our case. As
mentioned above, the main problem is background
complexity. We have analyzed some image statistics
distributions to show a problem existence.
Trivial hypothesis number one: character box with a
symbol will have higher average gradient absolute value.
It is obvious that using the distribution of the absolute
gradient (see Fig. 6) we cannot build a classifier with
quality over 96.5% (quality of the base method).

Figures 4. Non-Binarizable Image
In the considered case, any single character recognition
algorithm may give very confident non-space answers
on space images and very confident space answers on
letter images, since even human not always able to tell
for sure whether there is a letter or a space given
cropped character cell image. On the other hand, space
detection precision could be higher if the system will use
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Figures 6. Average Gradient Absolute Values for Spaces
and Symbols in Reference Dataset
Trivial hypothesis number two: character box with a
symbol will have higher dispersion of pixel intensities.
The distribution shown on Fig. 7 also does not provide
the discriminative power sufficient to surpass the base
method.
Besides, since these values are calculated from the same
image in similar way and represent similar image
properties (in slightly different ways) their errors are
correlated. That means that even combination of these
methods will not achieve the required quality.

Figures 8. Spaces/Symbols Detection Problem
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Main feature of the suggested idea is that the NN uses
both neighboring symbol images to determine the grade
of similarity between the left and right parts of the input
image. Hence, this NN has four output pins: two spaces,
space and symbol, symbol and space, two symbols.
Switching for task of similarity distinguishing between
two symbols instead of direct space detection we hope
to solve some complex cases (see Fig. 8).
We should notice that we did not expect to gain huge
quality increase using only this method. Instead, we are
creating a method with different error distribution and
combining it with other techniques. The idea of the
combination of different methods is not new and is well
described in literature (Sergey Tulyakov et al., 2008).
It was not the first experiment for space/symbol
detection using a separate method. There were attempts
to train NN with two output pins, but with one character
image as an input. The main difference between the base
method and the 2-cell NN was the output alphabet. It
could be the reason why we could not achieve quality
improvement.
We have implemented proposed approach within
development of a recognition system for credit cards. As
a reference dataset, we have used a set of different
images of 4320 cards containing about 130000 name
field characters. All neural networks were trained on a
separate dataset of about 230000 character images with
ground truth.
We have prepared a special train dataset consisting of
every pair of neighboring symbols and spaces with
proper labels and used it to train our NN with four
output pins.
At the recognition stage, we have used conjoined
characters as an input for the NN and compared results
with the base method that tries to recognize every
character separately.
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We have decided to use a broader visual context of a
symbol as an input for the new artificial neural network
(2-cell NN).
A hypothesis was that the image of two conjoined
characters would present more information about the
background, allowing us to perform better space/symbol
distinction.
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This table shows that 2-cell NN has better quality in
overall and a different errors distribution. It shows better
space detection precision and a slight decrease in
symbol detection precision. Using only this NN allows
us to increase recognition quality a bit, but our goal is
the combination of the methods.
What is very important here is errors distribution, which
is different (Table 2).
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errors of the letter NN and the quality of the 2-cell NN
over these samples. Third and fourth rows show the
same, but for the 2-cell and letter NNs respectively.
This allows us to combine methods in order to create a
new one with better quality. We take both estimations
and simply make a new one as their weighted
combination. This is how we use the idea in the resulting
system.
In the Table 3 we have per-image overall recognition
quality of the system. 2-cell version uses only 2-cell NN
for space detection, whereas combined version
represents a combination of letter and 2-cell networks in
the task of space detection.
Table 3. Per-Card Result

Base version
2-cell version
Combined version

Quality, %
96.39
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Quality, count
4164
4167
4193

It is also worth noting that space detection problem is
not the only source of recognition errors. They come
from all subsystems in various amount. In our case the
greatest problem is OCR itself due to the input image
imperfections, but it is a topic for a different paper.
We have successfully applied this technology in existing
and working system of credit card recognition.
CONCLUSION
As we have shown, information about background from
a broader zone helps to recognize some of the
background elements as a true space character instead of
a false symbol. This idea can be improved using even
wider zone of an image or performing different
transformations for the database in order to train the NN
to recognize spaces on given samples of the text line
region. Further extending of the zone can require much
wider training dataset; this problem is a topic for a
different paper.
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ITIL is full of tips, warnings, knowledge, omissions,
instruction, and things what to do or not do. One of the
greatest benefits of ITIL is a fact that it is based on
experience of others (Bucksteeg, M. 2012).
According to the current version of ITIL v3 it is
possible to say that ITIL tool is an arbitrary software
tool which use leads to probably improve and
streamline the providing and managing IT services.
There is only one condition – it must be a SW (Kralik,
L. 2013).
The uses of ITIL tools are complicated due to the
wide range of offered tools and their price. For this
reason small and medium companies have no interest
in usage of ITIL. On the other hand, recently
significant amounts of Free and Open Source SW are
beginning to discover even between ITIL tools.

KEYWORDS
ITIL, ITIL tools, tools, IT service support, ITIL
implementation, multicriterial evaluation.
ABSTRACT
This paper responds to requirement to improve the
orientation between offered SW, such as ITIL tools.
Nowadays there are enormous amount of offered tools.
This situation very often leads to poor implementation
of ITIL on the basis of primary unappropriate choice.
This paper is focused on the model and proposal of
evaluation criteria for free and open source tools for
modeling and support of IT service management
according to ITIL. Thus this article aims to model the
classification, which should facilitate choice of a
suitable tool. Simultaneously, this classification will
serve for further work – creation of methodology for
evaluation of ITIL tools. In first phase this proposal is
aimed mainly on Czech companies which will provide
required feedback for future work.

ITIL LIFECYCLE
Form of each service according to ITIL is based on
strategy (Service Strategy), which defines the reasons
for its existence. Then it passes through the formulation
of a proposal and development of service (Service
Design), which is subsequently realized. Finally
service is deployed (Service Transition) and operated
on a daily maintenance (Service Operation). However,
this is not end because service is monitored through all
stages of the service lifecycle. This will allow
continuous
improvement
(Continual
Service
Improvement) of all aspects of the service (Bucksteeg,
M. 2012).

INTRODUCTION
With the development of information and
communication technologies (ICT) and their
interference into all sectors, management and delivery
of IT services gaining different dimension and
meaning. The quality of providing or managing IT
services can greatly affect the operation or performance
of company (Lukas, L.; Cahlik, M. and L. Kralik. 2012).
For this reason it was introduced as an internationally
acclaimed standard known as ITIL. It is an acronym for
Information Technology Infrastructure Library. ITIL is
a set of concepts and practices that allow better
planning and improvement of the use of IT, whether by
the providers of IT services or by the customers (Kralik,
L. 2013; Kralik, L. 2014).
ITIL is a collection of books in the form of
extensive and widely available manual for IT service
management. The experiences and recommendations
have become best practices. Also it provides sufficient
flexibility to adapt the recommendations from books
ITIL requirements and needs of a specific corporation.
ITIL represents a free available framework, covering
the entire cycle of IT services. ITIL is suitable for all
companies that operate IT services. As a framework,
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delivers the intended strategy and can be operated and
maintained effectively.
 People
o Security Asset Manager
o Desktop Asset Manager
o Network Asset Manager
o Systems, Servers & Storage Asset
Manager
o Applications Asset Manager
 Process
o Support & Transition Management
o Change Management
o Asset & Configuration Management
o Release & Deploy Management
o Validation Management
o Evaluation Management
o Knowledge Management
 Products
o Asset Management Tool
o Service provision Tool
o Run Book Task Automation Tools
o Service Knowledge & Configuration
Management Tools (Axelos 2011a;
Bucksteeg, M. 2012)

IT Service Strategy – Planning the IT Services
Service Strategy deals with the strategic analysis,
planning, positioning, and implementation relating to
IT service models, strategies, and objectives. It
provides guidance on leveraging service management
capabilities to effectively deliver value to customers
and illustrate value for service providers (Axelos
2011c; Bucksteeg, M. 2012).
The following people, process and products
combine to make this a functional operating unit with
IT:
 People
o Service Definition Manager
o Service Research Manager
o Financial Analysis Manager
o Service Marketing Manager
o Service Forecast Manager
 Process
o Portfolio Management
o Financial Management
o Demand Management
 Products
o Service Request & Planning Tools
o Service Knowledge & Configuration
Management Tools (Axelos 2011c;
Bucksteeg, M. 2012)

IT Service Operation – Managing the IT Services
Service Operation provides guidance on managing
a service through its day-to-day production life. It also
provides guidance on supporting operations by means
of new models and architectures such as shared
services, utility computing, web services, and mobile
commerce.
 People
o Security Operation Manager
o Desktop Operations Manager
o Network Operations Manager
o Systems, Server & Storage
Operations Manager
o Applications Operations Manager
 Process
o Event Management
o Incident Management
o Problem Management
o Fulfillment Management
o Access Management
o Service Desk Function Management
o Service Operations Function
Management
o Technical Operations Function
Management
o Application Operations Function
Management
 Products
o Service Desk with Incident
Management Tool
o Problem Management Tool
o Event Management Tool
o Troubleshooting Tool (Axelos
2011b; Bucksteeg, M. 2012)

IT Service Design –Modeling the IT Services
Service Design translates strategic plans and
objectives and creates the designs and specifications
for execution through service transition and operations.
 People
o Security Engineering Manager
o Desktop Engineering Manager
o Network Engineering Manager
o Systems, Servers & Storage
Engineering Manager
o Applications Engineering Manager
 Process
o Service Catalogue Management
o Service Level Management
o Capacity Management
o Availability Management
o Continuity Management
o Information Security Management
o Supplier Management
 Products
o Service Catalogue Tools
o Service Level Management Tools
o Capacity Planning Tools
o Service Modeling Tools
o Service Knowledge & Configuration
Management Tools
IT Service Transition - Implementing the IT
Services
Service Transition provides guidance on the service
design and implementation, ensuring that the service

538

delivers the intended strategy and can be operated and
maintained effectively.
 People
o Security Asset Manager
o Desktop Asset Manager
o Network Asset Manager
o Systems, Servers & Storage Asset
Manager
o Applications Asset Manager
 Process
o Support & Transition Management
o Change Management
o Asset & Configuration Management
o Release & Deploy Management
o Validation Management
o Evaluation Management
o Knowledge Management
 Products
o Asset Management Tool
o Service provision Tool
o Run Book Task Automation Tools
o Service Knowledge & Configuration
Management Tools (Axelos 2011a;
Bucksteeg, M. 2012)

IT Service Strategy – Planning the IT Services
Service Strategy deals with the strategic analysis,
planning, positioning, and implementation relating to
IT service models, strategies, and objectives. It
provides guidance on leveraging service management
capabilities to effectively deliver value to customers
and illustrate value for service providers (Axelos
2011c; Bucksteeg, M. 2012).
The following people, process and products
combine to make this a functional operating unit with
IT:
 People
o Service Definition Manager
o Service Research Manager
o Financial Analysis Manager
o Service Marketing Manager
o Service Forecast Manager
 Process
o Portfolio Management
o Financial Management
o Demand Management
 Products
o Service Request & Planning Tools
o Service Knowledge & Configuration
Management Tools (Axelos 2011c;
Bucksteeg, M. 2012)

IT Service Operation – Managing the IT Services
Service Operation provides guidance on managing
a service through its day-to-day production life. It also
provides guidance on supporting operations by means
of new models and architectures such as shared
services, utility computing, web services, and mobile
commerce.
 People
o Security Operation Manager
o Desktop Operations Manager
o Network Operations Manager
o Systems, Server & Storage
Operations Manager
o Applications Operations Manager
 Process
o Event Management
o Incident Management
o Problem Management
o Fulfillment Management
o Access Management
o Service Desk Function Management
o Service Operations Function
Management
o Technical Operations Function
Management
o Application Operations Function
Management
 Products
o Service Desk with Incident
Management Tool
o Problem Management Tool
o Event Management Tool
o Troubleshooting Tool (Axelos
2011b; Bucksteeg, M. 2012)

IT Service Design –Modeling the IT Services
Service Design translates strategic plans and
objectives and creates the designs and specifications
for execution through service transition and operations.
 People
o Security Engineering Manager
o Desktop Engineering Manager
o Network Engineering Manager
o Systems, Servers & Storage
Engineering Manager
o Applications Engineering Manager
 Process
o Service Catalogue Management
o Service Level Management
o Capacity Management
o Availability Management
o Continuity Management
o Information Security Management
o Supplier Management
 Products
o Service Catalogue Tools
o Service Level Management Tools
o Capacity Planning Tools
o Service Modeling Tools
o Service Knowledge & Configuration
Management Tools
IT Service Transition - Implementing the IT
Services
Service Transition provides guidance on the service
design and implementation, ensuring that the service

538

necessarily mean that the application is better than
competing product with a shorter list of features. At
this time, this point cannot be assessed quantitatively as
a measurable criterion of selection, but rather as an
overview which may apprise readers and provide them
information about the basic functions of the product.
However, in future will be proposed criteria related to
this category.

IT Continual Service Improvement – Measuring the
IT Services
Continual Service Improvement provides guidance
on measuring service performance through the service
life-cycle, suggesting improvements in service quality,
operational efficiency and business continuity.
 People
o Service Measurement Manager
o Quality Measurement Manager
o Compliance Measurement Manager
o Security Measurement Manager
o Resource Measurement Manager
 Process
o IT Governance Management (using
COBIT best practices)
o IT Resource Management (using
PMI methods)
o IT Quality Management (using Six
Sigma methods)
o IT Security Management (using ISO
standards)
 Products
o Compliance Management &
Measurement Tools
o Service Knowledge & Configuration
Management Tools (Bucksteeg, M.
2012)

Requirements for Free and Open Source Project
Under term of Open source project is meant
organizing and managing a group of people who are
involved into the development of the product.
In this category it is possible to define following
criteria (more details in Table 1):
 Duration of the project; version in which the
product is available.
 License, under which the product is offered.
 Activity on the mailing lists - community
 Option of commercial support.
 Appropriate documentation - is the absence of
the necessary documentation was in the
selection of appropriate tools stumbling block
relatively large number of projects. The basic
requirement in this case, I consider the
existence of technical documentation and user
documentation.
 Demo application – trial version.

EVALUATION CRITERIA
Availability of Free and Open Source ITIL tools on
the market is really wide that cause very difficult
orientation between them. This problem is also related
to selection of the most appropriate tools for a specific
company. Therefore, below is defined proposal of the
basic criteria for selection and evaluation of these tools
with simple description (Ho, W., Xu, X., Dey, P.K.
2010.). However, it is important to say that each
company may have different requirements and other
criteria (Oddershede, A., Carrasco, R. 2010). So, same tool
is useful for one company and at the same time might
be useless for another company. So this proposal will
be tested and reviewed in practice and obtained
feedback will be used for modification of these criteria.
Following categories for criteria was established on
practical experiences and reviews with IT managers.
Proposed basic criteria for Free and Open Source ITIL
tools are divided into several groups:
1.
Product Functionality
2.
Requirements for Free and Open Source
Project
3.
Specifications
4.
User friendliness (Kralik, L. 2013; Kralik, L.
2014)

Table 1:Values of Requirements for Free and Open Source
Project

Value Scale

Note

Duration of the project
New
project,
high
probability of bugs,
1
insufficient testing in
practice
New project tested in
1 – 2 years
2
practice, minor bugs
Average duration of
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2 – 4 years
3
suitable
for
implementation
Reliable project, issuing
4 – 5 years
regular updates, at least
4
version 2
Reliable project, issuing
More than 5
regular updates, at least
5
years
version 5
Activity on the mailing lists - community
Incomplete
answers,
Low activity
long waiting time for
1
new answer
Low – medium Waiting for new answer
2
activity
more than 7 days
Medium
Waiting for new answer
3
activity
till 7 days
Less than 1
year

Product Functionality
Criteria relating to the functionality vary by
application category. A large number of features do not
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New answer during few
days
(3),
own
community
New answer during one
High activity
day, own community 5
forum
Option of commercial support
No
1
Yes
5
Appropriate documentation
Without
1
documentation
Help
+
illustrative
examples;
Weak
2
language:
English/Czech/Slovak
In electronic form (i.e.
Average
PDF)
+
help;
3
language: English
In electronic form (i.e.
PDF)
+
help
+
Good
4
illustrative
examples;
language: English
In electronic form (i.e.
PDF)
+
help
+
Excellent
illustrative
examples;
5
language:
English/Czech/Slovak
Demo application – trial version
No
1
Yes
5
4

HW requirements – CPU
Intel i5, i7; AMD Buldozer core; quadcore
1
Intel i3, AMD K10 Core; multicore
2
Intel Dual-Core, AMD K8 Core; Dual-core
3
Intel Pentium 4, AMD K7 Core; 64-bit
4
single core CPU
Intel Pentium 4, AMD K7 Core; 32-bit
5
single core CPU
Supported operation system
OS X or Linux
1
MS Windows 8/8.1
2
MS Windows 7/8/8.1
3
MS Windows 7/8/8.1/XP
4
MS Windows 7/8/8.1/XP, OS X, Linux
5
Integration with other SW
No
1
Yes; Email or Office SW
2
Yes; Email + Office SW
3
Yes; Another ITIL tool
4
Yes; Another ITIL tool + Email + Office
5
SW
Difficulty of configuration
Command
line;
need
Very
knowledge
about
1
difficult
programming, scripting and
databases on high level
Command line; advance
Difficult
knowledge about scripting or
2
databases
GUI; advance knowledge
Medium
3
about scripting or databases
GUI; basic knowledge about
Easy
4
scripting or databases
Very Easy
GUI; user knowledge
5

Medium – high
activity

Specifications
Most of the Free and Open Source products use of
ready-made programs usually also available under any
other Free or Open Source licenses. This covers
programs such as the Apache web server, or database
servers MySQL, PostgreSQL, e-mail servers Postfix
and so on.
Technical parameters are therefore a considerable
amount and in particular, for each of this software may
vary. Therefore, it is evaluation only directly
influenced by the following parameters (more details in
Table 2):
 HW requirements
 Supported operating systems - Cross-platform




Other parameters such as licenses, programming
language, etc. are given only as a parameter list and
have only informative value to the end user, which can
serve to more specific evaluation according to the
requirements of the specific company.
User friendliness
User friendliness is the main parameter that affects
the user's ability to learn to work with a new product
and use all functions. Improperly designed user
interface can greatly influence user's work.
Evaluation of this criterion is very subjective and
based primarily on practical experience. At the same
time here enter localization - used language and of
course the entire GUI (Graphic User Interface). Some
tools are merely for the Command line.
Values with descriptions for these criteria are
described in Table 3.

Integration with other SW
Difficulty of configuration
Table 2: Values for Specifications

Value Scale

Note

HW requirements – RAM
More than 8 GB
1
4 – 8 GB
2
4 GB
3
1 – 3 GB
4
512 MB – 1 GB
5

Table 3: Values for User Friendliness

Value Note
User interface
Command line
1
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Command line + simple GUI
2
GUI + command line
3
GUI; confusing structure of GUI
4
GUI; intuitive design of GUI
5
Language
Other
1
English
2
Slovak
3
Czech
4
Choosing language
5

1.

2.
3.
4.

CONCLUSION
Due to the widespread of information and
communication technologies, which today affects
absolutely all human activity, the use of IT
management is absolutely necessary. ITIL framework
has deal whit this issue with more than 20 years of
experience. It gathers the best experience in IT
management and provides advice and tips. With this
way ITIL helps to companies improve their overall IT
management efficiency.
The main objective of the project was to design a
procedure for modeling and evaluating Free and Open
Source ITIL tools. A license for commercial product
often goes up to the order of hundreds of thousands of
Czech crowns. And even after implementation of this
tool, there is no guarantee that the product purchased
for individual company is the right solution. Another
option is to choose from Free or Open Source
solutions. However, they are on the rise and each year
comes a large amount of new projects. Not all of them
have high quality and have a future. Another fact is the
absence of a database or a web portal, which would be
devoted to this issue. Based on these fact was created
project about the evaluation of Free and Open Source
ITIL tools. Also this project serve for future work
aimed on proposal and creation of methodology for
evaluating of ITIL tools.
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11.
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example in [4]. Possibility of generation of random or
pseudorandom numbers by use of the ultra weak
multidimensional coupling of p 1-dimensional
dynamical systems is discussed there.
Another paper [5] deeply investigate logistic map as a
possible pseudorandom number generator and is
compared with contemporary pseudo-random number
generators. A comparison of logistic map results is
made with conventional methods of generating
pseudorandom numbers. The approach used to
determine the number, delay, and period of the orbits of
the logistic map at varying degrees of precision (3 to 23
bits). Another paper [6] proposed an algorithm of
generating pseudorandom number generator, which is
called (couple map lattice based on discrete chaotic
iteration) and combine the couple map lattice and
chaotic iteration. Authors also tested this algorithm in
NIST 800-22 statistical test suits and for future
utilization in image encryption. In [7] authors exploit
interesting properties of chaotic systems to design a
random bit generator, called CCCBG, in which two
chaotic systems are cross-coupled with each other. A
new binary stream-cipher algorithm based on dual onedimensional chaotic maps is proposed in [8] with
statistic proprieties showing that the sequence is of high
randomness. Similar studies are also done in [9], [10]
and [11].

KEYWORDS
Deterministic chaos; Chaotic oscillators; Heuristic;
Differential Evolution; Chaotic Pseudo Random
Number Generators
ABSTRACT
This paper investigates the utilization of the timecontinuous chaotic system, which is UEDA oscillator,
as the chaotic pseudo random number generator.
(CPRNG). Repeated simulations were performed
investigating the influence of the oscillator sampling
time to the selected heuristic, which is differential
evolution algorithm (DE). Initial experiments were
performed on the selected test function in higher
dimensions.
INTRODUCTION
Generally speaking, the term “chaos” can denote
anything that cannot be predicted deterministically. In
the case that the word “chaos” is combined with an
attribute such as “deterministic”, then a specific type of
chaotic phenomena is involved, having their specific
laws, mathematical apparatus and a physical origin. The
deterministic chaos is a phenomenon that - as its name
suggests - is not based on the presence of a random or
any stochastic effects. It is clear from the structure of
the equations (see the section 4), that no mathematical
term expressing randomness is present. The seeming
randomness in deterministic chaos is related to the
extreme sensitivity to the initial conditions [1].
Till now, the chaos has been observed in many of
various systems (including evolutionary one). Systems
exhibiting deterministic chaos include, for instance,
weather, biological systems, many electronic circuits
(Chua’s circuit), mechanical systems, such as double
pendulum, magnetic pendulum, or so called billiard
problem.
The idea of using chaotic systems instead of random
processes (pseudo-number generators - PRNGs) has
been presented in several research fields and in many
applications with promising results [2], [3].
Another research joining deterministic chaos and
pseudorandom number generator has been done for

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

MOTIVATION
Recently the chaos has been used also to replace
pseudo-number generators (PRGNs) in evolutionary
algorithms (EAs). An evolutionary chaotic approach
generally uses the chaotic system in the place of a
pseudo random number generator [12]. This causes the
heuristic to map unique regions, since the chaotic
system iterates to new regions. The task is then to select
a very good chaotic system (either discrete or timecontinuous) as the pseudo random number generator.
The initial concept of embedding chaotic dynamics into
the evolutionary algorithms is given in [13]. Later, the
initial study [14] was focused on the simple embedding
of chaotic systems in the form of chaos pseudo random
number generator (CPRNG) for DE (Differential
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pseudorandom number generator has been done for
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MOTIVATION
Recently the chaos has been used also to replace
pseudo-number generators (PRGNs) in evolutionary
algorithms (EAs). An evolutionary chaotic approach
generally uses the chaotic system in the place of a
pseudo random number generator [12]. This causes the
heuristic to map unique regions, since the chaotic
system iterates to new regions. The task is then to select
a very good chaotic system (either discrete or timecontinuous) as the pseudo random number generator.
The initial concept of embedding chaotic dynamics into
the evolutionary algorithms is given in [13]. Later, the
initial study [14] was focused on the simple embedding
of chaotic systems in the form of chaos pseudo random
number generator (CPRNG) for DE (Differential
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oscillator represents the both biologically and physically
important dynamical model exhibiting chaotic motion.
It can be used to explore much physical behavior in
biological systems. [27]
The UEDA chaotic system equations are given in (1).
The parameters are: a = 1.0 b = 0.05, c = 7.5 and
ω = 1.0 as suggested in [28]. The x, y parametric plot of
the chaotic system is depicted in Fig. 1.

Evolution) and SOMA [15] in the task of optimal PID
tuning
Several papers have been recently focused on the
connection of heuristic and chaotic dynamics either in
the form of hybridizing of DE with chaotic searching
algorithm [16] or in the form of chaotic mutation factor
and dynamically changing weighting and crossover
factor in self-adaptive chaos differential evolution
(SACDE) [17]. Also the PSO (Particle Swarm
Optimization) algorithm with elements of chaos was
introduced as CPSO [18] or CPSO combined with
chaotic local search [19].
This idea was later extended with the successful
experiments with chaos driven DE (ChaosDE) [20], [21]
with both and complex simple test functions and in the
task of chemical reactor geometry optimization [22].
The concept of Chaos DE has proved itself to be a
powerful heuristic also in combinatorial problems
domain [23].
At the same time the chaos embedded PSO with inertia
weigh strategy was closely investigated [24], followed
by the introduction of a PSO strategy driven alternately
by two chaotic systems [25] and novel chaotic Multiple
Choice PSO strategy (Chaos MC-PSO) [26].
The primary aim of this work is to try, test, analyze and
compare the implementation of different natural chaotic
dynamic as the CPRNG, thus to analyze and highlight
the different influences to the system, which utilizes the
selected CPRNG (including the evolutionary
computational techniques).

dx
=y
dt
.
dy
= −ax3 − by + c sin ωt
dt

(1)
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The general idea of CPRNG is to replace the default
PRNG with the chaotic system. As the chaotic system is
a set of equations with a static start position, we created
a random start position of the system, in order to have
different start position for different experiments. This
random position is initialized with the default PRNG, as
a one-off randomizer. Once the start position of the
chaotic system has been obtained, the system generates
the next sequence using its current position.
Generally there exist many other approaches as to how
to deal with the negative numbers as well as with the
scaling of the wide range of the numbers given by the
chaotic systems into the typical range 0 – 1:
• Finding of the maximum value of the pregenerated long discrete sequence and dividing
of all the values in the sequence with such a
maxval number.
• Shifting of all values to the positive numbers
(avoiding of ABS command) and scaling.

Fig. 1 x, y parametric plot of the UEDA oscillator
DIFFERENTIAL EVOLUTION
This section briefly describes the used heuristic within
all experiments.
DE is a population-based optimization method that
works on real-number-coded individuals [29]. For each

individual xi ,G in the current generation G, DE

generates a new trial individual xi′,G by adding the
weighted difference between two randomly selected


individuals xr1,G and xr 2,G to a randomly selected third


individual xr 3,G . The resulting individual xi′,G is

crossed-over with the original individual xi ,G . The
fitness of the resulting individual, referred to as a

perturbed vector ui ,G +1 , is then compared with the


fitness of xi ,G . If the fitness of ui ,G +1 is greater than the



fitness of xi ,G , then xi ,G is replaced with ui ,G +1 ;


otherwise, xi ,G remains in the population as xi ,G +1 . DE is

UEDA Oscillator
UEDA oscillator is the simple example of driven
pendulums, which represent some of the most
significant examples of chaos and regularity.
The UEDA system can be simply considered as a
special case of intensively studied Duffing oscillator
that has both a linear and cubic restoring force. Ueda

quite robust, fast, and effective, with global
optimization ability. It does not require the objective
function to be differentiable, and it works well even
with noisy and time-dependent objective functions.
Please refer to [29], [30] for the detailed description of
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driven DE. The maximum number of generations was
fixed at 3000 generations. This allowed the possibility
to analyze the progress of DE within a limited number
of generations and cost function evaluations.

the used DERand1Bin strategy (2) (both for Chaos DE
and Canonical DE) as well as for the complete
description of all other strategies.
u i ,G +1 = x r1,G + F ⋅ (x r 2,G − x r 3,G )

(2)

Table 1: DE settings

EXPERIMENT DESIGN

DE Parameter
Dimension
PopSize
F
CR
Generations
Max. CF Evaluations (CFE)

For the purpose of evolutionary algorithm performance
comparison within this initial research, the multimodal
Schwefel’s test function (3) was selected.
D

f (x ) =  − xi sin
i =1

(x)

(3)

i

Value
20
50
0.8
0.8
1000
50000

u i ,G +1 = x r1,G + F ⋅ (x r 2,G − x r 3,G )

EXPERIMENT RESULTS
The statistical results of the experiments are shown in
Table 2, which represent the simple statistics for cost
function (CF) values, e.g. average, median, maximum
values, standard deviations and minimum values
representing the best individual solution for all 50
repeated runs of canonical DE and several versions of
ChaosDE (with several sampling times of UEDA
oscillator).
Table 3 compares the progress of several versions of
ChaosDE, and Canonical DE. This table contains the
average CF values for the generation No. 250, 500, 750
and 1000 from all 50 runs. The bold values within the
both Tables 2 and 3 depict the best obtained results.
Following versions of Multi-ChaosDE were studied:
Figures 2 a) – 2f) show the influence of sampling rate to
the distribution of numbers given by particular CPRNG.
Finally the graphical comparison of the time evolution
of average CF values for all 50 runs of ChaosDE and
canonical DERand1Bin strategy is depicted in Fig. 3.

The novelty of this research represents investigating the
influence of the oscillator sampling time to the selected
heuristic, which is DE.
In this paper, the canonical DE strategy DERand1Bin
and the Chaos DERand1Bin (ChaosDE) strategy driven
by discretized UEDA oscillators (ChaosDE) were used.
The parameter settings for both canonical DE and
ChaosDE were obtained analytically based on numerous
experiments and simulations (see Table 1). Experiments
were performed in the environment of Wolfram
Mathematica; canonical DE therefore has used the builtin Wolfram Mathematica pseudo random number
generator Wolfram Cellular Automata representing
traditional pseudorandom number generator in
comparisons. All experiments used different
initialization, i.e. different initial population was
generated within the each run of Canonical or Chaos

Table 2: Simple results statistics for the Schwefel’s function – 20D
DE Version
Canonical DE
ChaosDE - Sampling 0.1s
ChaosDE - Sampling 0.5s
ChaosDE - Sampling 1.0s
ChaosDE - Sampling 2.0s

Avg CF

Median CF

Max CF

Min CF

StdDev

-4531.29
-6346.65
-4004.84
-4161.67
-3967.19

-4265.43
-4947.92
-3668.64
-3912.97
-3765.41

-5238.75
-7535.51
-5504.73
-5840.88
-5159.19

268.4226
952.9218
562.4262
699.4066
558.5293

Table 3: Comparison of progress towards the minimum for the Schwefel’s function
Generation Generation Generation Generation
No.: 250
No.: 500
No.: 750
No.: 1000

-3955.27
-3781.28
-3536.42
-3443.07
-3505.97

545

-4287.11
-4618.32
-3740.76
-3758.27
-3819.35

-4422.72
-5431.47
-3958.08
-4081.61
-4063.07
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Figure 2: Comparison of the influence of sampling rate to the distribution of numbers given by UEDA CPRNG; Left: Histogram of
the distribution of real numbers transferred into the range <0 - 1>; Right: Example of the chaotic dynamics: range <0 - 1> generated
by means of UEDA oscillator sampled with the particular sampling rate – variable x ; Sampling rates from up to down: 0.1s, 0.5s,
1.0s, 2.0s.
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Figure 3: Comparison of the time evolution of avg. CF values for the all 50 runs of Canonical DE and several versions of ChaosDE
driven by UEDA oscillators with different settings of sampling time; Schwefel’s function, Dimension = 20.

Furthermore chaotic systems have additional
parameters, which can by tuned. This issue opens up the
possibility of examining the impact of these parameters
to generation of random numbers, and thus influence on
the results obtained by means of ChaosDE.

CONCLUSION
The novelty of this research represents investigating the
influence of the chaotic oscillator sampling time used as
the CPRNG to the selected heuristic, which is DE.
In this paper, the concept of chaos driven DERand1Bin
strategy was more experimentally analyzed and
compared with the canonical DERand1Bin strategy on
the selected benchmark function with four different
settings of sampling time for the UEDA chaotic
oscillator.
Obtained numerical results given in Tables 2 and 3 and
graphical comparisons in Figures 2 and 3 support the
claim that chaos driven heuristic is very sensitive to the
hidden chaotic dynamics driving the CPRNG. Such a
chaotic dynamics can be significantly changed by the
selection of sampling time in the case of the timecontinuous systems.
Another important phenomenon was discovered – Only
sampling rate of 0.5s keeps the information about the
chaotic dynamics (as in Fig 2b) and by using such
chaotic dynamics driving the heuristic, its performance
is significantly better. Other settings of sampling rates
have given comparable (or even worse) performance
with canonical version of heuristic.
Future plans are including the testing of combination of
different time-continuous chaotic systems as well as the
adaptive switching and obtaining a large number of
results to perform statistical tests.
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DATA compactly represents the possibly infinite
behaviors of the coordinated plans. In this paper, we
show how to build a (finite) region graph structure from
a DATA specification, in order to check the timing
constraints defined over the coordinated plans, taking
into account relative time rates that distinguishes the
speeds of the agents in coordination.

KEYWORDS
Relative time rates, Region graph, Multi-agent systems,
Ambient systems, Timed transport fleets.
ABSTRACT
In this paper, we aim at checking time satisfaction for
multi agent systems, the agents of which must
coordinate. As in real systems, agents can behave in true
concurrency and may have relative time rates. In this
context we show that the problem can be reduced to the
searching over a specific time region graph.

The schedule of the paper is the following: In Section II,
the specification of a coordinated multi-agent system is
presented, based on LOTOS concepts, followed by the
semantical DATA representation model. In Section III,
we show how to extend the operational rules to build a
DATA, to take into account both coordination and
heterogeneity of the agents. In Section IV, a specific
algorithm is defined to build a region graph, while
taking the relative time rates into account. The next
section is our conclusions, including some of our
immediate perspectives.

INTRODUCTION
The coordination problem is a recurrent problem in
muti-agent systems. Mainly, this consists in maintaining
the synchronization of the agent plans with respect to
some objective (Guivarch et al. 2012; Pi et al. 2013).
In this paper, we consider real time application wherein
the agent plans refers to timed actions whose durations
are known. Agents are assumed to be able to
communicate via reliable protocols, in order to achieve
some plan called coordinated plan. We aim at providing
a technique for the agents to check the satisfaction of
temporal properties over such a plan.

COORDINATED MAS SPECIFICATION
In this paper, a multi agent system is a tuple MAS=(Ag,
Plan, Act, 𝜏, 𝛾) where Ag is set of agents; Plan is a set of
agent plans, called coordinated plans since some of
them are realized by several agents, Act is the set of
actions mentioned in these plans. =(p)pAg is a rate
mapping associating a relative time rate with each agent
characterizing the speed of the agent to execute their
actions, 𝛾 is a duration mapping assigning a global
duration value to each action of Act, evaluated in a
number of execution cycles (called time units).

As far as time is concerned, the first difficulty to cope
with is the heterogeneity of the agent performances.
Hybrid Timed automata are often used to represent
timed behavioral problems with different speeds, since
the represented clocks can be associated with
distinguished speeds. In our approach, we propose to
model plan in a more attractive way using the standard
algebraic language based on LOTOS, seeing plans as the
execution of concurrent processes (Chaouche et al.
2014). In fact, LOTOS specifications supplies modular
concepts useful here to part some plan over several
agents.

In the following, we describe the specification of
coordinated plans as an extension of the language Basic
LOTOS, precising which parts of the plans are dedicated
to each agent.
The Relative Time Model
In the MAS systems, agents are assumed to have a
notion of clocks to achieve their actions. Since agents
can have different speeds, we assume that the speeds are
relative according to a global time-scale (denoted
absolute time), thus the duration performance of some
action can be more or less important, depending on the
agent considered to execute the action.

Moreover, LOTOS-basic specification are known to be
translated in a specific class of timed automata called
Duration Actions Timed Automata (DATA for short),
such that DATA is demonstrated to be the most
compacted way to represent the true concurrency of
processes (Belala and Saidouni 2005).
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In Figure 1, the action a of global duration 2, is
achieved two times faster by the agent q than by agent p.

In order to coordinate, each truck is equipped with a
software agent able to discuss and synchronize with the
other agents in the system. Both agents A and B refer to
the following coordinated plan :
P ::= EA |[meet]| EB
EA ::= moveA(l2); meet; moveA(l4); exit
EB ::= moveB(l3); get_loadB; moveB(l2); meet; exit
Moreover, the respective learnt experiences of A and B
about transportations yield a duration for each of these
actions. For the simplicity of the example, all duration
of actions are assumed equal to 1 time unit.

Figure 1: Relative Time over Two Agents

FROM
BASIC
LOTOS
WITH
ACTION
DURATIONS TO DATA WITH RELATIVE TIME
RATES

For instance in Figure 1, the action a of duration 2,
requires 2 times more to be achieved by the agent p.
Accordingly to any global time t, the time rate q = 2t
and p = t, in such a way that at any time q /p belongs to
ℤ.

The DATA model of a LOTOS specification is
semantical structure designed as a transition system. It is
used to express the causality and temporal conditions
that must hold throughout the executions of the actions
in plans. A DATA with Relative time rates (DATA-R
for short), inherits from the DATA structure. The
common preliminaries are the followings:
Let ℳ, ranged over x,y,…, be a set of clocks with non
negative real values (in ℝ0) and consider Hℳ. The
set  of temporal constraints G over H is defined by
the syntax G::=true|G|GG|x~t, where x is a clock in
H, ~{=,<,>,,} and tℝ0. Further, Fx specifies a
temporal constraint of the form x~t. A valuation v for H
is a mapping which associates a value in ℝ0 with each
clock xH. The set of all valuations for H is denoted
(H). The satisfaction relation ⊨ for temporal
constraints over (H) is v⊨x~t⇔v(x)~t such that
v(H). For I⊆H, [I0]v indicates the valuation for H
which assigns the value 0 to each xI, and agrees with
the valuation v for the other clocks of H.

Coordinated Plan Specification
The plan of an agent p is specified by an agent
expression Ep describing the actions to be executed for
achieving the plan. The execution is assumed to be
controlled by the agent p, however Ep can be composed
of sub-expressions whose execution can be performed
by other agents. An agent expression inherits from the
syntax of (Basic) LOTOS as follows:

The elementary expression stop specifies a plan
behavior without possible evolution and exit represents
the successful termination of some plan. In the syntax,
any operator ʘ is standard in LOTOS: Eq[]Er specifes a
non-deterministic choice, Eq>>Er a sequential
composition and Eq[>Er the interruption of the left hand
side part by the right one.

Definition (DATA). W.r.t. a countable set of clocks ℳ,
a Durational Action Timed Automaton 𝒜 is a tuple
(S,Ls,s0, H,T) where:
 S is a finite set of states,
 H  ℳ is a finite set of clocks,
 LS : S 2is a mapping to associate a set of
temporal constrainsts with each state s. Each one
expresses by its clock, the fact that some action is
potentially in execution in s, under a duration
condition.
 s0 S is the initial state and Ls(s0) = .
 T S x 2x Act x H x S is the set of transitions. A
transition (s,G,a,x,s') represents the change from the
state s to s', launching the performance of the action
a, represented by the clock x once it is reset and
submitted to the temporal constraint G to be satisfied

The LOTOS parallel composition, denoted Eq|[L]|Er,
can model both synchronous composition when (L=Act),
denoted Eq||Er, and asynchronous composition, Eq|||Er
when (L=). In fact, the LOTOS language exhibits a
rich expressivity such that the sequential executions of
plans appear to be only a particular case.
Example of Transport
The frame example of this paper simply concerns two
trucks A and B such that A initially placed in the location
l1 must pick up the load in the location l2 and delivers it
to the location l4. As the load is initially placed in l3, B
which is initially placed in the location l2, proposes to
get the load from l3 in such a way that A can meet B in l2
and take the load. The problem for A and B is to meet
them in minimum time, in case they start at the same
time.

by x in s'. (s,G,a,x,s') is also written
.
Definition (DATA with relative time rates). A DATA
with relative time rates (DATA-R) over the set of agents
Ag is a structure (𝒜,) where 𝒜=(S,Ls,s0,H,T) is a
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DATA and  is a distribution of the clocks of H over the
agents, defined as a subjective mapping from H to Ag.

concurrent actions moveA(l2) and moveB(l3)
successively lauched, in whatever order.

are

DATA and  is a distribution of the clocks of H over the
agents, defined as a subjective mapping from H to Ag.

concurrent actions moveA(l2) and moveB(l3)
successively lauched, in whatever order.

Observe that several clocks can be assigned to each
agent, said to belong to that agent. The valuations of the
clocks of an agent behave synchronously. In a DATA
with relative time rates, the clocks that belong to
different agents evolve synchronously but under the
relative time rates assigned to these agents. Each such
rate assigned to the agent p represents the speed of p and
depends on some global time reference, from which the
local time of p is derived. Formally, a mapping  is
defined from every global time value t of ℝ≥0, assigning
the tuple (p(t))pAg to (t), s.t. p(t)ℝ≥0 is the local
time for p, taken at time t. Initially, p(0)=0.

The concurrency of executions is abstractly represented
at the state level, since the clocks associated with the
launched
actions
are
assumed
to
progress
synchronously, each one submitted to a duration
condition corresponding to the duration of the
associated action. In the state 2, the set {x1, y1}
expresses that the clocks x and y, respectively attached
to moveA(l2) and moveB(l3), can progess synchronously
but none of them can overpass a duration of 1 time unit.
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The building of a DATA from a LOTOS expression
with durations requires to define semantical operational
rules, figuring out the derivation of every possible
subexpression according to LOTOS operators.
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rules, figuring out the derivation of every possible
subexpression according to LOTOS operators.

The DATA-R structure has in fact the same structure as
a DATA one, representing state by state, the causality
and temporal constraints to respect. Prior to formally
define the DATA-R rules, we now focus on our frame
example to bring out its associate DATA-R structure.
The reader can refer e.g. to (Courtiat and Saïdouni
1995; Saïdouni 1996) for details.
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Building of a DATA-R Structure (Unformal)

Each state of a DATA refers to a LOTOS (sub-)
expresion to evaluate, the analysis of which yields the
next actions offered to the execute, hence the definition
of the next state. Motivated by a dynamic management
of clocks the set ℳ is used as a collection of freed
clocks, so that every offered action is assigned to a clock
of ℳ to specify its execution corresponding to the time
the execution of the action is surely achieved. Any freed
clock can be reused to the execution of another offered
action, once being reset to 0.

Figure 2: Example of DATA-R Structure
In the DATA model, the termination of the execution of
an action is not explicitly acted in the states, and even
can occur several (successive) states after the action is
launched. Such a termination is only specified through
the causality of actions, when launching a new action.
For instance from the state 2, the action get_loadB is
launched, but only under the guard y1, which surely
corresponds to the termination of the action moveB(l3),
just previously started by the agent B.

Figure 2 highlights the DATA(-R) structure of the
LOTOS frame example. From the subexpressions EA
and EB, it appears that both actions moveA(l2) and
moveB(l3) can be concurrently offered. So, each arc
starting from the initial state is labeled by the offered
action, e.g. moveA(l2), the clock of ℳ that is allocated to
the action. Initially, there is not any action in execution,
therefore the set of temporal constraints attached to the
initial state is empty, and the guard attached to the
transitions are true (hence not represented).

As another consequence, a clock mentioned in a guard
of a transition becomes freed as the transition is
considered, hence can be immidiatly reused. That is why
the launching of get_loadB is associated with the clock y
although it is previously associated with the previous
action moveB(l3), of the agent B.
Lastly, when a parallel composition occurs, like from
the state 4 where the action meet can be offered, only
one transition is designed even if both agents A and B
are concerned.

From state to state, several offered actions are lauched,
considering their clocks are distinct and can behave
synchronously. When several actions are offered
concurrently from some state, their shuffle is
represented in whatever order, by successive transitions
and states. This can be seen at the state 2, where the

Semantical Rules to Build a DATA-R
The semantical rules producing the DATA-R model are
detailed in Table 1, wherein each cell concerns one of
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 ψ(F[E]) extracts from the expression E the set of
clocks that are used in E.
 ψDC (F[E]) yields the set F of duration conditions.
 ψH(F) extracts the set of clocks from a set of
duration conditions F.
 (F[E]\K) removes from F , the set of durations
that use a clock of the set K.
 (F[E]) substitutes a subset of clocks of F by as
many clocks, according to the specification in .

LOTOS operators. As for a DATA model, there may be
several subcases. Unlike DATA, the LOTOS expression
to consider are labeled symbolically by an agent name,
moreover, the function  is used to specify the agent
time rate which is used when making the clock
progresses.
All the derivation rules are built in the same way. The
state to be derived is denoted F[E] and is a pair
composed of a (behavior) expression E written in
LOTOS, and a set F of duration conditions (F)
which constraints the derivation of E. When performing
a derivation, the offered action is generically named a,
moreover, the function get defined from ℳ, is used to
obtain a free clock for a.

Definition. The transition relation of the DATA-R  
𝒞 x x Act x H x 𝒞 is defined as the smallest relation
satisfying the rules in Table 1.
REGION AUTOMATON
In reference to the DATA-R, a reachability graph of
(timed) configurations can be computed by attaching to
each state of the DATA-R, a valuation of the defined
clocks. Inspired from (Alur and Dill, 1994), such
configurations car be aggregated according to an
equivalence relation preserving the runs. This relation is
deduced from an equivalence relation defined on clocks.
An equivalence class of clock valuations is named a
clock region.

Consider the frame example again to have an insight of
the possible derivations, in respect to the DATA-R
represented in Figure 2. From the initial state 0, the
action moveA(l2) in the left expression s.t.
EA=moveA(l2);EA' is directly offered to execution, since
there is no prior duration conditions to satisfy (). A
clock x, given by the function get and set to 0, is
attached to the action. In the state 1, the left expression
EA' is now constrained by the termination of moveA(l2),
hence the condition duration (x1), so:

We further assume that the clock constraints of the
DATA-R only involve integer constants. As precised in
(Alur and Dill 1994), it is not a theoretical limitation but
offers easier presentation.

From the state 1, the offering is similar but concerns
moveB(l3) in the right expression and the clock y:

Within some region, the progression of the clock
valuations w.r.t. different agents refers to the notion of
slopes.
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Within some region, the progression of the clock
valuations w.r.t. different agents refers to the notion of
slopes.

Equivalence Classes of Clock Valuations
From the state 4, the action meet can perform only if
both actions moveA(l2) and moveB(l2) finish their
executions, in other words, the duration conditions to
satisfy are now {x1,y1}:

Let A=((S,Ls,s0,H,T),) be a DATA-R over a set Ag.

It is worth noticing that for any synchronization action,
the assigned clock must evolve according to the slowest
agent speed. In the example, the truck A is the slowest
one (w.r.t. the rate A and B), therefore the clock x
previously attached to the executions of the actions of A
is again attached to the action meet. This mechanism
ensures the synchronization at the end of each
synchronized action.

As the number of clock constraints used in the DATA-R
is necessarily limited, we can determine for each used
clock x, an integer value cxℕ which corresponds to the
greatest value x is compared in some clock constraint
(guard) in the DATA-R. Moreover, whatever the pair of
clocks x and y, the parameter slopexy is assumed an
integer constant.

Definition (slopexy). Let x (resp. y) be a clock that
belongs to the agent p (resp. q) and evolves according to
the rate function 𝜏p (resp. 𝜏q). We define slopexy as the
ratio of local-time rate functions 𝜏p and 𝜏q, denoted
slopexy=𝜏q/𝜏p (see Figure 3).

We now define the equivalence relation that is used to
build the regions. The notation v(x) represents the
integer value of the valuation v(x), and fract its decimal
part.

Lastly, observe that in the derivation rules of the DATAR, the following helping functions are used. These are
standard in LOTOS (Belala and Saidouni 2005;
Maarouk et al. 2011):
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Table 1: Derivation Rules Producing the DATA-R Model

Figure 3: Two Clocks Evolution with Different Speeds
Definition (equivalence relation ~). We define the
equivalence relation ~ over the set of all clock
valuations, v~v’ iff all the following conditions hold:
1. For all xH, either v(x) and v’(x) are the same,
or both v(x) and v’(x) are greater than cx.
2. For all x,yH with v(x)≤ cx, v(y)≤ cy and x (resp. y)
evolves according to 𝜏p (resp. 𝜏q):

The Representation of Clock Regions

The Representation of Clock Regions

Each region can be specified by the finite set of clock
constraints it satisfies. The notation [v] represents the
clock region to which v belongs. In Figure 4, the region
0y2x1 contains all the clock valuations that satisfy
(0y<2x1).

Each region can be specified by the finite set of clock
constraints it satisfies. The notation [v] represents the
clock region to which v belongs. In Figure 4, the region
0y2x1 contains all the clock valuations that satisfy
(0y<2x1).

Example 1. Consider two clocks x and y which evolve
at different rates such that slopexy=2, cx=2 and cy=2. The
clock regions obtained by the relation ~ are depicted in
Figure 4, containing 15 corner points, 38 open line
segments and 23 open regions.

Example 1. Consider two clocks x and y which evolve
at different rates such that slopexy=2, cx=2 and cy=2. The
clock regions obtained by the relation ~ are depicted in
Figure 4, containing 15 corner points, 38 open line
segments and 23 open regions.

Definition (slopemax). For each clock xH, we define
slopemax(x) as the largest value of slopexy for all yH.
In the example 1:
 slopemax(x)=max(slopexy,slopexx)=max(2/1,1)=2.
 slopemax(y) =max(slopeyx,slopeyy)=max(1/2,1)=1.
Note that if x is the fastest clock in H then
slopemax(x)=slopexx=1.

o

The smallest amount of time in which x cannot stay in
the same region is 1/slopemax(x). In the example 1, the
clock x changes the region every half unit of time
corresponding to 1/slopemax(x)=1/2, whereas y does this
change every one unit of time (except for regions
represented by points).

o
An equivalence class of clock valuations induced by ~ is
a clock region of A.
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Figure 4: Clock Regions Deducted by the Relation ~
The representation of a clock region accords with the
two following points:
1. For each clock x which evolves according to 𝜏p,
there is one clock constraint taken from the set:

(1)
2. For each pair of clocks x and y which evolve
respectively according to 𝜏p and 𝜏q such that
cxc(1/slopemax(x))
and
dyd(1/slopemax(y))
appear in (1) for some c and d, whether slopexy(xc)
is less than, equal to or greater than (y-d).

The possible time-successors are now presented
according to 3 cases :

The possible time-successors are now presented
according to 3 cases :

First, each clock x in the region  satisfies the
constraint (x>cx) : in this case there is only one timesuccessor to  which is  itself. This is the case of
region [(x>2),(y>2)] in Figure 4.

First, each clock x in the region  satisfies the
constraint (x>cx) : in this case there is only one timesuccessor to  which is  itself. This is the case of
region [(x>2),(y>2)] in Figure 4.

Second, this case is considered when there is at least, in
the region , one clock x which satisfies the constraint
x=c for some ccx. The set H0 contains all clocks
appearing in similar constraint form as x. The clock
region  will be changed immediately when the time
progresses, because the fractional part of each clock in
H0 becomes different from zero. The clock regions 
and  have the same time-successors, s.t.  is specified
by :
1. A set of clock constraints specified as follows:
a. For each clock xH0:
i. If  satisfies (x=cx) then  satisfies (x>cx);
ii. If  satisfies (x=c) then  satisfies
(c<x<c+(1/slopemax(x))).
b. For each clock xH0, the clock constraint in 
remains the same in .
2. The ordering relation between slopexy(x-c) and (yd)
of each pair of clocks x, y in  is the same as that in
, such that x<cx and y<cy hold in the region .
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remains the same in .
2. The ordering relation between slopexy(x-c) and (yd)
of each pair of clocks x, y in  is the same as that in
, such that x<cx and y<cy hold in the region .

For example, in Figure 4, the time-successors of the
region [(x=0),(0<y<1)] are the same as the timesuccessors of the region [0<2x<y<1].
Finaly, If the first and the second case do not apply,
then let H0 be the set of clocks x for which the region 
satisfies two constraints c<x<c+(1/slopemax(x)) and
slopexy(x-c)  (yd) for all clocks y for which the region
 satisfies d<y<d+(1/slopemax(y)). Thus, when the time
progresses, the clocks in H0 take the values
c+(1/slopemax(x)). Therefore, the time-successors of the
region  are the 2 regions  and , together with all the
time-successors of  , such that  is specified by :
1. A set of clock constraints, described as follows:
a. For each clock xH0, if  satisfies
c<x<c+(1/slopemax(x))
then

satisfies
(x=c+(1/slopemax(x)));
b. For each clock xH0, the clock constraint in 
remains the same in .
2. For each pair of clocks x and y such that both
intervals
(c<x<c+(1/slopemax(x)))
and
(d<y<d+(1/slopemax(y))) appear in (1.b), the ordering
relationship between slopexy(x-c) and (yd) in 
remains the same in .

The time-successors of clock regions
In the following, we introduce the time-successor
relation over clock regions. When time advances from
any clock valuation v in the region , we will reach all
its time-successors ’. Formally, we say that ’ is a
time-successor of the region  if there are v in , v’ in
’,
tℝ0
such
that
v’=v⊕𝜏(t),
with
v⊕𝜏(t)=(v(x)+𝜏p(t))1(x)=p.
For example, in Figure 4, the five time-successors of the
region
=(1,5x2),(1y2x2)
are:
itself,
(x=2),(1y2), (x2),(1y2), (x2),(y=2) and
(x2),(y>2). These regions are those covered by a line
drawn from any point in  parallel to the line
y=slopexyx=2x (in the upwards direction).
To compute each time-successor of a region , we must
give (i). for every clock x, a constraint of the form (x=c)
or (cxc(1/slopemax(x))) or (x>cx) and (ii). for every
pair x and y such that (cxc(1/slopemax(x))) and
(dyd(1/slopemax(y))) appear in (i), the ordering
relationship between slopexy(x-c) and y-d.

For example, the time-successors of the region
[0<2x<y<1] in Figure 4, include the region itself, the
region [(0<x<0,5),(y=1)] and all the time-successors of
[(0<x<0,5),(y=1)].
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Although agents can be heterogeneous, they can
reasonably be (re)synchronized to start the execution of
any coordinated plan and that they can behave under
relative time rates.

Algorithm (region automaton).
Let A=((S,Ls,s0,H,T) ,) be a DATA-R over the set of
agents Ag. The region automaton R(A) is an automaton
over the alphabet Act such that
 The configurations of R(A) are of the form <s|>
where s is a state of A and  is a clock region. The
initial configuration is of the form <s0|[v0]> where
v0(x)=0 for every xH.
 A transition of R(A), from the configuration <s|> to
<s’|’>, is labeled by aAct iff there is a transition
(s,G,a,x,s’) in T and a clock region ” which
satisfies
o ” is a time-successor of the region .
o ”⊨G.
o ’=[{x}↦0] ”.

Taking benefit from the semantics of such a
specification, we demonstrated how to build a finite
(time) region graph, which is bisimilar in respect to the
infinite set of behaviors implied by the specification.
Compared to existing approaches, our technique benefits
from true concurrency properties, without increasing the
size complexity of the region graph.
To examplify our technique, we applied it to a simple
but realistic ambient use case, wherein the coordination
of trucks is required. Agents are currently reduced to
having one clock, however, the extension to several is
immediate.

Figure 5 highlights a part of the region graph of the
frame example.

Figure 5. A Region Graph
CONCLUSIONS AND PERSPECTIVES
The proposed algebraic language extends the standard
LOTOS specification, with a capacity of describing
timed plans with action durations, that can be shared in
between some coordinated agents.
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agents Ag. The region automaton R(A) is an automaton
over the alphabet Act such that
 The configurations of R(A) are of the form <s|>
where s is a state of A and  is a clock region. The
initial configuration is of the form <s0|[v0]> where
v0(x)=0 for every xH.
 A transition of R(A), from the configuration <s|> to
<s’|’>, is labeled by aAct iff there is a transition
(s,G,a,x,s’) in T and a clock region ” which
satisfies
o ” is a time-successor of the region .
o ”⊨G.
o ’=[{x}↦0] ”.

Taking benefit from the semantics of such a
specification, we demonstrated how to build a finite
(time) region graph, which is bisimilar in respect to the
infinite set of behaviors implied by the specification.
Compared to existing approaches, our technique benefits
from true concurrency properties, without increasing the
size complexity of the region graph.
To examplify our technique, we applied it to a simple
but realistic ambient use case, wherein the coordination
of trucks is required. Agents are currently reduced to
having one clock, however, the extension to several is
immediate.

Figure 5 highlights a part of the region graph of the
frame example.

Nevertheless, interesting concepts have been already
developed through other models, that can be compatible
with the computation of regions, e.g. [hybrid
automata][priced automata]. This motivates us to
investigate the possibility of integrating similar concepts
within our approach.

Nevertheless, interesting concepts have been already
developed through other models, that can be compatible
with the computation of regions, e.g. [hybrid
automata][priced automata]. This motivates us to
investigate the possibility of integrating similar concepts
within our approach.
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Figure 5. A Region Graph
CONCLUSIONS AND PERSPECTIVES
The proposed algebraic language extends the standard
LOTOS specification, with a capacity of describing
timed plans with action durations, that can be shared in
between some coordinated agents.
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by Sandgren (1990), is the pressure vessel problem. It
was used as a standard problem by many researchers.
Although the problem only consists of four design
variables, it is not a trivial one, as it involves the
optimisation of both discrete and continuous design
variables under a relatively large number of constraints.
The problem is used as a case study here and is
therefore explained in more detail in the next section.
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ABSTRACT
In engineering it is usually necessary to design systems
as cheap as possible whilst ensuring that certain
constraints are satisfied. Computational optimisation
methods can help to find optimal designs. However, it is
demonstrated in this work that an optimal design is
often not robust against variations caused by the
manufacturing process, which would result in
unsatisfactory product quality. In order to avoid this, a
novel meta-method is introduced, which can guide
arbitrary optimisation algorithms towards more robust
solutions. This was demonstrated on a standard
benchmark problem, the pressure vessel design
problem, for which a robust design was found using the
proposed method together with self-adaptive stepsize
search, an optimisation algorithm with only one control
parameter to tune. The drop-out rate of a simulated
manufacturing process was reduced by 30% whilst
maintaining
near-minimal
production
costs,
demonstrating the potential of the proposed method.

Pressure vessel problem
The pressure vessel consists of a simple cylinder (shell)
with each end capped by a hemi-spherical shell (head),
as illustrated in Figure 1. There are four design
variables, which can be chosen by the engineer: the
thickness x1 of the shell, the thickness x2 of the heads,
the inner radius x3 and the length x4 of the shell.
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Figures 1: Pressure Vessel Design Problem

In engineering, designing a system that satisfies all the
user requirements, without violating problem specific
constraints, usually requires determining the system’s
design variable values in such a way that the resulting
design is optimal in turns of a cost function. Usually, the
design space is too vast to evaluate every possible
design and hence only a subset of the design space can
be considered. Here, a computer-based approach can be
of great benefit to the engineering design process.
For this, a large number of computational optimisation
algorithms are readily available, for example Genetic
Algorithms (Holland 1975; Goldberg 1989), Simulated
Annealing (Kirkpatrick 1984; Nolle et al 2001), Particle
Swarm Optimisation (Kennedy and Eberhart 1995) or
Self-Adaptive
Stepsize
Search
(Nolle
2006;
Kazemzadeh Azad and Hasanc 2014), to generate
optimal designs automatically (Nolle and Bland 2012).
An interesting standard benchmark problem from the
field of mechanical engineering, which was introduced

The variables x1 and x2 are both discrete and vary in
multiples of 0.0625 inches (please note: Sandgren used
Imperial units), and variables x3 and x4 are both
continuous (see Table 1).
Table 1: Design parameter types and ranges for the
pressure vessel problem

Design
variable
x1
x2
x3
x4
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Definition
Thickness of
cylinder
Thickness of
sphere
Inner radius
of cylinder
Length of
cylinder

x1

Variable
Type
discrete

Thickness
Increments
0.0625 inch

discrete

0.0625 inch

continuous

N/A

continuous

N/A
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function values. However, solutions presented in the
literature often use design parameter values that have
many decimal places. This means, in reality, that those
solutions cannot actually be manufactured because of
the tolerances of both the materials involved and the
manufacturing processes.
For the pressure vessel problem, for example, the
solutions presented in the literature show up to five
places after the decimal point. Since the manufacturing
process cannot achieve the required accuracy, the
parameter values are slightly different and hence result
in a different fitness value. For example, using a modern
CNC machine, tolerances of +/- 0.005 mm are common.
Also, controlling the dimensions of the heads is
especially difficult (Pullarcot 200). Other unavoidable
causes of error are the thickness tolerances for plate
rolled on a plate mill (Standards Australia, 1995). Table
3 shows the combined upper and lower tolerances for
the pressure vessel design problem.

The design has to satisfy four constraint functions and
an allowed range for each design variable. The design
and constraint functions and the ranges of the design
variables are given in the following equations and
inequalities:
g1 ( x) = 0.0193 x3 − x1 ≤ 0

g 2 ( x ) = 0.00954 x3 − x 2 ≤ 0
2
3

3
3

g 3 ( x ) = 1, 296 . 000 − π x x 4 − 4 / 3π x ≤ 0

g 4 (x) = x4 − 240 ≤ 0
0.0625 ≤ x1 ≤ 6.1875
0.0625≤ x2 ≤ 6.1875

(1)

10 ≤ x3 ≤ 200

10 ≤ x4 ≤ 200
The aim is to minimise the total cost of the materials
used and also the production costs, which consist of the
costs of forming and welding the pressure vessel.
Equation (2) provides the fitness function f(x), which
was introduced by Sandgren (1990). It comprises the
four design variables x = (x1 , x2 , x3 , x4) .
2
3

f ( x ) = 0 . 6224 x1 x 3 x 4 + 1 . 7781 x 2 x +
2
1

2
1

3 . 1661 x x 4 + 19 . 84 x x 3

Table 3: Upper and lower tolerances for pressure vessel

Tolerance
[inches]
Lower limit
Upper limit

(2)

Previous methods used are, amongst many others,
Branch and Bound (BB) (Sandgren, 1990), Evolutionary
Programming (EP) (Cao and Wu, 1999), Genetic
Algorithm (Coello and Montes, 2001), Particle Swarm
Optmisation (PSO) (He and Prempain, 2004), Hybrid
Particle Swarm Branch-and-Bound (HPB) (Nema at al.,
2008) and Self-Adaptive Stepsize Search (SASS) (Nolle
and Bland, 2012). Table 2 shows the best designs, as
found by the three best methods, and the associated
fitness values as reported by Nolle and Bland (2012). As
can be seen, the fitness (costs) could be reduced
dramatically, compared to Sandgren’s original value of
7982.5.
Table 2: Comparison of results

Fitness
x1
x2
x3
x4

PSO
6,059.7143
0.8125
0.4375
42.09845
176.6366

HPB
6,059.6545
0.8125
0.4375
42.09893
176.6305

x1
-0.0118
0.0472

x2
-0.0118
0.0472

x3
-0.1969
0.1969

-0.2756
0.2756

Table 4: Fitness after applying upper and lower
tolerances to the original design solutions

SASS
6,059.7143
0.8125
0.4375
42.09845
176.5366

Original
fitness

PSO

6,059.7143

HPB

6,059.6545

SASS

6,059.7143

Fitness for
lower tolerance
values
N/A (g1 and g3
violated)
N/A (g1 and g3
violated)
N/A (g1 and g3
violated)

Fitness
for upper
tolerance
values
6579.68

Problems with optimal solutions
As can be seen from the example above, computational
optimisation methods are capable of finding very good
solutions for engineering applications in terms of fitness
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g 3 ( x ) = 1, 296 . 000 − π x 32 x 4 − 4 / 3π x 33 ≤ 0

g 4 (x) = x4 − 240 ≤ 0
0.0625 ≤ x1 ≤ 6.1875
0.0625≤ x2 ≤ 6.1875

(1)

10 ≤ x3 ≤ 200

10 ≤ x4 ≤ 200
The aim is to minimise the total cost of the materials
used and also the production costs, which consist of the
costs of forming and welding the pressure vessel.
Equation (2) provides the fitness function f(x), which
was introduced by Sandgren (1990). It comprises the
four design variables x = (x1 , x2 , x3 , x4) .
2
3

f ( x ) = 0 . 6224 x1 x 3 x 4 + 1 . 7781 x 2 x +
3 . 1661 x12 x 4 + 19 . 84 x12 x 3

Table 3: Upper and lower tolerances for pressure vessel

6579.678

Tolerance
[inches]
Lower limit
Upper limit

(2)

Previous methods used are, amongst many others,
Branch and Bound (BB) (Sandgren, 1990), Evolutionary
Programming (EP) (Cao and Wu, 1999), Genetic
Algorithm (Coello and Montes, 2001), Particle Swarm
Optmisation (PSO) (He and Prempain, 2004), Hybrid
Particle Swarm Branch-and-Bound (HPB) (Nema at al.,
2008) and Self-Adaptive Stepsize Search (SASS) (Nolle
and Bland, 2012). Table 2 shows the best designs, as
found by the three best methods, and the associated
fitness values as reported by Nolle and Bland (2012). As
can be seen, the fitness (costs) could be reduced
dramatically, compared to Sandgren’s original value of
7982.5.
Table 2: Comparison of results

6579.60

As can be seen from Table 4, the fitness decreases
dramatically for all of the designs using the upper
tolerance values, with an error of 8.6%. Even worse,
when using the lower tolerances, all of the designs are
unfeasible because they violate constraints g1 and g3 and
hence would not be fit for purpose!
There are two aspects of robust optimisation. The first is
related to the narrowness of the global optimum for
unconstraint optimisation. Figure 2 shows an example
of a fitness landscape for a one-dimensional
optimisation problem. In the example, there are two
maxima, one at x=5 and the other at x=10. The global
optimum is located at x=5. However, the peak is too
narrow, and slight deviations in implementing the

This example clearly showed that computational
optimisation methods are capable of finding very good
solutions for engineering applications in terms of fitness
function values. However, when implementing optimal
designs physically, engineers are often confronted with
a number of problems, which are outlined below.

g 2 ( x ) = 0.00954 x3 − x 2 ≤ 0

x4

The upper and lower tolerance values were added to the
design solutions presented in Table 2. Table 4 shows
how the fitness values changed when the upper and
lower tolerances were taken into account.

Method

function values. However, solutions presented in the
literature often use design parameter values that have
many decimal places. This means, in reality, that those
solutions cannot actually be manufactured because of
the tolerances of both the materials involved and the
manufacturing processes.
For the pressure vessel problem, for example, the
solutions presented in the literature show up to five
places after the decimal point. Since the manufacturing
process cannot achieve the required accuracy, the
parameter values are slightly different and hence result
in a different fitness value. For example, using a modern
CNC machine, tolerances of +/- 0.005 mm are common.
Also, controlling the dimensions of the heads is
especially difficult (Pullarcot 200). Other unavoidable
causes of error are the thickness tolerances for plate
rolled on a plate mill (Standards Australia, 1995). Table
3 shows the combined upper and lower tolerances for
the pressure vessel design problem.

The design has to satisfy four constraint functions and
an allowed range for each design variable. The design
and constraint functions and the ranges of the design
variables are given in the following equations and
inequalities:
g1 ( x) = 0.0193 x3 − x1 ≤ 0

Fitness
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As can be seen from Table 4, the fitness decreases
dramatically for all of the designs using the upper
tolerance values, with an error of 8.6%. Even worse,
when using the lower tolerances, all of the designs are
unfeasible because they violate constraints g1 and g3 and
hence would not be fit for purpose!
There are two aspects of robust optimisation. The first is
related to the narrowness of the global optimum for
unconstraint optimisation. Figure 2 shows an example
of a fitness landscape for a one-dimensional
optimisation problem. In the example, there are two
maxima, one at x=5 and the other at x=10. The global
optimum is located at x=5. However, the peak is too
narrow, and slight deviations in implementing the

This example clearly showed that computational
optimisation methods are capable of finding very good
solutions for engineering applications in terms of fitness
function values. However, when implementing optimal
designs physically, engineers are often confronted with
a number of problems, which are outlined below.
Problems with optimal solutions
As can be seen from the example above, computational
optimisation methods are capable of finding very good
solutions for engineering applications in terms of fitness
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Figures 4: Example of a fitness landscape for a onedimensional constrained optimisation problem

1

It can be seen that the global optimum is located at
x=15. However, all of the points for values x>15 lie
outside of the area of feasible solutions and hence, due
to penalisation, result in a fitness value of zero. If an
algorithm finds the global optimum correctly, but due to
the engineering related problems mentioned above the
implementation of the solution uses x+ε, all solutions
with a positive ε will cause a constraint violation, i.e.
lead to infeasible solutions.
Clearly, it would be of benefit if an algorithm could find
a solution close to the global optimum but with a safety
distance d > ε. In this case, if the realisation process
causes a deviation up to ε, the resulting solution would
a) still be close to the global optimum, and b) not violate
any constraint.
Both problems mentioned above, i.e. narrow global
optima and constraint optimisation using penalty
functions, are equivalent, and hence it is possible to
address both issues using a single method.
This analysis led to the design of a meta-method, which
can be used in conjunction with any iterative
optimisation algorithm. This method is presented in the
next sections.

0.5
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Design variable x
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Figures 2: Example of a fitness landscape for a onedimensional optimisation problem
The other problem relates to constraint optimisation.
Here, constraints define areas in the input space which
do not contain feasible solutions. Figure 3 shows an
example of an input space for a two-dimensional
constraint optimisation problem.

x2

META-METHOD FOR ROBUST OPTIMISATION

x1

Typical engineering optimisation problems deal with
high-dimensional and multimodal design spaces. The
goal of engineering design should be to find a good
enough solution that is a) near-optimal in terms of its
fitness criterion, and b) robust enough to maintain that
fitness even if the manufacturing process causes slight
deviations in the actual design parameter values.
Computational optimisation methods have been proven
to find near-optimal solutions in finite time and with a
high degree of repeatability. These methods should be
modified so as to learn from experience, i.e. guided
away from dangerous areas during the search. However,
none of the common standard computational
optimisation algorithms has a facility to learn during a
single iteration. The closest facility would be local
search, a technique often used to improve the current
solution by searching the neighbourhood of the current
solution. If a better solution is found, the solution itself
is changed (Lamarckian learning). Alternatively, for

Figures 3: Example of an input space for a twodimensional constraint optimisation problem
In the example, there are two design variables, x1 and
x2. However, only combinations of x1 and x2 that lie in
the grey area are feasible, i.e. allowed, whereas
combinations that lie in the white areas are not feasible.
The white areas are defined by the constraints. The
more constraints there are, the more complicated the
shape of the allowed area(s) can be and hence the more
difficult the optimisation problem.
It is a well-known fact that optimum solutions are
normally located at the edges of the feasible space; for
example, this forms the basis for the simplex algorithm
for linear programming (Murty, 1983). Figure 4 shows
an example of a fitness landscape for a one-dimensional
constrained optimisation problem.
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same fitness, but slight deviations in x do not cause a
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For a practical application, it would be more desirable to
find a robust solution rather than the global optimum.
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Typical engineering optimisation problems deal with
high-dimensional and multimodal design spaces. The
goal of engineering design should be to find a good
enough solution that is a) near-optimal in terms of its
fitness criterion, and b) robust enough to maintain that
fitness even if the manufacturing process causes slight
deviations in the actual design parameter values.
Computational optimisation methods have been proven
to find near-optimal solutions in finite time and with a
high degree of repeatability. These methods should be
modified so as to learn from experience, i.e. guided
away from dangerous areas during the search. However,
none of the common standard computational
optimisation algorithms has a facility to learn during a
single iteration. The closest facility would be local
search, a technique often used to improve the current
solution by searching the neighbourhood of the current
solution. If a better solution is found, the solution itself
is changed (Lamarckian learning). Alternatively, for

Figures 3: Example of an input space for a twodimensional constraint optimisation problem
In the example, there are two design variables, x1 and
x2. However, only combinations of x1 and x2 that lie in
the grey area are feasible, i.e. allowed, whereas
combinations that lie in the white areas are not feasible.
The white areas are defined by the constraints. The
more constraints there are, the more complicated the
shape of the allowed area(s) can be and hence the more
difficult the optimisation problem.
It is a well-known fact that optimum solutions are
normally located at the edges of the feasible space; for
example, this forms the basis for the simplex algorithm
for linear programming (Murty, 1983). Figure 4 shows
an example of a fitness landscape for a one-dimensional
constrained optimisation problem.
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neighbourhood <=ε would cause a violation of a
constraint.
As can be seen above, both problems can be solved by
using a measure of the quality of the solutions contained
in the neighbourhood of a solution. For unconstrained
optimisation, this penalty would change the shape of the
effective fitness landscape so that narrow peaks are
penalised. For constrained optimisation, it would change
the shape of the fitness landscape so that points near to
or on the border of a forbidden region would be lowered
in fitness or, in other words, the edges would be
‘rounded off’ (see Figure 4) and produce a fitness
barrier to protect the solutions from leaving the feasible
space when realised through an engineering process
(Figure 7).

genetic algorithms, the fitness value of the original
current solution can be improved, which increases the
individual’s chance of being selected to generate
offspring for the next generation (Baldwin learning)
(El-Mihoub et al 2006).
Figure 5 shows as an example a contour plot of a fitness
landscape for a two-dimensional unconstrained
optimisation problem.

Figures 5: Contour plot of a multimodal fitness
landscape

Figures 5: Contour plot of a multimodal fitness
landscape

As can be seen, most deviations from s1 will cause the
solution to drop dramatically in fitness whereas solution
s2 is more robust in that respect. A local search here
would not be of any help since the global optimum (s1)
has already been found. However, if, through local
probing, a measure of the deviation in fitness for the
region around s1 could be established, it could be used
to adjust the fitness accordingly. This would be similar
to the Baldwin approach for genetic algorithms but
could be used with any arbitrary optimisation algorithm.
Similarly, for constraint optimisation using penalty
functions, this measure could be used to penalise
solutions that are too close to the border with the
forbidden areas. Figure 6 shows two solutions s1 and s2
for a two-dimensional constrained optimisation
problem. The grey area contains all feasible solutions;
white areas are forbidden.
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Figures 7: Fitness barrier to protect solutions from
dropping into the forbidden area
This led to the development of the following metaheuristic for engineering applications (Figure 9). The
search begins with an initial solution, respectively with
an initial population of solutions. Each time a solution is
due to be evaluated by the optimisation algorithm used,
its fitness is evaluated first and then the neighbourhood
with the radius ε is sampled with random trials. The
average fitness of all of the trials is calculated and used
by the host optimisation algorithm instead of the fitness
for the original solution. Figure 8 shows the
optimisation loop for the Baldwinean-based metaheuristic.
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It can be seen that probing the areas with the radius ε
around the solutions would lead to a penalisation for s2,
because a section of the circle is in the forbidden zone.
On the other hand, s1 would not be subject to such a
penalty, because none of the points within the
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It can be seen that the optimisation algorithm, which
could be of any type, does not receive a quality measure
directly from the engineering problem. Instead, it sends
its solution to the meta-heuristic, which in turn presents
n slightly different versions of the solution to the
problem and calculates the average fitness, including
any penalties if applicable. This average fitness is then
used by the optimisation algorithm for decision making.

EXPERIMENTS
The meta-heuristic described above can be combined
with any direct search algorithm, i.e. any algorithm, that
uses an optimisation loop to adjust current solutions
using the fitness currently observed.
For the experiments, self-adaptive stepsize search
(SASS) (Nolle 2006) was used as the optimisation
algorithm.
SASS is a population-based adaptation scheme for hill
climbing with a self-adaptive step size, where the
temporary neighbourhood of a particle pi is determined
by the distance between itself and a randomly selected
sample particle si of the population in each iteration.
When the search is progressing, each particle is
attracted by a local optimum and hence the population is
clustered around a number of optima. If both, pi and si
are located in different clusters, pi has the chance to
escape its local optimum if it samples from a region
with a higher fitness, i.e. lower costs. Towards the end
of the search, most particles have reached the region of
the global optimum and hence their mean distance is
much smaller than in the initial population. As a result,
the maximum step size smax is sufficiently small to yield
the global optimum.
SASS was chosen because it has only one control
parameter, which is the number of particles. This
eliminates the need for fine-tuning control parameters
before the algorithm can successfully applied to
industrial problems (Nolle 2007; Dias Junior and da
Silva Junior, 2013). Hence, the experiments would not
be influenced by the meta-optimisation problem of
tuning control parameters.
SASS was also proven to be effective and efficient for
the pressure vessel problem (Nolle and Bland, 2012).
Figure 10 shows the optimisation loop for the pressure
vessel problem, using SASS as a direct search
algorithm.
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For SASS, the same control parameters were used as
reported by Nolle and Bland (2012) to allow a fair
comparison. The number of particles was hence set to
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Baldwinian-based meta-heuristic on top of SASS
(BMH/SASS). Apart from the latter method, best
solutions reported in the literature were used and
rounded to four decimal places behind the decimal
point. The perturbation was randomly chosen from the
intervals presented in Table 3, which represent the
technical limitations for pressure vessel manufacturing
(Pullarcot, 2002). A uniform distribution or random
numbers was used.
Table 5: Comparison of results

Passed
[%]
Average
Fitness

Average Fitness
Best Fitness

6800
6700
6600
Fitness

HPB
40

SASS
40

BMH/SASS
53

6298.09

6298.72

6318.39

6284.24

As it can be seen from Table 5, out of the 100 pieces
virtually produced, only 40 passed the quality check in
the case of SASS and HPB and 42 in case of PSO.
SASS was outperformed by both, PSO and HPB, in
terms of pass rate and average fitness. However, when
combined with BMH, the number of passes for SASS
increased by 30% and the average fitness dropped
below that of PSO and HPB. This clearly shows that
BMH is capable of improving the effectiveness of
generic direct search algorithms for engineering
applications, i.e. for applications were the actual
realisation of a solution differs slightly from the
theoretical one because of the accuracy of the
manufacturing processes involved in producing the
goods in the physical world.

7000
6900

PSO
42

6500
6400

CONCLUSIONS

6300

Before carrying out the experiments, it was decided to
limit the number of places after the decimal; for the
pressure vessel problem, the design parameters x3 and
x4 are continuous. For practical applications, a solution
with a large number of decimal places behind the
decimal point cannot be implemented, because of the
accuracy of the engineering processes involved, for
example +/- 0.0002 inches for modern CNC machines
(Pullarcot, 200). Therefore, only four places behind the
decimal point were used for the experiements.
The new method, refered to as Baldwinian-based MetaHeuristic (BMH) has two degrees of freedom, which are
the number of trials, or sample size, and the range of the
samples around a solution, i.e. epsilon. These had to be
determined empirically. Based on the results obtained
from extensive experiments, the sample size was
chosen to be 10 and epsilon was chosen to be 0.01% of
the search space dimension range.
The maximum number of iterations was chosen to be
75,000 for the experiments. After 50 runs of the
algorithm, an average fitness of 6065.3908 was
achieved with a standard deviation of 2.5375. Figure 11
shows a conversion plot of a typical run. It can be seen
that the average fitness improves up to around 65,000
iterations whereas the best fitness was already found
after approximately 9,000 iterations.
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Figures 11: Conversion Plot for a typical Run of BMH.
The solid line depicts the average fitness and the dashed
line represents the best fitness in the population.
The best solutions found during the 50 runs of the
BMH/SASS algorithm are compared with the best
solutions reported in the literature in the next section.
EVALUATION
In order to evaluate the solutions obtained, a Monte
Carlo simulation (Rubinstein, 1981) was developed; the
manufacturing process was simulated by randomly
changing the optimal solutions found by different
optimisation algorithms. These algorithms were:
Particle Swarm Optmisation (PSO) (He and Prempain,
2004), Hybrid Particle Swarm Branch-and-Bound
(HPB) (Nema at al., 2008), Self-Adaptive Stepsize
Search (SASS) (Nolle and Bland, 2012) and the new
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The aim of this research was to increase the robustness
of engineering design solutions. Two major problems
were identified; the first one is the problem of overspecifying solutions. This means, that for engineering
optimisation problems, the theoretical solutions have to
be implemented in the physical world using
manufacturing processes. As everything in the physical
world, these processes suffer from noise, i.e.
inaccuracies that disturb the theoretical solutions. It is
also well-known that for constrained problems, optimal
solutions usually exist on the borders to the feasible
solution space. If the perturbation moves a solution
slightly around it might enter an area of the solution
space that is not allowed because one or more constrains
would be violated.
The second problem is related to the narrowness of
global solutions; if a global solution is located on a very
narrow peak in the multi-dimensional fitness landscape,
slight deviations from that location will result in a
dramatic drop of fitness. In the real-world this could
have catastrophic consequences for practical
engineering applications. For example, if a bridge has to
be build using a beam that was designed so that it has
maximum strength and minimum weight, but could not
be manufactured with the required accuracy, then the
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strength might drop below a safety level and hence the
bridge could collapse. Therefore, engineers usually
incorporate safety factors into their designs, which
means that they move away from optimum designs.
This is economically not justifiable and is in contrast to
the aims of computational optimisation.
To overcome these problems, a Baldwinian-based metaheuristic (BMH) was proposed. It uses not only the
fitness of a solution alone, it also probes its
neighbourhood in order to estimate the goodness of the
region of the solution. This meta-heuristic can be
combined with any arbitrary optimisation algorithm,
which was demonstrated on the pressure vessel
problem, where a combination of BMH and SASS was
used. It was shown that BMH/SASS was able to
outperform standard SASS as well as Particle Swarm
Optimisation (PSO) and Hybrid Particle Swarm Branchand-Bound (HPB).
Another aspect of engineering optimisation is the
number of decimal places behind the decimal point. For
example, a theoretical solution that relies on a design
parameter to have eight decimal places behind the
decimal point when measure in millimetres cannot be
manufacture, even with modern CNC equipment.
Therefore, a recommendation here is to use not more
than four decimal places.
In conclusion, it can be said that the new method
proposed in this work has the potential to find more
robust solutions for engineering optimisation
applications.
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strength might drop below a safety level and hence the
bridge could collapse. Therefore, engineers usually
incorporate safety factors into their designs, which
means that they move away from optimum designs.
This is economically not justifiable and is in contrast to
the aims of computational optimisation.
To overcome these problems, a Baldwinian-based metaheuristic (BMH) was proposed. It uses not only the
fitness of a solution alone, it also probes its
neighbourhood in order to estimate the goodness of the
region of the solution. This meta-heuristic can be
combined with any arbitrary optimisation algorithm,
which was demonstrated on the pressure vessel
problem, where a combination of BMH and SASS was
used. It was shown that BMH/SASS was able to
outperform standard SASS as well as Particle Swarm
Optimisation (PSO) and Hybrid Particle Swarm Branchand-Bound (HPB).
Another aspect of engineering optimisation is the
number of decimal places behind the decimal point. For
example, a theoretical solution that relies on a design
parameter to have eight decimal places behind the
decimal point when measure in millimetres cannot be
manufacture, even with modern CNC equipment.
Therefore, a recommendation here is to use not more
than four decimal places.
In conclusion, it can be said that the new method
proposed in this work has the potential to find more
robust solutions for engineering optimisation
applications.
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ABSTRACT

ABSTRACT

This article is focused on presenting our research about
direct punch force. Professional defence is very
important part of our life and punches are basic
technique in majority of martial arts. Our aim was to
measure dependence of force on time. Then we found
differences between genders and among groups of
participants with different level of training. The
analysis started with measuring of the force with help
of strain gauge L6E-C3-300kg and then we continued
with finding of the dependence of this force on time
and on input parameters. For data analysis two pieces
of software were used – Office Excel and MINITAB.
Our goal was to prepare data for an artificial neural
network.
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Figure 1: Direct punch

In the past research, a direct kick and a round kick were
classified via artificial neural networks (Lapkova et al.
2014 c, Lapkova et al. 2014 d). In these two cases, the
artificial neural network was used to distinguish a
gender and a training level of participants. In another
paper (Lapkova et al. 2014 a),,authors achieved very
good results in distinguishing between genders in the
case of the direct punch.
In this paper, we have tried to find new classifiers to
obtain better results. The reason is worse results for
direct punch compared to the direct kick and the round
kick. The basis is very good statistical data analysis
and finding new possibilities for inputs of the artificial
neural networks.
Firstly, a short introduction into artificial neural
networks is given with the view into the past research.
The following part describes a measuring station.
Experiment setup and data analysis conclude the paper.

INTRODUCTION
Professional defence is a field which is primarily
focused on the legal protection of personal interests. It
covers various areas - theory and practice of defence,
attack and prevention, scientific disciplines such as
tactics (e.g. skill in the counter attack), strategy
(precautionary action) and operation (behaviour after a
conflict situation). Moreover, it includes the knowledge
of somatology and the chosen parts of crisis
management, especially the phases of the conflict and
solutions to conflict situations (Lapkova et al., 2012).
Striking techniques are very important part in majority
of martial arts (Gianino, 2010), combat sports (Blower,
2007) or combat systems (Levine et al., 2007). Direct
punch is based on energy which is transferred through
arms, particularly through closed fist (Fig. 1). This type
of punch is delivered by the arm following a direct line.
The aim is to stop the attacker and increase distance
between the defender and an attacker. In the following
experiment the punch was delivered by the back hand
(Lapkova et al., 2014 a).
The aim of our experiment was to measure the force of
direct punch and then to find out dependence of force
on inputs parameters – a training level and a gender. In
the second step of experiment we analyzed data with
help of statistical analysis and characteristic parameters
– a maximum force, a standard deviation, a mean force
etc. were found out.
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Grisha Spasov, Galidiya Petrova (Editors)
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ARTIFICIAL NEURAL NETWORKS
Artificial neural networks are inspired in the biological
neural nets and are used for complex and difficult tasks
(Hertz et al., 1991), (Wasserman, 1980), (Gurney,
1997), (Fausset, 2003). The most often usage is
classification of objects as also in this case. ANNs are
capable of generalization and hence the classification is
natural for them. Some other possibilities are in pattern
recognition, control, filtering of signals and also data
approximation and others.
There are several kinds of ANN. Simulations were
performed with feedforward net with supervision and
Levenberg-Marquardt training algorithm (Fausset,
2003). ANN needs a training set of known solutions to
be learned on them. Supervised ANN has to have input
and also required output. ANN with unsupervised
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learning exists and there
selforganization is applied.

a

capability

some better statistical value, which could be used as a
new or additional input into the ANN.

of

MEASURING DEVICES

PAST RESEARCH EXPERIMENTS

The strain gauge sensor L6E-C3-300kg (Fig. 2.) works
as unilaterally cantilever bending beam. During force
delivery the biggest deformation of sensor is in places
with the thinnest walls – there are metal film strain
gauges which change their electrical resistance
depending on deformation (Lapkova et al., 2014 a).

Experiment 1: The aim was to distinguish between the
direct kick and the round kick with the respect to
training level. The training set consist of only 103
participants. A set of statistical values was used to
represent each force profile for the classification. Three
different spectral sequences were derived from the
force profiles. The first one was in the range from 3N
to 53N with the bandwidth 10N. The second one was in
range from 73N to 133N with the bandwidth 20N.
Finally, the third one was starting at 201N and ending
at 801N with the bandwidth of 200N. By this approach
eleven integer number inputs for classification were
obtained for each force profile. As the last (twelfth)
input the rounded median value was used (Lapkova et
al., 2014 c). All these 12 inputs were inputs into ANN
with the sigmoid functions in 2 - 7 hidden nodes.
Reached simulations results are presented in Tab. 1.
Table 1: Results for experiment 1 - UTM (untrained men),
MTM (mid-trained men), TM (trained men),
UTW (untrained women)

Group	
  
UTM	
  
MTM	
  
TM	
  
UTW	
  

Figure 2: Strain gauge sensor L6E-C3-300kg
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Strain gauges are plugged in Wheatstone bridge and
this way it is possible to convert difference of
resistance to electrical signal which we can process
(Lapkova et al., 2014 a).
The strain gauge type L6E-C3-300kg is an electronic
appliance that converts the signals to data that is stored
in memory. The core of the appliance is a single-chip
microcomputer that controls all of the activities. The
strain gauge sensor is connected to this appliance via
four-pole connector XLR by four conductors. The
number of values measured by the sensor averages
around 600 measurements per second while the data
are immediately stored in the memory of a device with
a capacity of 512 kB (Lapkova et al., 2012).
The mentioned above strain gauge sensor was placed
on the measuring station according to the following
schematic (Fig. 3 and Fig. 4):

Experiment 2: We used the ANN to distinguish
between genders in case of direct punch, direct kick
and round kick. In this research we used 20
participants. To identify the dynamics of striking
techniques performed by men and women, the discrete
cosine transformation (DCT) was applied on the force
profiles. Values no. 4 – 13 from the generated DCT
vector were taken. These nine values were joined with
the count of values no. 1 (including rounding) in the
force profile. Thus ten numeric values representing
each force profile were created and served as input data
for the ANN (Lapkova et al., 2014 a), (Lapkova et al.,
2014 d). Obtained results are presented in Tab. 2.
Table 2: Results for experiment 2
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In experiment 1 we used mean value as the last input
for the ANN. The current aim of this paper is to find

In experiment 1 we used mean value as the last input
for the ANN. The current aim of this paper is to find

Figure 3: Part of measuring station – spread and side view
(Lapkova et al., 2014 d)
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EXPERIMENT SETUP

1 – punching bag (made from hardened vinyl filled
with foam)
2 – template
3 – strain gauge sensor L6E-C3-300kg
4 – board (200 x 200 x 5 mm)
5 – punching bag base

The total of 220 participants took part in the
experiment; 192 men and 28 women. All participants
were in the age from 19 to 25.
Based on previous training and experience the
participants were divided into following categories:
• Untrained – These people have never done
any combat sport, martial art or combat
system. They have no theoretical knowledge
of the striking technique. The technique was
presented to these people before the
experiment for safety reasons. Noted further
as UTM (for men) and UTW (for women).
• Mid-trained - These people have the
theoretical knowledge of striking techniques
and do attend the Special physical training
course for at least six months. The course is
focused on self-defense and professional
defense. Noted further as MTM (for men) and
MTW (for women).
• Trained – These people have attended the
Special physical training course for two or
more years or practiced a combat sport or
martial art for the same time period. Noted
further as TM (for men) and TW (for women).
• Self-trained - These people did practice or still
do practice (for less than 2 years) some
combat sport, martial art or combat system.
As there is no guaranty on the quality of the
training they are separated into separate
category. Noted further as STM (for men) and
STW (for women).

Figure 4: Part of measuring station – front view

The strain gauge is connected to the computer, which is
used for data storage. You can see the whole measuring
station in Fig. 5 and Fig. 6.

During the experiment, each person made from one to
twenty strikes. During the measurement the target was
positioned in such manner that the center of the strain
gauge sensor was in line with the striking person´s
shoulder. That way the direct punch has the maximum
velocity and force (as there is no decomposition of
force or velocity into other axes). The person was made
to stay at the same place for the whole experiment. Any
unnecessary movement (e. g. lunge etc.) would lead to
data distortion (Lapkova et al., 2014 b).
The exact numbers of participants in each group are
given in Table 3.

Figure 5: Measuring station
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DATA ANALYSIS

DATA ANALYSIS

For data analysis we used two pieces of software –
Office Excel and MINITAB. MINITAB is software for
statistical analysis and for creating graphs.
In this research, various dependencies are important for
observing. The dependence of mean force on time is
depicted in Fig. 7 and Fig. 8. In the Fig. 8 part of the
whole graph of force is depicted only for better data
recognition.
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Figure 10: Dependence of mean force on time for women

Figure 10: Dependence of mean force on time for women

In the following figures (Fig. 11 - Fig. 14), comparison
between dependencies of mean force on time for each
training level is visible. Women have always weaker
punch than men but in some category the difference is
not as significant as authors would expect.
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not as significant as authors would expect.

Figure 7: Dependence of mean force on time – whole graph
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Figure 11: Dependence of mean force on time for untrained
men and untrained women

Figure 11: Dependence of mean force on time for untrained
men and untrained women

Figure 8: Dependence of mean force on time - shortened
graph

Figure 8: Dependence of mean force on time - shortened
graph

Fig. 9 and Fig. 10 show dependencies of mean force on
time - men and women separately.

Fig. 9 and Fig. 10 show dependencies of mean force on
time - men and women separately.

Figure 12: Dependence of mean force on time for mid-trained
men and mid-trained women

Figure 9: Dependence of mean force on time for men

Figure 12: Dependence of mean force on time for mid-trained
men and mid-trained women

Figure 9: Dependence of mean force on time for men
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Table 5: Maximum force for each category
	
  	
  

Maximum	
  

StDev	
  of	
  maximum	
  

MINITAB is also useful for statistical analysis of data.
In Table 4, results for each category – especially mean
of force, maximum force and standard deviation are
shown. Table 5 is focused on maximum force and on
standard deviation. As can be seen, the maximum
values are more different between each group than the
mean. Therefore the future testing of ANN will use this
additional input value and comparisons will be made.
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In this long-term research, the direct punch force
profiles of more than 200 participants were measured
using strain gauge and complex measuring station. The
results were afterward processed and analyzed using
the MINITAB.
Our goal was to measure force profile for direct punch
and then to find out the dependencies on inputs
parameters. In the next step of our research we
analyzed data with help of statistical analysis.
For future research the maximum force was selected as
a suitable classifier from statistical data analysis. In
graphs we can see that there are differences between
training levels for each gender. Therefore it is expected
that direct punch would be able to distinguish with the
respect to gender and training level with help of the
artificial neural network.
In the future, authors would like to measure other
striking techniques used in professional defence and to
compare them with direct punch results. The
simulations for recognition of striking techniques with
help of artificial neural network in the view of gender
and training level will be performed too.
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network allows usage of only one output but it can be
used multiple inputs. Therefore classification into
several classes was done in the way either of continuous
intervals in one output node or connection of several
independent nets (symbolically designed models) gives
the combinations of values in more output nodes.
As the process of pseudo neural networks is
evolutionary driven some inputs were omitted in the
final model. In some cases, it might serve as an
advantage which reduces the complexity of the
structure. And at the same time, the most important
inputs connected with the problem are evolutionary
selected.
Tasks like prediction need values from the history and
also historical data of other features and most probably
all of them are necessary. As these values are given to
the input layer, it might happen that PNN would omit
some inputs. For the purpose of the further research
with pseudo neural nets, the analysis of behaviour of
standard multilayered perceptron (feedforward artificial
neural net) was studied in this paper.
As the dataset, data from the production of clinker was
used. Researchers have explored some stages of the
cement and clinker production with usage of ANN
(Svinning et al. 2010, Stanisic et al. 2014, Topalov
2004) but they do not solve the prediction of the
chemical composition of raw material.
Firstly, introduction into the clinker production is given,
than a description of artificial neural network (ANN)
follows. Afterwards, the proposed experiment with
results is explained. Conclusion and future work
overview finish the paper.

neural

ABSTRACT
This research deals with the analysis of the behaviour of
artificial neural nets for prediction of raw material
batches for the production of clinker. During the
production several oxides that are present in raw
materials in quarries have to be extracted for
homogenization of the mixture suitable for clinker
production. There is some delay between the
measurement of the mixture and the material which is
send from quarry. It is necessary to “send” precise
chemical composition to ensure a good quality of
clinker and resulting product - cement. Artificial neural
networks (ANN) are suitable for such kind of timeindependent prediction. The results show that not all
oxides are necessary to use for the prediction of one
oxide. The ANN were designed into several nets with
one input similarly as pseudo neural networks are able
to work. The results will be used for the purpose of
further research of pseudo neural nets which currently
serve only as classifiers.
INTRODUCTION
The paper deals with the analysis of behaviour of
artificial neural networks during the data training for
prediction of raw materials batches for the production of
clinker. This analysis should help for further research of
pseudo neural networks.
Pseudo neural networks were developed in 2013 and
further tested (Kominkova Oplatkova et al. 2013a,
2013b, 2014). Pseudo neural networks (PNN) were
inspired in artificial neural nets (ANN). There is
synthesis of the model - structure - relation between
inputs and outputs in both - pseudo neural networks and
artificial neural nets. ANN uses structures of nodes with
transfer functions like sigmoid and training algorithms
like back propagation or Levenberg-Marquardt. On the
contrary, pseudo neural net synthesizes the structure via
evolutionary process of symbolic regression - there are
no nodes and weights from the respective of ANN but
there is a function dependent on inputs.
The first simulations with PNN were connected with the
area of classification. The principle of pseudo neural

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
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INTRODUCTION INTO CEMENT PRODUCTION
Cement is the most common structural binder. It is a
powdered inorganic hydraulic binder, which contains
mainly a finely ground clinker. It is possible to affect its
properties by means of selection, composition of raw
materials and technological process of cement
production and thus it can be predetermined to the
widest possible usage or the specific usage. Nowadays,
factories check workflow production and associated
operations regularly and everything is subject to the
maintenance and development of a functioning quality
management system.
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Cement production is very complicated, technically,
time and energy consuming process, which comprises
several stages:
1. Resource extraction. The crushed and milled
material progresses through homogenization
silos into stock silos. In this phase, regular
analysis of chemical composition of mined
rock are carried out. Based on analysis results,
eg. the composition of raw materials or ground
Figure 1: Mining of the raw material in quarry and its crushing
fineness can be adjusted.
Obr. 1: Těžba a drcení suroviny
The crushed material with the help of a belt conveyor is
2. Firing of clinker. The most important part of
transported
to apásového
materials landfill.
The raw
material is na skládku suroviny.
the cement production process.
The materiál
raw
Rozdrcený
je
za pomoci
dopravníku
dopravován
stored in the prehomogenized silo (Fig. 2) and then
powder passes through the heat exchanger,
homogenized.
where the raw material is preheated
partial uskladněna
Zde jeand
surovina
v předhomogenizačním silu a homogenizována.
decarbonized, into the rotary kiln. During
burning process artificial minerals are
produced and by quenching they are stabilized
and formed into Portland cement clinker. The
most of the firing process is automatically
controlled focusing on stability and little
variability of resulting clinker parameters.
3. Grinding of clinker and storage. Clinker,
Figure 2: Homogenization of the raw material
together with other ingredients is ground to
Obr. 2: Příprava suroviny – homogenizace
fine meal and then stored in silos. Relevant
parameters are continuously checked. Testing
Required mixture
of crushed
raw materialssurovin
and
Požadovaná směs rozdrcené
základní
surovinybasic
a korekčních
(křemičitý písek,
is carried out on the modern equipment, such
correction of raw materials (silica sand, iron oxide
as a laser granulometer, automatic
X-ray
železitá korekce)
jecorrection)
připravovaná
za pomoci
měřících zařízení. Mlýnice
is prepared
with thepřesných
help of precision
analyser and others.
measuring equipment. Cylindrical or ball mills grind the
s válcovými
nebo kulovými
mlýny rozemelou surovinovou směs na jemný prášek a
4. Expedition. Cement is supplied
either in bulk
raw material mixture to fine meal dry it at the same
or packaged in paper bags. Prior to the
stored indopravena
silos and further
time.
the meal is
ji vysuší.
Poté Then
je rozemletá
surovina
do sil uskladňujících tuto
shipment of cement is testingsoučasně
in accordance
to
homogenized (Fig. 3).
technical standards.
surovinovou moučku, a zde je dále homogenizována.
Modern control systems and the computer technology
used in the cement production should guarantee its
stable properties. An important contribution to the
optimization, uniformity and control of the entire
cement production process is automatic service
laboratory. It is used for automated sampling at regular
intervals, analyses and results archiving with
minimizing of the human factor influence on inspection
and test procedures during the cement production. The
paper deals with the part of cement production which is
aimed on optimal regulation (prediction) of the dosage
Obr.
3: Příprava
suroviny
sušení a mletí
Figure
3: Milling
and drying
of the raw–material
of each mineral resource for the correct composition of
clinker.
Výpal suroviny probíhá za teploty cca 1 450 °C v peci typu Lepol nebo v rotační peci
Firing of the raw materials needs temperatures about
PRODUCTION PROCESS
1450 °C
in an oven orTyto
in a rotary
superior
heat
s představeným tepelným
výměníkem.
typy kiln
pecíwith
pracuji
rozdílnou
metodou, přičemž
exchanger. These types of furnaces work in different
The main raw materials for the production
of cement
are
hlavním
rozdílem
je techniques,
způsob přípravy
předehřátí
surovinové
moučky.
Díky chemickým
while thea main
difference
is the method
of
limestone and sodalite. These materials are mined in
preparation and preheating the raw meal. The chemical
quarries with the help of blasting or only dragline using
reactions in a process known as sintering and
heavy equipment (Fig. 1). Wheel loaders and trucks
subsequent quenching arises new product - Portland
transport the raw material into a crushing. Large stones
cement clinker (Fig. 4).
are crushed to the size of the road gravel.
Clinker is the basic raw material for cement production.
The production begins by grinding of input materials limestone, marl, clay shale, silica sand, fluorspar and
iron ore. Raw materials are batched onto the conveyor
belt, which is continuously analysed and the chemical
composition of aggregates monitored continuously
throughout volume and time. Dosing of the individual
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of signals and also data approximation, prediction and
others.
There are several kinds of ANN. Basic division is into
supervised and unsupervised training algorithm.
Supervised ANN has to have input and also required
output. The error on the output between actual value
obtain from the training process and the required one
control the adjusting weights (training).
The neural network works so that suitable inputs in
numbers have to be given on the input vector. These
inputs are multiplied by weights which are adjusted
during
training.
In the
inputs
UTB ve Zlín!,
Fakultathe
aplikované
informatiky,
2008 neuron the sum of 27
multiplied by weights are transferred through
mathematical function like sigmoid, linear, hyperbolic
NEURONOVÉ
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tangent
etc. Therefore ANN can be used for data
approximation
and
(Hertz
et al., 1991)
Pro steganografii jsme pou!ili
dva prediction
typy neuronov"ch
sítí – s dop!edn"m
#í!ením – a
model on measured data, relation between input and
Figure 4: Milling and drying of the raw material
chyby a sí" RBF.
required (measured data) output.
These single neuron units (Fig. 5) are connected to
1.10 Sít! s dop#edn!m "í#ením chyby
The raw meal must have precise composition, which
different structures to obtain different structures of
can be influenced still by adding correcting additives.
V#eobecn#
neuronu Fig.
umo!$uje 6
zpracování
vstup% a7),
to v&etn#
ANNstruktura
(e.g.
andn#kolika
Fig.
where
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the quarry. The subsequent correction of individual raw
tangent.
material weights is based on the values actually modelem v mnoha aplikacích. Jsou známy pod n#kolika r%zn"mi jmény jako nap!íklad
measured by analysers. The time shift between the input mnohovrstv" Perceptron.
of raw materials for processing and the real composition
Následující Obrázek 7 ukazuje p!íklad sít# s dop!edn"m #í!ením chyby
of the raw meal measured by laboratory unit is up to 30
(feedforward net) s jednou skrytou vrstvou, vstupy x1.... xn a prahovou hodnotou 1 a
minutes. This significant time shift causes that the
change in the chemical composition of raw materials is v"stupní hodnotou '. Ka!dá #ipka v obrázku p!edstavuje parametr v síti. Sí" je rozd#lena
detected late and subsequent material cost demanding do vrstev. Vstupní vrstva je slo!ená v"hradn# ze vstup% sít#. Dále následuje skrytá vrstva,
modifications of the raw meal is necessary.
která obsahuje p!esn# nespecifikovan" po&et neuron% nebo skryt"ch jednotek zapojen"ch
Therefore a need of prediction of the chemical paraleln#. Ka!d" neuron provádí vá!en" sou&et vstup%, kter" pak prochází nelineární
composition arises to improve the direct batches of raw aktiva&ní funkcí, n#kdy také naz"vanou funkcí neuronovou. V literatu!e se b#!n# uvádí
materials in quarry. As a prediction tool artificial neural
dva p!ístupy k pou!ívání vah – bu( vstupy x1 a! xn jsou pouze v#tvící uzly, u kter"ch se
networks were selected in this case and will be further
5: nebo"
Neuron
model,
where vrstv#
TF a(transfer
function
!ádné váhyFigure
neobjevují,
se aplikují
a! v následující
nebo v p!ípad#
druhého like
studied for pseudo neural network usage.
sigmoid), x - x (inputs to neural network), b – bias (usually

ingredients is specified in the recipe for production raw
meal identifying their specific ratio at the inlet to the
raw mill. Basic oxides characterize the resulting
composition of the raw meal: SiO2, Al2O3, Fe2O3, CaO,
SO3.

1 donprvní vrstvy neuron% ováhované. Druh" p!ístup pou!ívá
p!ístupu jsou u! i tyto vstupy

ARTIFICIAL NEURAL NETWORKS

equal to 1), w1 – wn, wb – weights, y – output

toolbox NeuralNet pro Mathematicu.

Artificial neural networks are inspired in the biological
neural nets and are used for complex and difficult tasks
(Hertz et al., 1991), (Wasserman, 1980), (Gurney,
1997), (Fausset, 2003), (Volna et al., 2013). The
neurons in human brain uses a chemical reactions inside
for transfer of the signal. The body - soma - has up to
104 dendrites (inputs) and one axon (output). The
synaptic connection (weights) between neurons is made
by transfer of signal from the active axon onto passive
dendrites of another neuron. The importance of
dendrites in the process inside soma can be visualized as
a weighted sum of the input signals. When a bias of
inner potential is reached the signal is then transferred
into the axon and to other neurons.
The artificial neural networks adapted from the
biological nets some terminology and some (given
above in brackets) was given in more technical way.
ANNs are capable of generalization and hence tasks like
classification is natural for them. Some other
possibilities are in pattern recognition, control, filtering

Figure 6: ANN models with one hidden layer
Obrázek 7 – P!íklad sít# s dop!edn"m #í!ením chyby

Figure 7: ANN models with two hidden layers and more
outputs
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mixture or only inadequate operator intervention
causing the same. In any case, the data is not timedependent. Instead of the ARX training for predictive
ANN standard form of feed forward ANN is used.

ANN needs a suitable training set of known solutions to
be learned on them. It is known that the training set is
the core of the success of the training quality.
The ANN structure influences the process too. There is
no “cookbook” how to set up the number of layers and
nodes in layers. There are optimization techniques,
which help with the structure, connections and node
number, like evolutionary computation (Fekiac, 2011)
or pseudo neural networks (Kominkova Oplatkova et al.
2013 - 2014) allow to produce a relation between input
and output without setting of above mentioned
parameters. PNN do not have the structure similar to
ANN.
The example of relation between inputs and output can
be shown as a mathematical form (1). It represents the
case of only one neuron and logistic sigmoid function as
a transfer function.

y=
where

Figure 8: Measured values of oxides (% representation) in
whole dataset
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SO3

For ANN, it is usually recommended to use maximally
2 hidden layers according to Kolmogorov theorem
(Kurkova, 1992) and also the higher number increases
the computational time. The number of nodes in each
layer can be set up on the basis of heuristic or an
adaptive way. For the purpose of this paper we have
used an adaptive way and make comparisons between
different numbers of nodes.
There are several training algorithms for feedforward
neural nets: the most known is back propagation, based
on Levenberg-Marquardt algorithm, Gauss-Newton
method and others.
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Figure 9: Measured values of oxides (% representation) in one
day - 30 minutes measured points

For further simulations, the dataset was divided into two
parts - training data (2494) and testing data (2189). It
seems that 5 patterns are missing. As the paper deals
with the prediction some values are taken from history,
in this case 5 previous values (Zufan Tichy 2010).
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RESULTS

As described above, there are some basic oxide which
are necessary for the clinker production and appear in
the raw material meal which is homogenized in the silo.
In quarry, the raw material contains also other oxide
which are measured by the laboratory equipment. For
the further processing only 5 oxides - SiO2, Al2O3,
Fe2O3, CaO, SO3 have been used. The reported values
mean percentage (%) of the element representation in
the measured sample. Authors had a 4688 real data
available for modeling and testing.
In the long term (4688 records, fig. 8) can be visible an
oscillation of oxides values around an average value,
but actually measured data can differ from this average
value significantly as can be seen from the selection of
data for one day (fig. 9). The question is whether the
significant oscillation is caused by a significant change
in the composition of raw material input, long delays
between data evaluation and automatic modification of
quantity of raw material into the preparation of a

The feedforward artificial net with one hidden layer and
different numbers inside together with Levenberg Marquardt algorithm was used in this paper. The main
aim was to analyze what inputs are important for
making the models. If all 5 oxides are necessary or only
one or two oxides and how many historical values are
suitable to use for a reasonable prediction.
The 5 historical values of each oxide was used as a
input vector to the ANN, i.e. if 2 oxides were used the
input vector had 10 values, in the case of all 5 oxides
the input vector contains 25 values. The net was
designed for only one output connected with predicted
oxide, similarly as it will be done with pseudo neural
networks.
It was found out that not all oxides are necessary to use.
The prediction model was similar within 2 oxides (of
whatever combination) as within the 5 oxides. The
following figures (Fig. 10 and Fig. 11) depict
differences between measured and predicted value for

As described above, there are some basic oxide which
are necessary for the clinker production and appear in
the raw material meal which is homogenized in the silo.
In quarry, the raw material contains also other oxide
which are measured by the laboratory equipment. For
the further processing only 5 oxides - SiO2, Al2O3,
Fe2O3, CaO, SO3 have been used. The reported values
mean percentage (%) of the element representation in
the measured sample. Authors had a 4688 real data
available for modeling and testing.
In the long term (4688 records, fig. 8) can be visible an
oscillation of oxides values around an average value,
but actually measured data can differ from this average
value significantly as can be seen from the selection of
data for one day (fig. 9). The question is whether the
significant oscillation is caused by a significant change
in the composition of raw material input, long delays
between data evaluation and automatic modification of
quantity of raw material into the preparation of a

The feedforward artificial net with one hidden layer and
different numbers inside together with Levenberg Marquardt algorithm was used in this paper. The main
aim was to analyze what inputs are important for
making the models. If all 5 oxides are necessary or only
one or two oxides and how many historical values are
suitable to use for a reasonable prediction.
The 5 historical values of each oxide was used as a
input vector to the ANN, i.e. if 2 oxides were used the
input vector had 10 values, in the case of all 5 oxides
the input vector contains 25 values. The net was
designed for only one output connected with predicted
oxide, similarly as it will be done with pseudo neural
networks.
It was found out that not all oxides are necessary to use.
The prediction model was similar within 2 oxides (of
whatever combination) as within the 5 oxides. The
following figures (Fig. 10 and Fig. 11) depict
differences between measured and predicted value for

573

573

testing - 2 oxides - 5 hidden neurons - sigmoid, output SiO2

first 50 values of the dataset. A line above or under the
actual measured value depicts the difference predicted
by ANN. It can be visible that the model which uses
only 2 oxide had similar errors as the 5 oxide model.
The difference between actual and modeled values can
be visible in fig. 12 - fig. 17. Fig. 12, 14 and 16 depict
model on the known data from the training set, the last
one for 2 and 5 oxide models at the same time. Fig. 13,
15 and 17 show the same but for the unknown data testing data. Also it can be visible that the ANN is able
to cover a huge jump from the average value.
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model for SiO2 prediction

Figure 14: Actual and predicted output for first 50 values for
all 5 oxide model for SiO2 prediction
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Figure 13: Actual and predicted output for 50 values from
testing set (the one which ANN has not used for training) 2
oxide model for SiO2 prediction
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CONCLUSION
This paper deals with an analysis of behaviour of
prediction by means of ANN for the chemical
composition of raw material for a clinker production.
The results showed that it is possible to predict raw
material batches to ensure a suitable mixture
composition for the homogenization. The results show
that not all oxides are necessary as input values. The
results will be used for further research with pseudo
neural networks which are currently used only for
classification. Future plans will be focused on further
tests and design of pseudo neural nets suitable for
prediction and will be compared with classical neural
nets.
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In practical use, the wheeled robots prevail. They find
application in transporting goods, inspecting the places
unavailable for people, or patrolling the terrain.
AVOIDING OBSTACLES

ABSTRACT
This paper regards the application of stereovision for
navigating a mobile robot in an unknown environment.
The robot, provided with two cameras, moves inside a
building. Thanks the analysis of the streams of data the
distance between the robot and the other objects (walls,
obstacles, dynamic obstacles, other robots) is provided
in real time and the robot trajectory is set. The paper
presents the navigation algorithm for the experimental
robot designed and built for the conditions specified
above. However, the algorithm can be easily applied in
open spaces.

The robot is fully autonomous when it meets the
following criteria. It should be provided with the
logical system which enables it for avoiding obstacles
and heading the given goal. There are some types of
sensors which seek the environment to provide the
robot with the information about the obstacles in its
route. The most popular are infrared sensors, laser
rangefinders or ultraviolet sensors.
Sensors which make use of waves of light belong to the
active sensors emitting the energy (the light) in
environment. These elements use the infrared light,
invisible for human eye, and are resistant to any
disturbance, that comes from illumination. There are
two subcategories in that group:

INTRODUCTION
In mobile robotics it is uncommon that the system has
the certain a priori knowledge regarding the state of its
environment vast enough to act by itself. It is because
the environment is dynamic and changes too rapidly
and independent for the robot or the place for storing
data is limited.

•

•

The sensors registering the changes in the environment
provides it with current data necessary for autonomic
activity and responding to the unpredictable situations.
The data can be used in various manners. There are
mainly two approaches: individual approach and fusing
the sensoric signals together.

There are several categories of mobile robots according
to their various driving platforms: These are:
pacing robots,
wheeled robots,
crouching robots,
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Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
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touch free sensors - simpler subcategory which
uses the light waves; the change of initial state
follows the detection of an object.
optical rangefinders - they measure how far
the object is and the change of state follows
the subtle interpretation of the received
energy.

Some sensors uses the acoustic wave to detect the
obstacle. In such sensors one uses the supersonic
waves which are emitted as the light band and after the
reflection from the obstacle are caught with the
receiver. However, it works in slightly different manner
than the light-using sensors. The light using-sensors
usually measure the intensity of reflected wave whereas
those based on acoustic waves typically measure time
the wave needs to reflect from the obstacle and return
to the receiver.

Types of mobile robots

•
•
•

flying robots,
swimming robots.
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Both types of sensors provide the robot with
information on the environment and obstacles ahead.
The range and other parameters of those sensors are,
however, limited. Because all of them measure the
distance from the obstacle within the range of the
sensor, it is necessary to use as many sensors as
possible to avoid the collision with obstacles.
In another approach one uses the video recorders
provided with some algorithms instead of the sensors.
Video recorders can do more than just measuring the
distance. The acquisition of the distance from digital
images must be real-time and fully automated process,
which is possible by means of some methods of such
automation.
AUTOMATION OF MEASUREMENTS IN THE
DIGITAL IMAGES
One of the most important processes in
photogrammetry is the identification and measurement
of the homologous points in two or more images. The
function of such measure is to choose the object in one
image and to find its equivalent in the second image. In
analogue and analytical photogrammetry the operator
carries out the measurement manually. In digital
photogrammetry the measurement should be
automated. That process is called image matching
automatic stereo matching or just correlation. Matching
several images is called multiple image matching. It
has some applications in aerotriangulation or in
sequential images matching (the images acquired with
video recorders).
The word "matching" usually stands for the matching
the fragments of two or more images, finding their
counterpart or recognizing the similar feature. Many
things can undergo matching, for instance the area of
pixels registered in the Area Based Matching array,
based mainly on analysis of the shades of grey in the
given fragment of the image. If the image is colorful
one carry out the analysis of the one of its constituents
or the weighted combination of the constituents.
Whenever the above-mentioned process is undergone
by some feature of the image, it is called Feature Based
Matching (FBM). The feature can be local (f.ex. point
or edge of an object) or global (polygonal objects).

of correlation is often called "image correlation".
Otherwise, it is called LSM (Least Squares Matching).
Feature-Based Matching is used in computer graphics.
Edges or other objects taken from the original images
are compared to the proper homologous objects taken
from the other images.
Probability is usually
represented as the cost function.
Recently, another method has been widely adopted:
Symbolic Matching That method involves the
comparison of the symbolic descriptions and usage of
cost function. The symbolic description can pertain to
the grey scale or to the objects in the image. They can
be implemented into the system as charts, trees or
semantic networks. Contrary to the previously
enumerated methods symbolic matching is not based on
the geometrical similarity. Instead, it compares the
topological features of the objects.

Both types of sensors provide the robot with
information on the environment and obstacles ahead.
The range and other parameters of those sensors are,
however, limited. Because all of them measure the
distance from the obstacle within the range of the
sensor, it is necessary to use as many sensors as
possible to avoid the collision with obstacles.
In another approach one uses the video recorders
provided with some algorithms instead of the sensors.
Video recorders can do more than just measuring the
distance. The acquisition of the distance from digital
images must be real-time and fully automated process,
which is possible by means of some methods of such
automation.

Pixel to pixel stereo matching algorithm detecting deep
stereo-discrepancies between pairs of images. That
algorithm matches the single pixels into mutually
corresponding scan pairs. However, closed/solid pixels
are not matched.
Then, by means of fast
postprocessor, the information from both scans is fused
together. The algorithm manipulates large areas
lacking textures, measures the pixel discrepancy (which
is independent on the image sampling) and cuts the
incorrectly found data in order to accelerate the
dynamic programming. The calculations are fast (about
600 nanoseconds per pixel for oddness). Approximate
maps of discrepancies and precise infinities in
horizontal and vertical limits are displayed for several
stereo image pairs containing textured, non-textured,
convergent or diagonal objects photographed inside and
outside.

One of the most important processes in
photogrammetry is the identification and measurement
of the homologous points in two or more images. The
function of such measure is to choose the object in one
image and to find its equivalent in the second image. In
analogue and analytical photogrammetry the operator
carries out the measurement manually. In digital
photogrammetry the measurement should be
automated. That process is called image matching
automatic stereo matching or just correlation. Matching
several images is called multiple image matching. It
has some applications in aerotriangulation or in
sequential images matching (the images acquired with
video recorders).

STEREO MATCHING ALGORITHM
Stereo matching algorithm is for determining depth
discrepancy in the image. In other words, it is for
acquiring the image of the depth out of two images.
These images should be acquired with two cameras
which are calibrated in the stereo-visual system (system
provided with two identical cameras set at different
angles). Images of the environment are recorded at
certain angle which may be determined with specific
algorithms for stereo-vision system calibration.
In the image of depth one determined the distance
between objects from two 2D images and other objects.
Such image is provided with information on its location
in the space. In our case closer objects are brighter and
more remote are darker.

The characteristics of the particular methods
Area Based Matching is based on the analysis of the
area of the group of pixels and subsequent comparison
of their shades of grey. If the image is colorful, one can
use one channel for correlation. In that method tiny
image fragments, so called image patches, are
compared one another. Then, their mutual similarities
are measured by means of correlation or by virtue of
least square method. Image matching which makes use
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synthesis in the particular elements and sending signals
to one another. The relationship between input signal
and output signal of all network is interpreted as the
solution of the problem. Provided with the information
on the distance and using neural networks we can teach
our system how to avoid obstacles autonomously.
In the project we used multi-layer neural network with
initial error propagation which had been taught to
avoid obstacles.
Back propagation algorithm determines the policy of
choosing weights in multi-layer network making use of
gradient-based optimization methods. Teaching the
network one provides it with some teaching sets (input
vectors and corresponding vectors of model signals) To
teach is to determine the weight of neurons at such
level that the error made by the network is less than
desired. The name "back propagation" stemmed from
the method of calculating errors in the particular layers
of the network. The errors in the last layer are
calculated as the first on the basis of input and model
signals. For the neurons set in any previous layer the
error is calculated as a specific function of the errors of
neurons of the previous layer. The error signal spread
backwards: from the last layer to the input layer.
The above-mentioned system can be copied and become
the core of the groups of autonomous robots able to
collaborate and do some task. Fig 1. presents the list of
operations performed by the algorithm.

Figure 1: Diagram algorithm.
The so called discrepancies of the depth in the image
are important also for people. Human eye is stereovisual and we all know it very well, because that
function enables us to determine the distance between
objects in the environment and is the milestone of
space-orientation.
The algorithm was used to make up the autonomous
robot provided with two cameras and neural network in
order to avoid obstacles in unknown environment. The
stereo-visual system consists of two (almost) identical
web cameras. The algorithm is called pixel to pixel
because it calculates the difference between the pixel
corresponding to one another. Determination of the
location of the point in space is possible only for those
areas where pixels overlap one another. The formula
for determining the difference between pixels.
d = x l - xr

(1)
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THE DESCRIPTION OF THE SOFTWARE

where d stands for the distance between pixels
x1 - coordinate x from the left image
xr - coordinate x from the right image

The application dedicated to communication was
written in the Visual Studio 2008 Express Edition. It is
free programming environment by Microsoft in which
one can write, among others, in C#, C++, Visual
Basic.NET. We chose C# 2.0 because it is a fast and
object-oriented
programming
language.
The
environment has embedded compilers of the abovementioned languages, debugger and virtual designer.
From library .NET we took necessary components to
create USB communication application. Programming
code consists of some projects which together make
"the Solution". The created code is fully objectoriented. Its core is Device class including SerialPort
component of the namespace System.IO. It
encapsulates API functions of Windows system when it
comes to the serial data transmission. We could have
referred to that functions as well, but the SerialPort
class was perfect for our project.
The Device class includes the object of the Serial Port
class and is responsible for the proper communication
with our microcontroller; the methods included in the
Device class are sufficient to provide it. For instance,
when we call device.Send(Port.RC, OpType.Write,
255) method, that object allows for the establishment of
the connection, for setting the correct port as the output
and it enables the proper value to reach its port
destination. Each task, however simple, has some

The main process consists of two stages In the first
stage the map of discrepancies (depths) takes place.
The second stage is so called post-processing. The
acquired data can be applied for controlling of the
mobile robot.
One can create the restrictive algorithm limiting the
robot movement fully. However, that solution is not
flexible and it is typical of such robot to have problems
with choosing the direction of its movement. Here,
much better solution is using neural networks.
NEURAL NETWORK
Neural network is an appliance or algorithm which
reflects (at least partially) the functioning of biological
neural system. It typically consists of the network of
elements connected to one another; each element has
one output and several inputs.
Each output is
connected with some inputs of the other element. The
relationship between outputs and inputs is modified for
each element separately in so called network-teaching
process. The taught network processes the information
via its modification on the border between elements,
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For the sake of comparison, device.Recevie(Port.RB is
much more intricate due to the fact, that the application
must monitor the potential responses of the device.
Apart from that function its code is actually connected
with the user's interface which should display its
current task in a clear manner.

In the autonomous mode the robot is able to avoid 90%
of the obstacles like walls, pillars or furniture. It
cannot detect smaller obstacles. To solve that problem
one should use better cameras and more efficient
computer hardware, able to cope with more data
acquired with the cameras. The better the cameras and
hardware, the more efficient the robot is in recognizing
the obstacle.

THE RESULTS OF THE EXPERIMENT
It is not easy to control autonomous robot. Control
systems for autonomous robots should be functional,
scalable, efficient and easy to expand.

SUMMARY
The main assumption in the conducted experiment was
to make up a fully autonomous, mobile and intelligent
robot. Thanks to providing the robot with the set of
web cameras for observing the environment and with
the specific control algorithm we fulfilled the task.
(Figures 3) Making use of the acquired data the robot
can estimate the distance between itself and the
obstacle and can subsequently change the direction of
its movement to avoid the obstacle. Cameras enable us
also for examining the problems connected with the
movement in enclosed places. Cordless communication
is crucial for controlling the robot. It is also important
for understanding the problems affecting such systems
in statu nascendi and for coping with them. The project
actually pertains to many branches of knowledge and
scientific disciplines - electronics, robotics, mechanics
and computer science. All these disciplines are
mutually bound and overlap one another.

Figure 3: The image on the right and left camera robot
and processed in real time by the algorithm.
One should also take into account whether to provide
the robot with manual control, too. It is useful, because
it enables the user for monitoring the whole system and
making corrections, if necessary. The navigation is
intuitive because the machine describes the
environment from the human perspective (Figures 3).
Images form cameras enable us to check the real
conditions prevailing in the environment the robot is
currently in. It would be not so, if the robot was
provided only with radar or infrared sensors. However,
it has some disadvantages. The robot cannot move
inside very dark rooms. In the darkness it is as blind as
any man. That problem can be solved easily: infrared
cameras are cheap and commonly used.
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can have arbitrary sizes and can use multiple cores. The set of
tasks can be of any type: homogeneous or heterogeneous, static
or dynamic, loosely coupled or tightly coupled. Nowadays,
distributed systems are more and more confronting with MTC
problems, because of the arrive of Big Data.

Many task; Scheduling; Discrete event simulator
ABSTRACT
The Many Task Computing paradigm was first introduced
by Ioan Raicu and could be described shortly as solving a
large number of tasks with short time executions (i.e. seconds
to minutes long) that are data intensive. We propose MTS2 :
Many Task Scheduling Simulator that can be used for a broad
range of simulations - after each simulation one can visualize
the results. The purpose of MTS2 framework is to simulate
events that happen inside a cluster in order to experimentally
check or validate various classes of scheduling algorithms. Our
event-based simulator provides the building blocks that can be
used to implement mathematical models for simulations and it
is designed to be extensible, fast and scalable. For the purpose
of scheduling algorithm evaluation, the performance is critical:
we will study the asymptotic behaviour of some scheduling
algorithms under extreme conditions. We will show that MTS2
can be used in various scheduling algorithms and performs
better than SimMatrix on a quad core machine, regarding the
time per task: 7 microseconds compared to 100 microseconds
for simulations with one node and less than 0.5 microseconds
with MTS2 for simulations with more than 64 nodes.
INTRODUCTION
As the number of cloud applications increases, so does
the need to simulate various algorithms and architectures
before committing to a solution. For this, efficient and flexible
simulators are needed, which show the projected performance
without requesting the hardware resources. Testing a scheduling algorithm in a real environment can be difficult, because
each environment has different causes of delays in communication. When it comes for testing an algorithm for asymptotic
scheduling, it is better to use a simulator, because it is easier
to generate billions of tasks. Also, when an algorithm becomes
inefficient in hard conditions, it is more convenient to stop a
simulator than terminating all the unresponsive processes in a
real environment.
To solve this problem, we propose a lightweight and
scalable simulator for Many Task Computing (MTC) problems.
MTC was first introduced by Ioan Raicu (Wang, Brandstatter &
Raicu 2013) as an alternate programming model to High Performance Computing (HPC) and High Throughput Computing
(HTC). It solves problems that can be structured as graphs of
discrete tasks with edges formed by input and output. Tasks
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The scalability in exascale simulations is complex, because
it works in two directions: scalability with the number of
simulated entities, which is usually proportional with the
memory consumption of the application and scalability with
the number of simulation steps, this number being proportional
with the simulation time. To solve the first problem, we chose
an efficient way to represent the nodes of the system, and for
the second problem, a parallel method has been proposed.
The entities are considered finite state machines: there is
a set of accepted inputs, a set of possible states and a statetransition function. At each moment, the automata can modify
its configuration, depending on the previous state and the input.
This has a helpful property: an element cannot modify its state
if it has no new input, so only elements receiving new inputs
during a simulation step need to be updated. This means that
the simulator’s run time is not linked to the number of clock
ticks happening inside the simulated environment, but to the
number of events happening inside the simulation. Because
simulating state machines has a good spatial and temporal
complexity, we considered it a good fit for our simulator. Also,
to exhibit more complex behaviours that are characteristic for
networked systems, at each step an entity may send one or
more messages to any other entity. All the communication is
done by message-passing, so the issues related to locking and
synchronizing shared memory areas are avoided.
The main features of MTS2 are:
•

Faster than SimMatrix: MTS2 can simulate 106 nodes
and 108 messages in a serial simulation in 120 seconds, while using less then 1GB of memory, as we
will see later, in the Results section.

•

MTC Oriented: MTS2 facilitates exascale simulations
because the backend API is on top of a single JVM
process and each simulation is just a chain of calls in
that process.

•

Efficient Parallel Version: MTS2 also has a PDES
(Parallel Discrete Event Simulator) implementation
despite the DES (Discrete Event Simulation) version,
which doesn’t have consistency issues in comparison
with other simulators (i.e. SimGrid) and the parallel
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that process.
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despite the DES (Discrete Event Simulation) version,
which doesn’t have consistency issues in comparison
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•

version, in some scenarios, scales linearly with the
number of threads. More details in the Results section.

service brokers and virtual machine’s allocation inside a data
center.

Data Visualization: In comparison with other simulators, MTS2 has a real time monitoring and visualization component that adds almost no delay for large
simulations.

Each component is called SymEntity and it is able to
communicate with other entities through messages. These
messages can be sent with a specific delay in order to simulate
different delays in network topologies described in BRITE
format. A BRITE file must contain the total number of entities
and the latency matrix.

In the second section, we present the structure of three
state-of-the-art simulators for cloud and grid systems, focusing
on their performance, basic architecture and bottlenecks. In
the third section, we propose the architecture for the MTS2
simulator, highlighting the design decisions of this solution.
In the fourth section, we present MTS2 as solution for Mobile
Cloud Computing. In the fifth section, we measure the performances of simulator and compare it with other simulators.
We show that MTS2 is faster than SimMatrix regarding the
execution time per task. Each message is processed in about
7 microseconds in a simulation with a single node, compared
with SimMatrix that takes 100 microseconds.
RELATED WORK
There are other simulators such as CloudSim, SimMatrix,
SimGrid etc. that facilitate exascale simulations. However,
these simulators have different problems in terms of:
•

•

Performance: SimGrid executes up to 2 million nodes
in constant time and the memory used per task scales
up to 65K nodes and after that, it runs out of memory (256 GB). Because it is a PDES, it has many
consistency problems due to its complex parallelism
that don’t make it suitable for MTC problems (Wang
et al. 2013).
Types of simulations: CloudSim allows only static
scheduling algorithms because each job must be assigned to a node before the simulation starts. Therefore, it is not possible to simulate asymptotic scheduling algorithms.

We continue presenting the design of three simulators in
order to highlight the impact upon some aspects concerning the
performance and the types of simulations that they offer. As
we will later see, each of the simulators presented below was
designed with different scopes and none of them represents
the solution of every type of simulation.
CloudSim
It was designed to simulate a broad range of Cloud
environments. CloudSim is a discrete event simulator based on
a global future queue. Each event from that queue that must
be scheduled, it is transferred to a deferred event queue. This
backend implementation is faster than the GridSim backend
that CloudSim uses (Raicu, Foster, Wilde, Zhang, Iskra, Beckman, Zhao, Szalay, Choudhary, Little, Moretti, Chaudhary &
Thain 2010).
CloudSim scales up to 1 million nodes. Performances may
vary according to the scheduling implementation at various
levels: virtual machine scheduler, data center scheduler etc.
This simulator offers support of simulating the network performances in a Cloud environment, support for modelling Clouds,
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It is possible to add entities at runtime. However, it is
not possible to create dynamic tasks and simulate asymptotic
scheduling. A Cloudlet is a task that can be described in the
number of MIPS that it uses, an instruction length and the
virtual machine number that will be assigned to schedule that
task.
SimMatrix
It was designed to simulate MTC problems. SimMatrix is
a discrete event simulator that scales up to 1 million nodes at
1 billion cores for 10 billion tasks. For 256 cores, it consumes
about 200 GB RAM. It was designed to be a lightweight,
userspace simulator because OS threads don’t scale too much.
Like its predecessor SimGrid, it is written in Java, but it
was designed to have two types of architectures: centralized
and decentralized. Both of them offer functionalities for simulations of distributed applications.
The centralized architecture has FIFO scheduling at the
nodes, but suffers from scalability issues. The distributed architecture uses work stealing in order to achieve the same balance
across all the nodes. Stealing work from another node implies
knowing when to steal, because too many polling events will
cause the simulator to have bottlenecks, while few polling
events will cause the simulator to perform worse. Therefore,
the SimMatrix uses the similar approach of exponential TCP
backoff for the dynamic polling.
Both of the architectures use a global event queue. The
tasks can be submitted in a static manner (the simulator
reads all the tasks’ information from a file before starting the
simulation) and respectively, in a dynamic manner (tasks can
be created at runtime).
SimGrid
SimGrid(Casanova, Legrand & Quinson 2008)(Casanova,
Giersch, Legrand, Quinson & Suter 2014) was designed as
a discrete event simulator for grid systems, with using two
different layers of abstraction: agent-level simulation, where
the simulated workloads are sent directly and packet-level
simulation, where it accounts for the TCP slow-start and
network delays.
For simulating multiple nodes, SimGrid can use two
different mechanisms: pthreads, which doesn’t scale beyond
thousands of concurrent entities and UNIX contexts. These
allow cooperative multithreading with userspace scheduling.
Benchmarks show that it supports 2 million simulated
nodes while using 16 GB of RAM.
Two features of SimGrid put it apart from the other
frameworks: the possibility to integrate it with existing C

•

version, in some scenarios, scales linearly with the
number of threads. More details in the Results section.
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messages can be sent with a specific delay in order to simulate
different delays in network topologies described in BRITE
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•

•
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We continue presenting the design of three simulators in
order to highlight the impact upon some aspects concerning the
performance and the types of simulations that they offer. As
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This simulator offers support of simulating the network performances in a Cloud environment, support for modelling Clouds,
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Like its predecessor SimGrid, it is written in Java, but it
was designed to have two types of architectures: centralized
and decentralized. Both of them offer functionalities for simulations of distributed applications.
The centralized architecture has FIFO scheduling at the
nodes, but suffers from scalability issues. The distributed architecture uses work stealing in order to achieve the same balance
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For simulating multiple nodes, SimGrid can use two
different mechanisms: pthreads, which doesn’t scale beyond
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Benchmarks show that it supports 2 million simulated
nodes while using 16 GB of RAM.
Two features of SimGrid put it apart from the other
frameworks: the possibility to integrate it with existing C

programs, such that the same programs that are used in the
Grid, can run over a virtualised network and having a data
visualisation and tracing module. The tracing module allows
the developer to debug and profile the applications, by showing
the program’s hotspots directly on the source code.

node failures) have to be implemented explicitly. Otherwise
we wouldn’t have had scalability in terms of millions of
concurrent entities, as required by our initial goal - to achieve
better performance than SimMatrix while having millions of
concurrent entities.
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We continue presenting the architecture of our simulator,
MTS2 , which mainly focuses on performance aspects. In
the future, we will consider adding more features such as
modelling Cloud environments, modelling batch systems etc.

In Figure 1, it is described the communication between two
different nodes through the SimulationManager API.
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The framework is based on the DES paradigm, which
means each simulated entity communicates with the rest of
entities by generating events such as messages which will
happen with a specific delay. The simulated time is expressed
in positive integers. An event is characterized by an arrival
timestamp and a payload. The ordering of the events happening
in the same simulation step is not guaranteed, but the events
happening in different simulation steps are guaranteed to
happen in the correct order. To keep the simulation consistent,
two events linked by a causal relationship have to happen in
different time steps. The events are queued by the simulation
engine and the later feeds the events into the simulated nodes
at the correct moment which causes triggering state transitions.

The framework is based on the DES paradigm, which
means each simulated entity communicates with the rest of
entities by generating events such as messages which will
happen with a specific delay. The simulated time is expressed
in positive integers. An event is characterized by an arrival
timestamp and a payload. The ordering of the events happening
in the same simulation step is not guaranteed, but the events
happening in different simulation steps are guaranteed to
happen in the correct order. To keep the simulation consistent,
two events linked by a causal relationship have to happen in
different time steps. The events are queued by the simulation
engine and the later feeds the events into the simulated nodes
at the correct moment which causes triggering state transitions.

The simulator also has a PDES version which processes
the events happening at the same time or at close intervals in
parallel. In a conservative implementation, it is based on the
property that an event at the simulation step t cannot influence
another event happening at the simulation step t + , if the
minimum delay δ added by the communication infrastructure
between the involved entities is of δ > .
We propose a lightweight, cooperative, userspace scheduler
inspired by the actors model. Therefore, the simulation backend API exposes only basic objects that need to be extended
for various scenarios. All the entities in this simulator are Java
objects, because we wanted a clean and simple to use API for
the users.

Figure 1.

MTS2 Communication Architecture

SimulationManager
This represents the core of the simulator that implements
the logic for processing each event. This works by maintaining
a list of pairs (T, N ) ordered increasingly by timestamps,
where T is the timestamp of the event and N is the node which
receives the event. At each simulation step, the first element
of the list is extracted and the involved node gets called. The
nodes then extracts all the messages received at that timestamp
from their own ordered list and process them.

We continue presenting the main entities and detailing the
communication design of our simulator.

In order to simulate dynamic scheduling algorithms, the
tasks can be sent periodically up until a threshold limit, the
nodes can be put in an overlay etc. These features differentiate
MTS2 from CloudSim because with the later one, we can
simulate only static scheduling algorithms.

The framework is composed by three main entities: the
BaseNode which contains the behaviour to be simulated, a
SimulationManager component responsible with calling the
BaseNode when a message arrives for it and a StatsCollector
component, which aggregates data resulted from the simulation.
Each node is just a Java object in the SimulationManager
which does work only when the manager calls it. For example,
when a node wants to send a message to another node,
the message is passed to the second node with the help of
SimulationManager: it calls the method that processes the
messages inside the second node with the current message
as parameter. The second node can send back a message only
when returning from the function. If the second node wants to
wait before sending another message (for example, to simulate
executing a time-consuming task or trigger a timeout if in the
meantime it hasn’t received another message) it can send to
itself a message with the timestamp in the future. Because
nodes are plain Java objects, higher-level functionalities (like
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In order to simulate dynamic scheduling algorithms, the
tasks can be sent periodically up until a threshold limit, the
nodes can be put in an overlay etc. These features differentiate
MTS2 from CloudSim because with the later one, we can
simulate only static scheduling algorithms.

The SimulationManager keeps references to all the BaseNodes in a hashtable, where the key is the BaseNode’s ID. It
also keeps a tree with all the events sorted increasingly by
the timestamp. At each simulation step, it retrieves an event,
then it calls the update function of the BaseNode whom the
message was sent for.

The framework is composed by three main entities: the
BaseNode which contains the behaviour to be simulated, a
SimulationManager component responsible with calling the
BaseNode when a message arrives for it and a StatsCollector
component, which aggregates data resulted from the simulation.

The SimulationManager keeps references to all the BaseNodes in a hashtable, where the key is the BaseNode’s ID. It
also keeps a tree with all the events sorted increasingly by
the timestamp. At each simulation step, it retrieves an event,
then it calls the update function of the BaseNode whom the
message was sent for.

For the parallel implementation, the SimulationManager
keeps a thread pool containing a fixed number of threads, ready
to call the update method of the BaseNode themselves. This
way the load is split between multiple CPU cores. The global
events queue must be a concurrent data structure, therefore we
also add a linked queue with locking mechanisms that stores
all the events generated. At the end of a simulation step, the
elements from this queue are added to the main tree.

Each node is just a Java object in the SimulationManager
which does work only when the manager calls it. For example,
when a node wants to send a message to another node,
the message is passed to the second node with the help of
SimulationManager: it calls the method that processes the
messages inside the second node with the current message
as parameter. The second node can send back a message only
when returning from the function. If the second node wants to
wait before sending another message (for example, to simulate
executing a time-consuming task or trigger a timeout if in the
meantime it hasn’t received another message) it can send to
itself a message with the timestamp in the future. Because
nodes are plain Java objects, higher-level functionalities (like

For the parallel implementation, the SimulationManager
keeps a thread pool containing a fixed number of threads, ready
to call the update method of the BaseNode themselves. This
way the load is split between multiple CPU cores. The global
events queue must be a concurrent data structure, therefore we
also add a linked queue with locking mechanisms that stores
all the events generated. At the end of a simulation step, the
elements from this queue are added to the main tree.

BaseNode
A BaseNode encapsulates the behaviour of a basic unit
to be simulated: be it CPU core or server rack. In order

588

BaseNode
A BaseNode encapsulates the behaviour of a basic unit
to be simulated: be it CPU core or server rack. In order

to implement a scheduling algorithm, a user has to write
the desired behaviour into a BaseNode entity. For simulating
heterogeneous systems, the framework supports adding more
types of BaseNode entities with different behaviours. Writing
the desired behaviour is easy because it’s similar with writing
MPI (Message Passing Interface) logic: before sending an
event, we must differentiate between the sender BaseNode’s
ID and the destination BaseNode’s ID.
The simulator offers a task generator BaseNode called
ClusterBroker with a normal distribution by default. This
component can send messages with timestamps in the future to
any other BaseNode implementation in the simulation except
ClusterBrokers. Sending messages with timestamps in the
future can help simulating BaseNodes that are waiting for work
or do nothing. With this type of BaseNode we can simulate
asymptotic scheduling algorithms, because the nodes’ queues
can be easily congested.
Multiple BaseNodes can be added before the simulation
starts or at runtime.
In the update function, that takes as parameter the event’s
timestamp, each BaseNode dequeues all the messages with the
given timestamp. Each message is processed in the abstract
processMessage function where each BaseNode decides
which type of message it is, because in a simulation there can
be events and jobs. Each type of node must implement this
method.
We offer a basic implementation in the Node entity, where
messages are differentiated between jobs and events in the
processMessage function. We encourage the user to extend this entity in order to process other types of events and
jobs. Also, the main scheduling algorithm is supposed to be
written in this entity. The Node entity contains the FCFS
scheduler by default, but it can be changed with SJF scheduler
when the node is created.
A node can send a message to another node, by calling
the sendMessage method from the SimulationManager instance, that adds the message in the destination node’s queue.
We also offer the ClusterBroker entity which is derived
from the BaseNode, that has the main purpose to distribute
tasks to specific nodes in the simulation. In the abstract
method getDestinationNodeId, we can compute the
next destination node for the current generated job. We can
specify which type of jobs it should generate and the jobs’
length distribution, if the uniform probability distribution is
not preferred by default. This entity offers two functions:
•

generateDynamicJobs(n, ∆, T ) - that sends
n messages, once at each period of time ∆ up until a
timestamp T specified.

•

generateDynamicJobsUntilThreshold(n,
∆, N ) - that sends n messages, once at each period
of time ∆ up until a total number of jobs N .

There are already two implementations of ClusterBroker:
one that sends all the jobs to a specific node, that is SimpleBroker and one that sends all the jobs in a round robin manner,
that is RoundRobinBroker.
To simulate the time for processing a task, one node
should send a message to itself in the future, that is with a
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timestamp greater than the current simulation step, such that
a processMessage call will occur.
Distribution Types
All the probability distribution implementations must implement the Distribution interface that has only method called
getJobLength that returns the length as a long value.
The main implementations are: uniform, exponential, Poisson,
Weibull. These can be parametrized with different values.
BaseMessage
It is considered as an abstraction of the finer task in a
distributed application. It contains the timestamp when the
message was created. However, one may consider to add other
information into a message depending on the protocol that it
has to be simulated.
Because generating messages with arbitrary arrival times
may result in consistency issues, the framework enforces the
rule that a message generated at the timestamp T may arrive
the soonest at the timestamp T + 1. The framework makes
no guarantees that events received with the same timestamp
are delivered in a certain order. However, the framework
guarantees that the messages are processed in the order of
their timestamps.
Messages can be explicitly sent to different BaseNodes
before the simulation starts or they can be generated with a
task generator BaseNode up until a threshold limit.
With MTS2 multiple nodes can be added even while a
simulation is running. This can help for simulating algorithms
that are tolerant to failures or simulating dynamic overlays.
For task generation, the simulator offers multiple distribution
types such as normal, exponential, Weibull, Poisson. In order
to use other types of distributions, a user may implement its
own logic by extending the existing distribution components.
In our framework, there are already implemented some
scheduling algorithms like FCFS, SJF etc. These implementations can be reused in other simulations or used just as
examples.
The messages used inside the simulation should extend the
BaseMessage entity which contains only the timestamp when
the message was sent. A Job entity has fields like the length of
the job and the start processing time and respectively, the finish
processing time. An Event can be described by its type, which
is a long value defined by the user. In order to store additional
information along with an Event, the user must extend this
base entity.
Schedulers
The Scheduler interface offers the possibility for a node
to schedule its jobs depending on different metrics. There are
two main implementations from the Scheduler interface: FCFS
and SJF. The interface’s main methods are:
•

init - It is encouraged to initialize the data structure
that will hold all the jobs and to write a comparison method. However, for more complex scheduling

to implement a scheduling algorithm, a user has to write
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Because generating messages with arbitrary arrival times
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no guarantees that events received with the same timestamp
are delivered in a certain order. However, the framework
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Messages can be explicitly sent to different BaseNodes
before the simulation starts or they can be generated with a
task generator BaseNode up until a threshold limit.
With MTS2 multiple nodes can be added even while a
simulation is running. This can help for simulating algorithms
that are tolerant to failures or simulating dynamic overlays.
For task generation, the simulator offers multiple distribution
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the job and the start processing time and respectively, the finish
processing time. An Event can be described by its type, which
is a long value defined by the user. In order to store additional
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to schedule its jobs depending on different metrics. There are
two main implementations from the Scheduler interface: FCFS
and SJF. The interface’s main methods are:
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init - It is encouraged to initialize the data structure
that will hold all the jobs and to write a comparison method. However, for more complex scheduling

methods, all other required initializations must be done
here.
•

schedule - If the parent node has sufficient resources in order to schedule a job, we add it to future
processing.

•

processAt - We process a job and set its start and
finish times of processing.

•

getLoading - It returns the loading of the parent
node in terms of scheduling resources or whatever
metric.

•

deleteCurrentJob - We can remove a job from
the scheduler in order to migrate it to another node
with the sendMessage function from the SimulationManager. This method is helpful for future development of the MTS2 simulator in Cloud simulations.

accepting jobs from it. Also, we show a method for queue
congestion by processing a job only when the last job has finished, that is not allowing job preemption or multitasking. The
node can process different types of events and communicate
accordingly. For the communication between the broker and
an arbitrary node, there is also an implementation of event,
which contains additional information like the ID of a second
node with whom the first node is communicating with. This
example uses the DHT overlay from the simulator. Because the
algorithm was designed for solving an asymptotic increase of
jobs, we generated jobs dynamically up until a total limit with
the generateDynamicJobsUntilThreshold method
of the ClusterBroker implementation. In this example, we also
show how nodes can easily be added in the simulation, after
they have been created separately. In conclusion, we wanted
to use as much as possible the MTS2 main features.

methods, all other required initializations must be done
here.
•

schedule - If the parent node has sufficient resources in order to schedule a job, we add it to future
processing.

•

processAt - We process a job and set its start and
finish times of processing.

•

getLoading - It returns the loading of the parent
node in terms of scheduling resources or whatever
metric.

•

deleteCurrentJob - We can remove a job from
the scheduler in order to migrate it to another node
with the sendMessage function from the SimulationManager. This method is helpful for future development of the MTS2 simulator in Cloud simulations.

MTS2 FOR MOBILE CLOUD COMPUTING
StatsCollector
This component is used for logging the simulation’s results. It works by maintaining counters for various relevant
parameters, like the BaseNode’s reported load and the number
of exchanged messages for each moment of the simulation.
The majority of simulators presented in Chapter doesn’t
offer data visualization during a simulation or after a simulation has finished. Because real time charts are helpful in case
of asymptotic scheduling, with MTS2 one can visualize the
results of the simulation in real time.
The visualization component is currently using the LiveGraph 2.0 library that displays graphics in real time, while
maintaining a low overhead – currently, the overall execution
times with the visualization enabled are 6 times bigger than
when this component is disabled. Currently, this solution works
best when developing a scheduling algorithm, but not for
testing it because execution times will be slightly affected by
the visualization component.
Overlays
We offer a DHT (Distributed HashTable) overlay as example of implementation for the Overlay interface. The neighbours of a node can be retrieved with getNextNeighbour
or getAllNeighbours. This implementation is used in the
load balancing algorithm described below.
Examples of Algorithm implementations
We implemented two algorithms for the purpose to show
the users how to use the API.
The first algorithm is a Ping Pong communication between
two nodes, in order to demonstrate how two nodes can communicate each other and how messages can be processed and
sent. We show that nodes can be created by the simulation
manager if the constructor takes the same parameters as the
parent entity, that is BaseNode.
The second algorithm is an asymptotic load balancing
algorithm for MTC. It demonstrates how a complex algorithm
can be easily written in a single derivation of the Node entity.
We show how a node can communicate with a broker, besides
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accepting jobs from it. Also, we show a method for queue
congestion by processing a job only when the last job has finished, that is not allowing job preemption or multitasking. The
node can process different types of events and communicate
accordingly. For the communication between the broker and
an arbitrary node, there is also an implementation of event,
which contains additional information like the ID of a second
node with whom the first node is communicating with. This
example uses the DHT overlay from the simulator. Because the
algorithm was designed for solving an asymptotic increase of
jobs, we generated jobs dynamically up until a total limit with
the generateDynamicJobsUntilThreshold method
of the ClusterBroker implementation. In this example, we also
show how nodes can easily be added in the simulation, after
they have been created separately. In conclusion, we wanted
to use as much as possible the MTS2 main features.
MTS2 FOR MOBILE CLOUD COMPUTING

There is an increasing need for multimedia applications
to transparently handle content gathering in a scalable and
reliable way. Cisco predicts that by 2016, 90% of Internet
traffic will be multimedia content (3D images, high resolution
video, and audio). Today, almost everyone is connected to the
Internet and uses different Cloud solutions to store, deliver
and process data. Cloud Computing assembles large networks
of virtualized services, and hardware and software resources.
The use of Cloud resources by end-users is made in an
asynchronous way, and in many cases the access is made
through mobile devices, over various networks.

StatsCollector

With Cloud Computing and mobile devices, we witness
new applications models, where the user is presented with an
interface and most of the computation is done, transparently
and remotely, in large Data Center silos. With this model, in
many scientific areas (healthcare, aged-care, social assistance,
surveillance, education etc.) we witness the rise of interesting
new (multimedia and content-driven in some cases) applications, with increasingly more computation needs. Such applications today generate huge amount of data (i.e., the Big Data
trend), require gathering, processing and then aggregation in
a fault-tolerant, reliable and secure heterogeneous distributed
system created by a mixture of Cloud systems (public/private),
mobile devices networks, desktop-based clusters, etc. (Shalf,
Dosanjh & Morrison 2011). The unprecedented processing
requirements (filtering, storage, distribution, indexing) for hundreds of PetaBytes of content will contribute to the increase
of Internet traffic and this are part of the problem that must
be solved.

The visualization component is currently using the LiveGraph 2.0 library that displays graphics in real time, while
maintaining a low overhead – currently, the overall execution
times with the visualization enabled are 6 times bigger than
when this component is disabled. Currently, this solution works
best when developing a scheduling algorithm, but not for
testing it because execution times will be slightly affected by
the visualization component.

In this context, in the past years there has been a growing
interest in the scientific community for Mobile Cloud Computing (MCC), a model where computing is externalized from the
mobile device into the background Cloud. Previous directions
taken by the mobile computing community in regard to energy
efficiency focused at throttling resources and scheduling allocation and utilization of said resources. This is usually done
by complicated techniques that focus on individual hardware
components: the CPU (Liang, Lai & Chiou 2010), the display or network transfers (Schulman, Navda, Ramjee, Spring,
Deshpande, Grunewald, Jain & Padmanabhan 2010). Although
such techniques provide undeniable power reduction, their
applicability proves to be limited as smartphone requirements

We implemented two algorithms for the purpose to show
the users how to use the API.
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parameters, like the BaseNode’s reported load and the number
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Examples of Algorithm implementations
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can be easily written in a single derivation of the Node entity.
We show how a node can communicate with a broker, besides
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There is an increasing need for multimedia applications
to transparently handle content gathering in a scalable and
reliable way. Cisco predicts that by 2016, 90% of Internet
traffic will be multimedia content (3D images, high resolution
video, and audio). Today, almost everyone is connected to the
Internet and uses different Cloud solutions to store, deliver
and process data. Cloud Computing assembles large networks
of virtualized services, and hardware and software resources.
The use of Cloud resources by end-users is made in an
asynchronous way, and in many cases the access is made
through mobile devices, over various networks.
With Cloud Computing and mobile devices, we witness
new applications models, where the user is presented with an
interface and most of the computation is done, transparently
and remotely, in large Data Center silos. With this model, in
many scientific areas (healthcare, aged-care, social assistance,
surveillance, education etc.) we witness the rise of interesting
new (multimedia and content-driven in some cases) applications, with increasingly more computation needs. Such applications today generate huge amount of data (i.e., the Big Data
trend), require gathering, processing and then aggregation in
a fault-tolerant, reliable and secure heterogeneous distributed
system created by a mixture of Cloud systems (public/private),
mobile devices networks, desktop-based clusters, etc. (Shalf,
Dosanjh & Morrison 2011). The unprecedented processing
requirements (filtering, storage, distribution, indexing) for hundreds of PetaBytes of content will contribute to the increase
of Internet traffic and this are part of the problem that must
be solved.
In this context, in the past years there has been a growing
interest in the scientific community for Mobile Cloud Computing (MCC), a model where computing is externalized from the
mobile device into the background Cloud. Previous directions
taken by the mobile computing community in regard to energy
efficiency focused at throttling resources and scheduling allocation and utilization of said resources. This is usually done
by complicated techniques that focus on individual hardware
components: the CPU (Liang, Lai & Chiou 2010), the display or network transfers (Schulman, Navda, Ramjee, Spring,
Deshpande, Grunewald, Jain & Padmanabhan 2010). Although
such techniques provide undeniable power reduction, their
applicability proves to be limited as smartphone requirements

grow even larger, increasing at exponential rates. A more
popular solution for mobile energy efficiency is mobile cloud
computing (MCC) where power-hungry tasks are offloaded
from mobile devices and executed in the cloud. Thus, handhelds only require thin clients for cloud-enhanced applications.
The advantages of MCC are invaluable to mobile application
development as they include: extending the battery lifetime by
moving computation away from mobile devices, better usage
of data storage capacity and of available processing power,
and improving the reliability and availability of mobile applications. Furthermore, MCC also inherits the benefits of cloud
computing (CC) as well: dynamic provisioning, scalability and
the pay-as-you-go model. However, the advantages of mobile
clouds must be weighed by the shortcomings of such solutions.
First of all, most MCC applications rely heavily on the availability and steadfastness of large bandwidth mobile networks
(3G/4G); unfortunately, due to the inherent mobility of users,
there is no guarantee that such communication media is always
available and, in its absence, mobile cloud applications are
unreliable or, in worst-case scenarios, are rendered useless or
even faulty.
Furthermore, mobile networks tend to be more expensive
both financially and energetically (given that 3G is more power
hungry that WiFi (Cuervo, Balasubramanian, Cho, Wolman,
Saroiu, Chandra & Bahl 2010)). Energy efficiency has yet to
be taken into serious consideration by most MCC solutions
and, ironically, in attempting to reduce power consumption,
mobile cloud applications end up exhausting battery life
through network transfers towards clouds instead of choosing
local computation. An additional concern in MCC is the
lack of privacy when storing data on public clouds as recent
advancements prove it is best to make use of private or
hybrid solutions for storing data more securely than previously
attempted (Robison 2010).
Future MCC will need fundamental research results towards the opportunistic sharing of computing resources, using a crowd computing approach for MCC, where tasks are
opportunistically spread in a network of devices. Previous
experiments on human mobility and social interaction, using
Bluetooth, WiFi, ZigBee and other small- and medium-range
wireless communication protocols for co-location tracking,
show the feasibility of establishing opportunistic connections
with mobile devices in close proximity (Chaintreau, Hui,
Crowcroft, Diot, Gass & Scott 2007). The coordinated sharing
of resources available by co-located mobile phones in an opportunistic way is today feasible, so there is a clear opportunity
for aggregating, sharing and coordinating resources of multiple
users to improve the energy efficiency of mobile devices,
while making acceptable compromises in the QoS, and provide
advanced capabilities to the upper layer mobile applications.
In an attempt to solve the above-mentioned issues, at
University Politehnica of Bucharest, Romania, we previously propose a hybrid solution where mobile devices are
both clients and resources in an ad-hoc opportunistic mobile
cloud (Marin 2013). Our solution is not intended as a replacement for MCC, but instead it attempts to complement
mobile clouds in order to fill the aforementioned missing gaps.
We introduced the concept of mobile-to-mobile contextual
offloading, in which handhelds make use of a contextual search
algorithm to schedule remote execution of tasks in trusted
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smartphone communities based on predicting the availability
and mobility of nearby devices. The Hybrid Contextual Cloud
for Ubiquitous Platforms comprised of Smartphones (HYCCUPS) is a preliminary platform developed at UPB to evaluate
the feasibility of resource sharing in case of co-located smartphones. It focuses on reducing the overall consumed power
of the interconnected devices. The main differentiating factor
from other platforms (Huerta-Canepa & Lee 2010) (Modi,
Jung, Tambe, Shen & Kulkarni 2002) is that the offloading
decision is taken considering both mobility and availability of
a node to offload a task, and not neglecting the overall quality
of experience of the users which are part of the cloud. We
primarily use the reduction of overall execution time for mobile
applications, reduction in power consumption, the increase in
robustness in case of failures, the enhance for user experience,
and uncertain sensor data as measure of progress.
The evaluation of such a complex system as HYCCUPS
proves to be quite difficult (Marin, Dobre & Xhafa 2014). The
solution being presented in this paper is a step forward in this
direction. HYCCUPS in particular deals with the scheduling in
the MCC of workloads of various qualities, from small tasks
(i.e., associated with computing a move in a game of chess),
to large tasks (i.e., the analysis of satellite images). For the
first category, we plan to demonstrate scheduling algorithms
for computing-intensive games (e.g. Chess) and data-intensive
applications (e.g. Shazam).
EXPERIMENTAL RESULTS
We initially benchmarked the serial version of the MTS2
with Java 1.8 on a quad-core machine with a CPU frequency of
3.9GHz and 5GB of available RAM, by changing the number
of simulated nodes and the number of messages. After that,
we repeated the process with the parallel version, while also
varying the number of worker threads.
In the stress-test scenario, each node
the same number of messages, in order to
fast is our backend communication. We
the time before and after the simulation by
java.util.concurrent.TimeUnit class.

processes
test how
measured
using the

In order to benchmark our simulator, we started 106
concurrent entities, and each of them generated at runtime
102 dummy tasks and then waited for their completion. The
simulation took only 120 seconds to complete and used less
than 1GB of RAM – scenario which none of the simulators
presented in Section is able to complete.
The simulator was able to run this scenario with a throughput of about 800 events per millisecond. This shows the
simulation overhead, because each simulated action is minimal
from a computational point of view.
In order to test the performance of the parallel implementation in comparison with the serial implementation, a modification to the stress test was done: each processMessage call
had an additional delay of 1 millisecond. Without this modification, it wouldn’t have been any notable difference between
DES and PDES implementations, because PDES works by
doing processing concurrent events on different threads, so it
overcomes the initial overhead only when the event processing
functions are significantly harder to compute. Analysing the
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we only had 4 cores available for simulations, we will take into
consideration for comparison between MTS2 and SimMatrix
the time per task in microseconds (Wang et al. 2013). We
simulated with the same stress test, the DES version with no
delay when processing the messages.
As we can see from the Figure 5 and Figure 8: Comparison
of time per task from SimMatrix paper at (Wang et al. 2013),
MTS2 is faster than SimMatrix regarding the execution time
per task. We plotted the simulations with the same number of
nodes like in (Wang et al. 2013) and the differences are: MTS2
takes 7 microseconds for a simulation with one node, while
SimMatrix takes 100 microseconds. SimMatrix takes almost
7 microseconds starting with simulations of 64 nodes and
approximately 8 microseconds for larger simulations (more
than 16384 nodes). However, our simulator takes less than
0.055 microseconds for simulations with more than 16384
nodes. It is important to say that MTS2 time per task is
decreasing in every simulation scenario, while SimMatrix
degrades its performances in simulations with a range of 1024
and 16384 nodes.
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execution time is 6 times greater for a single node, but when
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will not be so much affected. We will consider implementing
in the future our own version of StatsCollector entity in order
to not have delays even for small simulations.
SimMatrix, which is the single implementation of eventbased simulator for MTC problems until MTS2 , scales up to

592

1e-1

1e-2

1e-3
1e+0

Figure 5.

Time per task (us)

Comparison between DES and PDES implementations of MTS2

Time per task (us)

1e+0

Figure 3.

1e+3

1e+1

2.5

2

Figure 2.

1e+4

Visuals OFF - 1 node

3

Visuals OFF - 10^5 nodes
2.5

1e+5

10^5 jobs

Visuals ON - 1 node

1e+1

Speedup

Speedup

3

1

10^4 jobs

Visuals OFF - 1 node

1e+6

Total execution time (us)

4

results, the parallel implementation is an improvement when
the scenario has computationally expensive calls and a ”dense”
distribution of events (many tasks happening at the same
timestamp), scaling with the number of threads. The results
are presented in Figure 2 .

1e+6

Total execution time (us)

results, the parallel implementation is an improvement when
the scenario has computationally expensive calls and a ”dense”
distribution of events (many tasks happening at the same
timestamp), scaling with the number of threads. The results
are presented in Figure 2 .

1e+1

1e+2

1e+3
1e+4
Number of nodes

1e+5

1e+6

1e+7

Time per task for MTS2

In conclusion, MTS2 is a fast and scalable event-based
simulator that has execution times which are 6 times greater

As we can see, if the visualization is enabled, the overall
execution time is 6 times greater for a single node, but when
using multiple nodes, the visualization component doesn’t
bring any delay. For exascale simulations, the simulation times
will not be so much affected. We will consider implementing
in the future our own version of StatsCollector entity in order
to not have delays even for small simulations.
SimMatrix, which is the single implementation of eventbased simulator for MTC problems until MTS2 , scales up to

592

1e-3
1e+0

Figure 5.

1e+1

1e+2

1e+3
1e+4
Number of nodes

1e+5

1e+6

1e+7

Time per task for MTS2

In conclusion, MTS2 is a fast and scalable event-based
simulator that has execution times which are 6 times greater

with the visualization component enabled for simulations with
one node, but no delay when at exascale simulations.
MTS2 is great than other scheduling simulators and in the
future, it needs to be tested on multiple cores.
CONCLUSIONS
We presented an event-based simulator written in Java
for the purpose of simulating scheduling algorithms. We also
implemented a load balancing algorithm with dynamic overlay
for an asymptotic scheduling and with this, we showed that
the MTS2 simulator offers until now the basic blocks for
simulations.
Apart from features like dynamic generation of tasks up
until a threshold value, use of overlays and broker nodes that
can distribute jobs according to a distribution schema, we also
added a visualization component for real time monitoring. We
measured the execution times and saw that this component
adds a delay. As future work, we will come up with an
implementation of this component taken into consideration that
it must not affect the results of simulations or at least, it must
add a delay not more than a few microseconds.
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to effectively manage relationships with e-customers in
respect of customer identification, attraction, retention,
and development (Kitayama et al. 2002), (Xu and Wang
2011). Patterns hidden in customer navigation paths on
websites and in purchase transactions have also been
intensively explored to build e-commerce information
systems (Duan et al. 2012), to design effective product
recommendation stategies (Cho et al. 2013), (Kuang and
Li 2014), as well as to identify users with high purchasing intentions and to predict sales (Mohammadnezhad
and Mahdavi 2012), (Poggi et al. 2007), (Suchacka and
Chodak 2013).
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ABSTRACT
A key feature of high-traffic e-commerce sites is the
ability to offer a predictive and personalized service
to Web users. Visitors to online stores are potential
buyers but in reality very few visits finally result in a
product purchase. Thus, it would be especially valuable
for online retailers to predict buyers against browsers
based on some session features (e.g. session duration,
the number of downloaded pages, the kind of realized
Web interactions) and some HTTP-level information (the
number of HTTP requests, the volume of data transfer
in session). In this paper, we recast online purchase predictions as a classification problem. Every user session
in a web store is represented as a 23-element vector
in the session feature space. Based on historical data
from an online bookstore an SVM classification model
is proposed, dividing user sessions into two classes:
browsing sessions and buying sessions. The best SVM
classifier proved to be very effective, with a predictive
accuracy of over 99% and the probability of predicting
a buying session of almost 95%.

In this paper, we consider the problem of predicting
buying sessions in a web store. To this end, we propose applying one of popular data mining methods:
Support Vector Machine (SVM). It is a powerful prediction model based on supervised classification, which
makes it possible to recognize complex patterns in highdimensional data sets (Vapnik and Chervonenkis 1974),
(Cortes and Vapnik 1995). So far it has been successfully
applied to many areas of the web. Examples of SVM applications in text and hypertext document classification
include Web page classification (Li et al. 2004), (Li et al.
2001), keyword extraction (Zhang et al. 2006), document
metadata extraction (Han et al. 2003), and website trust
assessment (Soiraya et al. 2008). SVM was also applied
in content-based multimedia classification and retrieval
(Wang et al. 2011), (Mandel et al. 2006), (Guo and Li
2003), network intrusion detection (Zhang et al. 2011),
(Du et al. 2009), and quality of web service management
(Liu and Wang 2009), (Ali et al. 2012).

INTRODUCTION

SVM classifiers have also been successfully applied in
electronic commerce. In (Zhu and Zhang 2010) SVM
was integrated with principal component analysis to
manage credit in electronic commerce. In (Yu et al.
2011) and (Chen et al. 2012) customer churn forecasting
frameworks based on SVM were proposed to accurately
forecast and prevent e-customer churn. SVM methods
proved effective in supporting customers in online shopping through improving product recommendation techniques (Cheung et al. 2000), (Xia et al. 2006), supporting
decision-making based on mining e-customer reviews
(Soliman et al. 2012), and designing intelligent software
agents that perform product selection and associated
functions on behalf of their clients (Cui 2003).

Along with the ubiquity of the Internet, enhanced by
the rapid development of mobile applications and secure
electronic payment technologies, electronic commerce
has been becoming the every-day reality for more and
more people. E-customers are increasingly demanding
and expect the highest quality service at any time.
On the other hand, online retailers need to be able to
know their customers and to predict their needs, which
is largely made possible by online and offline web
analytics software.
At the same time, due to its high practical potential,
web usage mining (WUM) has become an active research area, proposing various data mining methods for
extracting useful information on user behavior based
on historical data. WUM methods have been applied
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In (Hop 2013) an SVM classifier was applied to predict
the probability of making an online purchase, like in
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frameworks based on SVM were proposed to accurately
forecast and prevent e-customer churn. SVM methods
proved effective in supporting customers in online shopping through improving product recommendation techniques (Cheung et al. 2000), (Xia et al. 2006), supporting
decision-making based on mining e-customer reviews
(Soliman et al. 2012), and designing intelligent software
agents that perform product selection and associated
functions on behalf of their clients (Cui 2003).

Along with the ubiquity of the Internet, enhanced by
the rapid development of mobile applications and secure
electronic payment technologies, electronic commerce
has been becoming the every-day reality for more and
more people. E-customers are increasingly demanding
and expect the highest quality service at any time.
On the other hand, online retailers need to be able to
know their customers and to predict their needs, which
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our study. However, their research was based on highlevel transaction data, including product prices, delivery
availability of the products, and detailed e-customer
data (lifetime of the customer account, the customer
age, last order date, and so on). In contrast, we reconstruct customer visits only from low-level HTTP data
recorderd in web server logs. Moreover, we compare
SVM classification models with four various kernel
functions (radial, linear, polynomial, and sigmoid), and
show that the choice of a kernel is of key importance
for the effectiveness of the SVM classifier.

-

K(xi , xj ) = (γx′i xj + a)d ;
-

-

sigmoid
K(xi , xj ) = tanh (γx′i xj + a);

where a, d and γ are the kernel function’s coefficients.
An important issue in constructing the SVM classifier is
the selection of parameters influencing the effectiveness
and the generalization capability of the classifier: the
cost parameter C that determines the penalty for misclassifications, the kernel function, and kernel function’s
parameters, influencing the function shape or dimensionality.

The goal of the supervised learning classification is to
construct a classifier (a learner) based on the training
data set which allows one to divide future observations
into considered classes. The training data set consists
of pairs of an input object (a vector of feature measurements) and an output value (a label of a class
containing an observation): (xi , yi ), i = 1, 2, . . . , N ,
where xi ∈ Rp is a vector of observed features and
yi is a label (in case of two classes yi ∈ {0, 1}).

RESEARCH METHODOLOGY
We consider an online store to be available as a website
where a web user may browse the site’s pages, search
for products, add them to a virtual shopping cart, and
confirm a purchase. To build and evaluate SVM classifiers we used real data from commercial Web server
access logs, recorded in April 2014. The server hosted
the website of an online bookstore and some pages
with entertainment content, like movies, quizzes, simple
games, etc.

The evaluation of the accuracy of the classifier and the
value of possible classification error is based on a test
data set (separated from the training set) consisting of
objects with known labels.
One of the methods of supervised learning classification
is the maximal margin classifier. The idea of the algorithm invented by (Vapnik and Chervonenkis 1974) is to
find the hyperplane that creates the biggest margin between the training points for considered two classes, i.e.
a good separation is achieved by the hyperplane that has
the largest distance from the nearest training data point
of any class. However, since in many cases no separating
hyperplane exists or it could be worthwhile to misclassify a few observations to improve the classifying of the
remaining ones, the task of margin maximalization needs
modifications. The support vector machine suggested by
(Cortes and Vapnik 1995) is such an extension of the
maximal margin classifier. The SVM classifier finds the
maximal margin separating hyperplane for observations
from the training data set transformed by φ into the
space of the higher dimension (sometimes infinite) with
the constraint on the number of misclassifications. The
optimization problem which yields to that classifying
rule is to minimize the Lagrangian:
1
L(α) = α′ Qα − e′ α
2
subject to 0 ≤ αi ≤ C and y′ α = 0, where e is the
unity vector, C is the upper bound of the number of
misclassifications (so-called cost), Q is the matrix of
Qij = yi yj K(xi , xj ) and K(xi , xj ) = φ(xi )′ φ(xj )
is the kernel function, i, j = 1, 2, . . . , N . Due to the
application of the kernel function, there is no need to
obtain the exact form of the transformation φ. The
solution of the optimization problem depends on a subset
of vectors of features - the support vectors. The most
common kernels are of the form:
linear

radial basis
K(xi , xj ) = exp (−γ|xi − xj |2 );

SUPPORT VECTOR MACHINE

-

polynomial of degree d

Reconstruction of User Sessions From Log File
Data
Based on HTTP requests read from logs, user sessions
were reconstructed. A single user session corresponds to
a single visit of a web user to the online store. The session involves realization of various web interactions, e.g.
downloading pages with product information, adding
products to the shopping carts, etc. A key interaction
is that connected with the confirmation of a purchase
transaction - we call it the checkout success interaction.
A web user may be a human interacting with a bookstore
site via a web browser or a web robot. We identified
web users based on two fields of HTTP requests: the
IP address and the user agent string. We assumed that
subsequent sessions of the same user are separated by a
minimum 30-minute interval of user inactivity.
Selection of Variables Characterizing User Sessions
Each user session in a web store may be characterized
by a number of features connected with the session
characteristics (session duration, the number of pages
visited in session, the kind of web interactions realized
in session, information on the source of the session),
as well as with some HTTP-level information (the
number of HTTP requests sent in session, volume of data
transfer). We propose using these features as variables
in the supervised learning classification of user sessions
in order to predict purchases in the store. The following
23 variables were used for classification:

K(xi , xj ) = x′i xj ;
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-

Checkout success - the variable indicating
whether the session contained the checkout success interaction (1 if a purchase was realized
successfully in session and 0 otherwise);

-

Checkout try - the number of Web interactions
other than the checkout success, connected with
the checkout process;

-

Home - the number of visits to the home page
of the web store;

-

internal reference from a page within the same
website outside the web store, or other source);

Register try - the number of web interactions
other than a successful user registration, connected with the registration process;

-

Login success - the number of web interactions
connected with a successful user logging into
the site;

-

Log off - the number of web interactions connected with a user logout;

-

Search - the number of web searching interactions;

-

Browse - the number of web browsing interactions;

-

Details - the number of visited pages with
detailed information about products;

-

Add - the number of products added to the
shopping cart;

-

Is bot - the variable indicating whether the
session was performed by a web robot;

-

Is admin - the variable indicating whether the
session was performed by the web site administrator (or the administrative software).

All of the above session features were considered in our
SVM classification models.

Register success - the number of web interactions connected with a successful user registration (i.e. creating a user account) in the store;

-

-

-

-

Checkout try - the number of Web interactions
other than the checkout success, connected with
the checkout process;

-

Home - the number of visits to the home page
of the web store;

-

Data Classification and Modeling
Classification of user sessions, aimed at predicting
online purchases, involves distinguishing between two
session classes, depending on the fact of whether the
session containes the checkout success interaction or not
(i.e. whether the variable Checkout success is 1 or 0).
The data set of all observations (user sessions) was
divided into two subsets: a training set and a test set.
Then we applied the Support Vector Machine method
to construct session classifiers. We used R-project, a
free software environment for statistical computing (Rproject) with e1071 package (e1071). This research was
performed as part of the master’s thesis (Potempa 2014).
Firstly, for each SVM model a classifier was built and
tuned to the highest possible accuracy based on the
training set. Then, the performance of the classifier was
estimated based on the test set. At the end, results of
all SVM models were compared and the quality of the
classifiers was assessed.

Checkout success - the variable indicating
whether the session contained the checkout success interaction (1 if a purchase was realized
successfully in session and 0 otherwise);

-

Register try - the number of web interactions
other than a successful user registration, connected with the registration process;

-

Login success - the number of web interactions
connected with a successful user logging into
the site;
Log off - the number of web interactions connected with a user logout;

-

Search - the number of web searching interactions;

-

Browse - the number of web browsing interactions;

-

Details - the number of visited pages with
detailed information about products;

-

Add - the number of products added to the
shopping cart;

Shipping checkout - the number of Web interactions corresponding to checking information
on shipping terms and cost during the checkout
process;

-

Shipping checkout - the number of Web interactions corresponding to checking information
on shipping terms and cost during the checkout
process;

-

Shipping - the number of web interactions corresponding to checking shipping information
besides the checkout process;

-

Shipping - the number of web interactions corresponding to checking shipping information
besides the checkout process;

-

Information - the number of visited pages containing information about the store;

-

Information - the number of visited pages containing information about the store;

-

Entertainment - the number of visited pages
with the entertainment content;

-

Entertainment - the number of visited pages
with the entertainment content;

-

Pages no - the number of all pages visited in
session;

-

Pages no - the number of all pages visited in
session;

-

Requests no - the number of HTTP requests
downloaded in session;

-

Requests no - the number of HTTP requests
downloaded in session;

-

Transfer - the volume of data (in kilobytes)
downloaded in session;

-

Transfer - the volume of data (in kilobytes)
downloaded in session;

-

Duration - the session duration (in seconds);

-

Duration - the session duration (in seconds);

-

Page per time - the mean time per page (in
seconds);

-

Page per time - the mean time per page (in
seconds);

-

Source - the source of the visit (a reference from
paid search engine results, a natural search engine result, a reference from the e-mail newsletter, an entrance through social media sites, an

-

Source - the source of the visit (a reference from
paid search engine results, a natural search engine result, a reference from the e-mail newsletter, an entrance through social media sites, an
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-
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-

DATA ANALYSIS RESULTS
The data set contained 39 000 observations. The training
set was generated by drawing 26 000 observations (in
this set the variable Checkout success was 1 in 146
observations). The test set contained the remaining 13
000 observations (including 72 observations with the
positive value of Checkout success).

false negatives (FN) - the number of buying sessions incorrectly classified as browsing sessions.

Classification results can be described with the confusion matrix of correct and incorrect classifications
(Larose 2005). The columns represent the predicted
classifications and the rows represent the actual classifications, for all sessions in the test set. The confusion
matrices for optimal SVM models with different kernel
functions are presented in Tab. 2-5.

Model Tuning
The optimal values of SVM parameters, i.e. the cost
parameter, the kernel function and the kernel function’s
parameters, can be determined by iteratively training
SVM models in various configurations and selecting
the best model. R-project allows one to look through
a relatively large space of SVM parameters to select
their optimal values and to find the optimal model for
the given kernels.

Table 2: Confusion Matrix for the SVM Model with a
Radial Kernel Function

Browsing sessions
Buying sessions

Four kernel functions were applied in our SVM classification models: radial, linear, polynomial, and sigmoid.
The optimal parameter values determined for each kernel
function for the same training set are presented in Tab.
1. The SVM type was C-classification in all cases.

Cost (C)
Gamma (γ)
Degree (d)
Coef.0 (a)
Number
of support
vectors

SVM kernel
LinPolynoear
mial
0.1
0.01
1
3
10
91
42

Browsing sessions
Buying sessions

Sigmoid
0.01
0.5
0
293

Browsing sessions
Buying sessions

We evaluate the performance of four SVM classification
models using the notions of true and false positives and
negatives, error rate, accuracy, and sensitivity.

Browsing sessions
Buying sessions

true positives (TP) - the number of buying sessions which were correctly classified as buying
sessions;
false positives (FP) - the number of browsing
sessions incorrectly classified as buying sessions;

-

true negatives (TN) - the number of browsing
sessions correctly classified as browsing sessions;

Sessions
classified as
buying
sessions
4
68

Sessions
classified as
browsing
sessions
12 923
12

Sessions
classified as
buying
sessions
5
60

Table 5: Confusion Matrix for the SVM Model with a
Sigmoid Kernel Function

Since we are interested in predicting online purchases,
i.e. determining whether a session will eventually contain the checkout success interaction or not, a classification of buying session is considered to be positive and
a classification of browsing session is considered to be
negative. Depending on the accuracy of classification for
the test set we can determine the following measures:

-

Sessions
classified as
browsing
sessions
12 924
4

Table 4: Confusion Matrix for the SVM Model with a
Polynomial Kernel Function

Model Evaluation

-

Sessions
classified as
buying
sessions
0
14

Table 3: Confusion Matrix for the SVM Model with a
Linear Kernel Function

Table 1: Optimal Parameter Values and the Resultant
Numbers of Support Vectors for the SVM Models with
Different Kernel Functions
Radial
10
0.5
1186

Sessions
classified as
browsing
sessions
12 928
58

Sessions
classified as
browsing
sessions
12 928
72

Sessions
classified as
buying
sessions
0
0

Let us consider the confusion matrix obtained for the
SVM model with a radial kernel function (Tab. 2). This
model gave 12 986 classifications (predictions) of a
browsing session, i.e. 12 986 negatives, including 12
928 true negatives (TN) and 58 false negatives (FN).
All of the 14 positive classifications were true positives
(TP), in fact (there were no false positives - FP in this
model).
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Comparing the results obtained for all SVM models one
can observe that the model with a linear kernel function
was the most effective in predicting buyers: as many
as 68 buying sessions were correctly classified and only
four of such sessions were misclassified. The model with
a polynomial kernel function was quite effective as well,
resulting in 60 correct buyers’ predictions. On the other
hand, the models with radial and sigmoid kernels proved
to be completely ineffective in this respect.

CONCLUSIONS
Using data mining methods to predict online purchases
is an important research area. We proposed applying
Support Vector Machine to the classification of user
sessions reconstructed from log file data for a Web store.
We constructed and evaluated a few SVM classification
models, dividing sessions into two classes: browsing
sessions and buying sessions. Results show that the
SVM classifier with a linear kernel was very effective
both in respect of the overall predictive accuracy and the
ability to predict buying sessions.

These results are confirmed by such evaluation measures
as the overall error rate, accuracy, and sensitivity (tab.
6). The error rate can be determined as the sum of the
false positives and false negatives, divided by the total
number of classifications:
Error rate =

The SVM method is computationally very expensive,
especially the time of training an SVM classifier is
significant. However in the environment under consideration it can be done offline. Furhermore, it has to
be noted that different web stores may reveal different
user session characteristics and different navigational or
purchasing patterns. Thus, the classifier obtained in our
research is tuned for a given web store, and other web
stores would require constructing and tuning their own
classifiers (according to the same methodology as the
one presented in this paper).

FP+FN
FP+FN+TP+TN

The predictive accuracy of the model can be determined
as the rate of all correct classifications:
Accuracy =

TP+TN
FP+FN+TP+TN

It would be interesting to integrate the proposed classifier into the process of managing active user sessions in
the web store and to verify its efficiency in real time.
Given an active user session, one could use the classifier
to predict which class the active session belongs to and
to offer a specially personalized service to the potential
buyers, e.g. to provide them with a priority service
during a server overload. We leave this issue to our
future work. We also plan to compare results of the
approach presented in this paper with other supervised
classification methods, such as decision trees and a
nearest neighbor method.

In the e-commerce scenario, the ability to identify buyers
against browsers would be especially desirable for an
online retailer. Thus, the performance measure that is
especially valuable from our point of view is the model
sensitivity, which provides an estimate of the probability
of predicting a buying session:
Sensisitivity =

TP
TP+FN

The performance rates for optimal SVM models are
presented in tab. 6. As one can observe, the quality
of SVM classifiers is differentiated depending on the
kernel function. The accuracy rates, reflecting the overall
percentages of correct classifications, are very high for
all SVM classifiers, ranging from 99.45% for a sigmoid
kernel model to 99.94% for a linear kernel model. High
accuracy rates correspond to low error rates, ranging
from 0.06% to 0.55%. However, the models based on
the radial and sigmoid kernel functions proved to be
ineffective in predicting buying sessions, which is a key
ability of a user session classifier in the e-commerce
scenario.
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and transmission time, data availability, data access and
security requirements, are not considered.
The reality, where data facilities can be located
anywhere, with different access rights and
administrative domains, is far more different from the
current assumptions.
Scheduling with data-awareness has been considered in
many research works on cluster computing, DGs
infrastructures and also recently in DCs (Buyya et al.
2005).Most of the provided surveys concentrates on
data processing optimization issues along with data
servers reliability in the data centers. Other approaches
focused on data transmission scheduling and data
allocation (Kosar and Balman 2009) for effective
resource/storage utilization or energy-aware scheduling
in large-scale data centers (Kliazovich et al. 2010;
Kolodziej et al. 2011).
GridBatch (Liu and Orban 2008 ) can be a good
example for large-scale data-intensive issues in cloud
environments. The significant survey challenge is to
efficiently process the huge amount of data in such
infrastructures and the major issue is the scheduling
process with the data transmission criteria.
In this work, a new version of the Expected Time to
Compute Matrix (ETC Matrix) model is defined for
Computational Grids (CGs) and the physical layers of
the cloud environments, which are considered with new
requirements like the data transmission and separation
data from transformation (Zeadally et al. 2011;
.RáRG]LHMDQG Xhafa 2010).
The main aim of this paper is to define the scheduling
process with the criteria mentioned above, as a multiobjective global optimization problem, similarly to the
classical grid scheduling with ETC Matrix model (Ali et
al. 2000a).Grid schedulers in the proposed model have
both DGs and CGs features to meet the required
performance of grid-enabled applications (.RáRG]LHM
and Xhafa 2011a; .RáRG]LHMDQGXhafa 2011b).
This work is a simple extension of our previous results
presented in (Szmajduch 2014). We implemented the
developed model in the dynamic grid scenarios for three
types of grid environments: small (nb tasks/nb of hosts),
medium (the same) and large (the same) grids.
The remainder of the paper is structured as follows. In
the next section, the modified data-aware ETC Matrix
model for independent batch scheduling and major
scheduling requirements are defined. The analysis of the
empirical results is then described. The last section is
the paper summary and conclusions.
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ABSTRACT
Data-aware scheduling in large-scale heterogeneous
computing systems remains a challenging research
issue, especially in the era of Big Data. Design of all
data-related components of the popular distributed
environments, such as Data Clouds (DCs), Data Grids
(DGs) and Data Centers supports the processing,
analysis and monitoring of the big data generated by
various sources at computing centers by the end-users,
devices and services. The above facts leave no doubts
that data scheduling must be integrated in a single joint
process together with the scheduling of computer tasks
and applications. Therefore, many of the current
optimization issues need to be changed and new
requirements have to be considered in the scheduling
process. This includes data transmission times, data
processing times, availability of the data servers, safety
and authentication in the data access processes. This
paper presents a new version of the Expected Time to
Compute Matrix model (ETC Matrix) for the case of
data-aware independent batch scheduling in physical
network in DGs and DCs environments. Simple geneticbased schedulers have been developed for experimental
justification of the significance of the presented
problem.
INTRODUCTION
7RGD\¶V GLVWULEXWHG V\VWHPs, such as grid and cloud
environments, are the large-scale global infrastructures
enabling the remote access to variety of data types and
applications, and large amount of data bases. Data in
such systems can be generated also by multiple highly
distributed users, different types of services and sources
such mobile devices, computing applications, social
networks, enterprise, cameras etc. The researchers must
to face the problem of scheduling such big data, but
also they must develop new methodologies and models
for an effective management of large volumes of data
and information. Common scheduling issues in
distributed environments are mainly concerned with the
task processing CPU-related requirements which are
makespan, flowtime, resource usage, energy utilization
etc. (Kolodziej 2012). In all similar approaches, typical
data-related scheduling criteria, such as data processing
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The computing capacity vector  ݄ ܿݐܾܽܥܥൌ ሾܿܿͳ ǡ ǥ ǡ ܿܿ݉ ሿ
is used to define the performance efficiency of the
available computational server for a given set. The ܿܿ݅ 
element of the vector denotes the computing capacity of
the server ݅and is expressed in a Million of Instructions
Per Second (MIPS).
The ready times vector
 ݏ݁݉݅ݐݕ݀ܽ݁ݎሺܾ݄ܽ ܿݐሻ ൌ
ሾ ͳݕ݀ܽ݁ݎǡ ǥ ǡ  ݉ݕ݀ܽ݁ݎሿ characterize the calculation of the
prior load of every machine from the  ݄ ܿݐܾܽܯset.
To estimate the completion times of tasks allocated at a
specific computational server an Expected Time to
Compute (ETC) matrix model (Ali et al. 2000a) is
adapted.
The particular elements of the ETC matrix are estimated
as the proportion of the vectors ܹ ܮand  ܥܥcoordinates,
which are:

DATA-AWARE EXPECTED TIME TO COMPUTE
(ETC) MATRIX MODEL
We consider a batch scheduling problem of independent
processed tasks, which need for their execution multiple
data packages located at various heterogeneous data
hosts, in physical computational infrastructures such as
large-scale cluster, grid or the Infrastructure as a Service
(IaaS) layer of the cloud system. The required data
collection can be replicated at different servers,
databases and can be delivered to the computational grid
by the different capabilities networks (see Fig. 1).
Such data-aware grid system may be composed of
elements denoted as follows:





a meta-tasks N = {t1,...,tn}defined as a batch of
independent tasks,
a set of computing grid nodes M = {m1,...,mm}
available for a given batch;
a set of data-files F = { f1,..., fr} needed for the
batch execution,
a set of data-hosts D = {dh1,...,dhs} dedicated for
the data storage purposes, having the necessary data
services capabilities.

݆ ݈ݓ

For every single pair machine ݉݅ and task  ݆ݐin Eq. (1)
the value of the matrix element ܥܶܧሾ݅ሿሾ݆ሿ primarily
depend on the computing speeds of the machines.
However also the diversity of tasks and sources in the



For that reason, this model use the Gaussian distribution
to produce the elements of both vectors ܹܮandܥܥ.
What is more when considering data-aware scheduling
is the estimation of the data transfer time. The time
needed to transfer each, necessary for the execution of
the task ݆ݐ, data file ݂ܿǡ݆  ܨ אሺܿ  אሼͳǡ ǥ ǡ ݎሽሻ from the
data host ݄݀݀  ܦ אto the server ݉݅ is marked as
݆ܶܶ݅ ሾܿሿሾ݀ሿ and can be computed as follows:
݆ܶܶ݅ ሾܿሿሾ݀ሿ ൌ ܴܵܧሾܿሿሾ݀ሿ  
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available for a given batch;
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the data storage purposes, having the necessary data
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ܥܶܧሾ݅ሿሾ݆ሿ ൌ 

݆ ݈ݓ
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For every single pair machine ݉݅ and task  ݆ݐin Eq. (1)
the value of the matrix element ܥܶܧሾ݅ሿሾ݆ሿ primarily
depend on the computing speeds of the machines.
However also the diversity of tasks and sources in the

Fig. 1 Data-aware meta-task grid scheduling problem.

system has to be reflected and taken into account.
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used todefine the computational load of the meta-task,
where  ݆݈ݓis the evaluation of the computational load of
task ( ݆ݐmeasured in Millions of Instructions (MI)). Each
task
 ݆ݐneeds
a
batch
of
data
files
 ݆ܨൌ ൛݂ሺͳǡ݆ ሻ ǡ ǥ ǡ ݂ሺݎǡ݆ ሻ ൟ൫ ݄ ܿݐܾܽܨ ك ݆ܨ൯ for its correct
computation. Such batch is copied and located at the
following data servers݄݀݀ . The ݄݀݀ is a part of the ܦ.
Each file ܨሺǡ݆ ሻ  ݆ܨ אሺ א ሼͳǡ ǥ ǡ ݎሽሻ is replicated on and
available from the set of data hosts݄݀݀ . Each data host
is assumed to be able to serve multiple data files at a
time and data replication is a priori defined as a separate
replication process.
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is used to define the performance efficiency of the
available computational server for a given set. The ܿܿ݅ 
element of the vector denotes the computing capacity of
the server ݅and is expressed in a Million of Instructions
Per Second (MIPS).
The ready times vector
 ݏ݁݉݅ݐݕ݀ܽ݁ݎሺܾ݄ܽ ܿݐሻ ൌ
ሾ ͳݕ݀ܽ݁ݎǡ ǥ ǡ  ݉ݕ݀ܽ݁ݎሿ characterize the calculation of the
prior load of every machine from the  ݄ ܿݐܾܽܯset.
To estimate the completion times of tasks allocated at a
specific computational server an Expected Time to
Compute (ETC) matrix model (Ali et al. 2000a) is
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The particular elements of the ETC matrix are estimated
as the proportion of the vectors ܹ ܮand  ܥܥcoordinates,
which are:

DATA-AWARE EXPECTED TIME TO COMPUTE
(ETC) MATRIX MODEL
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(2)
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to produce the elements of both vectors ܹܮandܥܥ.
What is more when considering data-aware scheduling
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ܵ݅ ݁ݖൣ݂ ݆ܿ ൧
ܤሾ݄݀ ݀ ǡ݅ሿ

(2)

The ܴܵܧሾܿሿሾ݀ሿ stands for the response time of the ݄݀݀
data server and is evaluated as a difference between the
time of the demand send to ݄݀݀ and the time when the
first byte of the data file ݂ܿ reached the machine ݉݅ for
processing the task  ݆ݐ. The size of the data file ݂ܿ
required for the execution of the task  ݆ݐis defined by
ܵ݅݁ݖൣ݂݆ܿ ൧ and is expressed in Mbits. Where the
bandwidth of the logical link connecting ݄݀݀ and ݉݅ is
denoted by ܤሾ݄݀݀ ǡ ݅ሿ and expressed with Mbits/time
unit.
The ܴܵܧሾܿሿሾ݀ሿ are the elements which form the Data
Response Times matrix denoted asܴݏܵܧൈ ݎ. Similarly to
the vectors ܹ ܮandܥܥ,the data response times are
generated using the standard Gaussian distribution.
The major scheduling factors in the ETC matrix model
are
the
resources
completion
times.
The
ܿ݊݅ݐ݈݁݉ሾ݅ሿሾ݆ሿ defines the calculated completion
time of the task  ݆ݐon machine݉݅ as the wall-clock time
measured from the task submission till its completion.
In data-aware approach it highly depends on the
computing and transmission times specified in Eq. (1)
and Eq. (2).
The data transfer time can have different influence on
the task completion time depending on the method
which is used to process the data file by the task. Two
possible scenarios are presented in Figure 2.
7KHILUVWPRGH³D´DVVXPHVWKDWWKHGDWDILOHVUHTXLUHG
for the computation of the  ݆ݐtask are delivered to the
machine before the execution of all the tasks, from the
tasks batch, assigned to his machine, including task  ݆ݐǤ
Every transfer bandwidth is calculated due to the
number of possible synchronized data transfers. In such
case the completion time on machine ݉݅ of the task  ݆ݐis
expressed by:
ܿ݊݅ݐ݈݁݉ሾ݅ሿሾ݆ሿ ൌ 



݂ ݆ܿ ܨאǢ݄݀ ݀ ܦא

Fig.2. Two variants of task completion times estimation
assigned to the machine mi with k data files needed for
the task execution.

݆ܶܶ݅ ሾܿሿሾ݀ሿ

ܿ݊݅ݐ݈݁݉ሾ݅ሿሾ݆ሿ ൌ 
Scheduling criteria

 ܥܶܧሾ݅ሿሾ݆ሿ

The overall data-aware batch scheduling procedure is
performed in the following steps:

(3)
7KH VHFRQG PRGH VFHQDULR ³E´ DVVXPHV WKDW VRPH RI
WKH GDWD ILOHV DUH WUDQVIHUUHG DV LQ WKH ILUVW PRGH ³D´ 
with the difference that the rest of data required for the
execution of every task on this particular machine ݉݅
(including task  ) ݆ݐis delivered while executing the
tasks. In this case, the delivery times of the streamed
data files are concealed by execution times of the tasks,
thus the completion time of the task  ݆ݐon machine ݉݅ is
calculated with a different, following equation:
ܿ݊݅ݐ݈݁݉ሾ݅ሿሾ݆ሿ ൌ  ݂ ݆ܿ ܨא݆ ݆ܶܶ݅ ሾܿሿሾ݀ሿ 
σא ݆݈ܨൣܨ̳ܨ݆ ൧ሺ݆ܶܶ݅ ሾ݈ሿሾ݀ሿ  ܥܶܧሾ݅ሿሾ݆ሿሻ
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the vectors ܹ ܮandܥܥ,the data response times are
generated using the standard Gaussian distribution.
The major scheduling factors in the ETC matrix model
are
the
resources
completion
times.
The
ܿ݊݅ݐ݈݁݉ሾ݅ሿሾ݆ሿ defines the calculated completion
time of the task  ݆ݐon machine݉݅ as the wall-clock time
measured from the task submission till its completion.
In data-aware approach it highly depends on the
computing and transmission times specified in Eq. (1)
and Eq. (2).
The data transfer time can have different influence on
the task completion time depending on the method
which is used to process the data file by the task. Two
possible scenarios are presented in Figure 2.
7KHILUVWPRGH³D´DVVXPHVWKDWWKHGDWDILOHVUHTXLUHG
for the computation of the  ݆ݐtask are delivered to the
machine before the execution of all the tasks, from the
tasks batch, assigned to his machine, including task  ݆ݐǤ
Every transfer bandwidth is calculated due to the
number of possible synchronized data transfers. In such
case the completion time on machine ݉݅ of the task  ݆ݐis
expressed by:

(4)

x

obtain the information about resources that are
available in the system,

x

obtain the information about unsettled tasks,

x

establish the location of data hosts where the data
files needed for the tasks completion are placed,

x

prepare a set of tasks and calculate a schedule for
this set on available machines and data hosts,

x

allocate the tasks,

x

where ܨ݆ represents the data files batch which is
delivered before the execution of the task  ݆ݐand
obviously all other tasks belonged to this machine.
This survey considered the data hosts as, separated from
the computing resources, data storage centers.

monitor the process and re-scheduled the tasks
which failed.

This process has been presented graphically in Figure 3
below.
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where ܿ݊݅ݐ݈݁݉ሾ݅ሿ is calculated as the sum of
completion times of all the tasks assigned to machine
݉݅ by using either Eq. 3or Eq. 4.

where ܿ݊݅ݐ݈݁݉ሾ݅ሿ is calculated as the sum of
completion times of all the tasks assigned to machine
݉݅ by using either Eq. 3or Eq. 4.

x

x

minimizing average flowtime ܨ෨ Ǥ For a machine
݉݅ the flowtime can be computed as a workflow of
the tasks chain on this machine, specifically:
ܨሾ݅ሿ ൌ ܿ݊݅ݐ݈݁݉ሾ݅ሿ (7)

ܨሾ݅ሿ ൌ ܿ݊݅ݐ݈݁݉ሾ݅ሿ (7)

The cumulative flowtime for the entire system is
denoted as the sum of ܨሾ݅ሿ factors, namely:

The cumulative flowtime for the entire system is
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The main reason of our choice of such a simple
scheduler was to demonstrate the impact of the data
transfer and access on the optimization of the
scheduling criteria. Therefore, we wanted to use a
simple method, easy for the implementation in the
performed analysis. However, this is just an early stage
of our research in the domain and of course we plan to
conduct a comprehensive analysis of the effectiveness
of various heuristic-based schedulers in data-aware
scheduling.

FULWHULD DQG VFKHGXOHUV¶ SHUIRUPDQFH PHWULFV 
considered in the experiments were the makespan and
average flowtime calculated by using Eqs. 6 and 9. The
results of data-aware scheduling were compared with
the results achieved in the conventional scheduling,
where data transfer times are ignored. In such a case it is
assumed that all necessary data is stored at
computational nodes and ready for use, which is not the
realistic scenario. For the analysis both data transfer
scenarios VFHQDULR³D´DQGVFHQDULR³E´ specified in
Section II are considered. Therefore, the completion
times in Eq. 5 are estimated using Eq. 3in the first
scenario, and Eq. 4in the second scenario.

The experiments have been conducted by using the
Sim-G-Batch data grid simulator defined in (Kolodziej
et al. 2012). The main input data for the simulator is:

We used as the scheduler in our experiments a simple
genetic-based scheduler presented in Fig. 4. This is a
VLPSOH  Ȝ  HYROXWLRQDU\ strategy often used for
solving classical combinatorial optimization problems
(see Xhafa et al. 2007; Pinel et al. 2011; Michalewicz
1992).We configured the genetic operators in the
following way:












selection ± Linear Ranking,
crossover ± Cycle Crossover,
mutation ± Rebalancing,
replacement ± Steady State.

The parameters of the simulator are presented in Table
2. We consider in our experiments three grid size
scenarios are defined: small (64 hosts/1024 tasks),
medium (128 hosts/2048 tasks), and large (256
hosts/4096 tasks). The capacities of the resources, data
transmission times and the workloads of tasks are
randomly generated by the Gaussian distributions. This
is the dynamic case, so the number of hosts and tasks
can be different in the different time units (add_host,
delet_host, add_task, delete_task parameters) It is
assumed that all tasks submitted to the system must be
scheduled and all machines in the system can be used.
The sizes of data files and the bandwidth are generated
by the uniform distributions defined for the following
intervals [2;1600] and [10;100] respectively.

All those genetic operators are commonly used in
solving the large-scale combinatorial problems. The
detailed definition of those operators and schedule
representation can be found in ().
The input parameters for the scheduler are presented in
Table 1
TABLE 1. Settings of the genetic scheduler.
Parameter

Ȝ
mut_prob
cross_prob
nb_of_epochs
max_time_to_spend

the workload vector of tasks,
the computing capacity vector of machines,
the vector of prior loads of machines, and
the ETC matrix of estimated execution times of
tasks on machines
the data host response times.

Value
Ͷ ή  ሺ ʹ ݊ െ ͳሻ
/3
0.15
0.9
ʹͲ ή ݊
ʹͷݏ

The number of individuals in base populations shown
asܲ ݐand ܲݐͳ LQ)LJLVGHQRWHGE\ȜLVWKHQXPEHU
of individuals in offspring populations ܶ  ݐ, ܲܿ ݐand ܲ݉ ݐ.
The parameters cross_prob, mut_prob are used for the
notation of the crossover and mutation probabilities.
The nb_of_epochs denotes the maximal number of main
loop executions of the algorithm. Each loop execution is
interpreted as genetic epoch. The maximal number of
such epochs is defined as the main global stopping
criterion for the scheduler. However, if the execution of
those epochs will take much time, the algorithm is
stopped after 25 s (max_time_to_spend).
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the workload vector of tasks,
the computing capacity vector of machines,
the vector of prior loads of machines, and
the ETC matrix of estimated execution times of
tasks on machines
the data host response times.
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Small

Medium

Large

Small

Medium

Large

Init. hosts

64

128

256

Init. hosts

64

128

256

Max. hosts

70

135

264

Max. hosts

70

135

264

Min. hosts

58

121

248

Min. hosts

58

121

248

MIPS

N (1000, 175)

Add host

N (562500, 84375)

N (500000, 75000)

Delete host

MIPS
N(437500, 65625)

N(625000, 93750)

Total tasks

1024

Init. tasks

768

Workload
E (3906.25)

N (562500, 84375)

N (500000, 75000)

4096

Total tasks

1024

1536

3072

Init. tasks

768

Workload
E (976.5625)

N (100, 35)

2048

4096

1536

3072

N (250000000, 43750000)

Interarrival

E (3906.25)

E (1953.125)

Data Respond Time

ALL

Host select

ALL

Task select

ALL

Task select

ALL

30

Number of runs

In both makespan and average flowtime optimizations, a
big differences in the achieved results is observed in the
additional data transfer and no data transfer cases. In a
data-aware scheduling, sFHQDULR ³E´ LV WKH FDVH ZKHUH
the achieved results (for makespan and flowtime) in
Medium grid and Large grid infrastructures are better
than for the prior load of all data files before the task
H[HFXWLRQ VFHQDULR ³D´  In Small grid the results are
similar for both scenarios.

Results
The results of the experiments achieved in the scenarios
³D´ DQG ³E´ (see Section II) and No Data Transfer
(NDT) case are presented in Table 3 (makespan) and 4.
(average flowtime).The results were averaged over 30
independent runs of the simulator with [±s.d.] s.dstandard deviation values. Both makespan and average
flowtime are expressed in arbitrary (but not concrete)
time units.

Scenario
6FHQDULRÄD´
6FHQDULRÄE´
NDT

Small
751166581.648
(r44117322.872)
762942252.985
(r42989403.987)
4534354074.674
(r432550682.566)

Medium
860885586.314
(r49641822.213)
820238735.873
(r39103304.032)
489261762.387
(r41873795.873)

Large
927657348.425
(r38411457.341)
889227303.643
(r21393320.672)
491155422.873
(r39721132.235)

6FHQDULRÄE´
NDT

Small
1589661820.816
(r436299327.723)
1597014554.934
(r718565549.521)
1087665145.384
(r103328184. 256)

Medium
3190329034.728
(r827910218.673)
3009072850.369
(r276260267.376)
2141758180.791
(r17796699.367)

Large
6398508188.267
(r546372083.478)
5908237732.186
(r895036487.371)
4241955274.638
(r799690481.526)

the ad-hoc delivery of just requested (necessary) data
files during the task execution. The implementation of
this model and further experimental analysis were
performed in the case of dynamic grid infrastructure,
were number of network nodes and assigned tasks may
vary in different time intervals. The results of the
performed experiments show that omitting the data
transfer phase in the scheduling process may lead to the
bad estimations of the scheduling times, and more
general scheduling costs.

CONCLUSIONS AND RESEARCH DIRECTIONS
This paper presents the new version of ETC Matrix
model for batch scheduling in the physical clusters,
where separate computing and data servers are located.
In this model, the completion times of all tasks assigned
to the computing nodes of the network have included
the data transmission times. Two data transmission
scenarios were considered with prior load of all files
necessary for the execution of assigned tasks, and with
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The performed analysis in its early stage. The presented
work is a simple extension of the previous analysis
published in (Szmajduch 2014).The author plans to
extend it to the virtual resources and databases and the
extended cloud infrastructures, where the mobile
devices (smartphones, tablets, laptops, etc.) are
considered as the computational nodes of the physical
cloud layer and can additionally store and generate the
data. This will allow to validate proposed model in
much more realistic cloud scheduling scenarios, but also
will increase the complexity of the scheduling problem.
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example is the increase of the number of transistors on
integrated circuits.
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With the increase in available resources the problem of
efficiency occurred. In extreme cases, an increase in the
available resources can have opposite effects to what
was expected. The reason for this may be overhead
associated with more complex communication or
misapplied parallelization technologies [2]. Therefore,
despite the fact that the development of computer
hardware and programming languages has enabled the
creation of a much more complex systems, the
development of software techniques doesn’t keep up
with the technological development. This phenomenon
is called "software crisis", and is continued to this day.
E. Dijkstra summed up this situation as follows [3]:

ABSTRACT
The problem of efficient use of computer resources is
the actual challenge for many years. Huge progress in
the hardware development has left behind the
development of software techniques. One of the most
popular solutions for this problem is the idea of
virtualization, which a natural continuation is cloud
computing. Cloud computing is an innovative concept,
where the resources are virtualized, dynamically
extended and provided as highly personalized services.
In this paper, we present a short analysis of open-source
cloud technology - OpenStack. We described
OpenStack architecture, requirements, setup process,
and related problems. We also conducted a thorough
analysis of resource utility - both at full load and
without. In our experiments we have analyzed the
performance depending on the allocation of virtual
resources. Through our work we pointed out aspects
which deserve attention by choosing an OpenStack
platform. Additionally, we draw attention to the burden
on the use of technologies such as OpenStack cloud.

“The major cause of the software crisis is that the
machines have become several orders of magnitude
more powerful! To put it quite bluntly: as long as there
were no machines, programming was no problem at all;
when we had a few weak computers, programming
became a mild problem, and now we have gigantic
computers, programming has become an equally
gigantic problem.”
The main cause of this state is that increase in
computing power had outperformed the ability of
programmers to effectively utilize those capabilities.
Despite the development of many methods and
methodologies supporting the use of available resources
(like new paradigms, programming approaches or
hardware solutions), the problem is still actual.

INTRODUCTION
Over the decades, the rapid development of broadly
defined computer technologies is observed. In the 60s of
the twentieth century, when the first integrated circuit
(IC) has been developed the revolution in the computer
hardware started. The advancement of microelectronic
technology resulted in increase of number of transistors
placed on microprocessors. Regularity in the
development of digital technology was discovered in
1965 by co-founder of Intel Corporation - Gordon
Moore. In 1975, Moore formulated statement, named
the Moore’s law, concerned the rate of density doubling.
He observed that “circuit density-doubling would occur
over 24 month” [1]. The statement has been generalized
for many IT areas like size of RAM and HDD or
bandwidth of computer networks. The most popular
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Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
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One of the proposed solutions is virtualization
technology. Virtualization is wide issue refers to
abstraction in many computer areas (like computer
hardware, storage devices, operating systems, computer
networks, operating memory). It allows effective
utilization of available physical resources by any
adaptations of the virtual features to the user’s needs.
Computing power of modern computers is so huge, that
one physical server can held a few operating systems
adapted for many purposes. The main advantage of
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Fig. 1. Model of full virtualization.




using virtualization is better utilization of resources
which implies significant savings resulting from the
purchase of equipment, power consumption, heat
generation and space requirements [4, 5].

Infrastructure as a Service (IaaS),
Platform as a Service (PaaS),
Software as a Service (SaaS).

One of the innovative and more and more popular
software platform providing services in the IaaS model
is the OpenStack platform that is the subject of our
article.

Additionally with virtualization, we gain much more
flexibility and efficiency in resource configuration.
Without interfering with the physical equipment, we are
able to change the parameters of our servers. This
increases both the availability and reliability of systems.
In the case of breakdown it allows for rapid
reconstruction of infrastructure. Virtualization is also
solution for a problem with application of compatibility
across delivery required environments (operating
systems). Actually, there is variety of applications
generating virtual machines, e.g. VMware, KVM, Xen,
Microsoft Hyper-V, VirtualBox, OpenVZ [4, 6].

Experiments described in the article were performed
under the Development Workshop classes by the
Cracow University of Technology students supervised
by Daniel Grzonka. The aim of the course was to
familiarize students with the implementation and the
basic issues related to performance in distributed
environments such as cloud computing.
The paper is organized as follow. In Section 2 we
described features and architecture of OpenStack
platform. We present all the modules available in the
latest version. The hardware requirements, installation
tools and related problems are described in Section 3.
Finally, in Section 4 we present results of our
experiments. The paper is summarized and concluded in
Section 5.

As a result of the development and growing popularity
of virtualization techniques the new idea called cloud
computing was established. It is natural evolution of
traditional grids, clusters and data centres [7]. The
National Institute of Standards and Technology defined
cloud computing as “a model for enabling ubiquitous,
convenient, on-demand network access to a shared pool
of configurable computing resources (e.g., networks,
servers, storage, applications, and services) that can be
rapidly provisioned and released with minimal
management effort or service provider interaction” [8].

LEAD-IN OPENSTACK
OpenStack is a free and open-source platform that
possesses a set of tools for the creation and management
of private, public and hybrid cloud computing. Services
provided by the OpenStack software control a wide
range of compute, storage, and networking resources.
OpenStack provides an architecture that gives the
flexibility in the clouds design. It can be integrated with
existing systems and third-party technologies (e.g.
Amazon EC2) [11].

The model is based on the idea of resource
virtualization which allows to offer highly personalized
service. The idea is to move the obligation to provide IT
services (access to data, software or computing power)
to servers and enabling continued access by client
devices. Fee is charged from the customer for the
resources used (pay per use) like computational power,
software, storage, data transfer etc [9]. Cloud computing
providers offer their services in a transparent way
according to several fundamental models and the three
main are listed below [10]:

OpenStack has been deployed by global enterprise
customers whose process and stores data are measured
in petabytes. Data are not stored in a traditional file
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Fig. 2. The OpenStack Juno modular architecture (selected services).
system, but in a distributed storage static data systems
such as images of virtual machines, files, backups and
archives. In addition, OpenStack provides greater
scalability, redundancy and durability. Objects and files
are stored on multiple disks scattered in the data centre,
providing replication and data integrity. [12, 13]

using the API after the authentication. In our research
we use the newest OpenStack version - Juno - which
may (but does not need) consist of the following
modules [11]:


The platform provides also flexible network models for
various applications or groups of users. The ability to
manage network addressing allows dedicating static and
dynamic IP addresses. It also allows the users to
dynamically redirect traffic to all computing resources,
which is very useful during maintenance or in case of
failure. Users can create their own networks, control
traffic and connect machines to one or more virtual
networks. The project provides mechanisms for
associating instances with external IP addresses and
allows for remote access and control.






OpenStack is developed by a non-profit corporate entity
- OpenStack Foundation, established by Rackspace and
NASA in September 2012. An important advantage is
the support and participation in the design of many
major companies and IT organizations. At the moment,
the foundation has over 18,000 members from over 150
countries around the world. The purpose of the
foundation is to promote the OpenStack software and its
community, which develop project. The platform is
open source and can be modified and adapted as needed
[11, 14].







OpenStack can be treated as an IaaS (Infrastructure as
a Service) model. The IaaS provider offers resources
and enables users to create own virtual infrastructure.
The software is built modular and consists of many
components working together that have open APIs so it
is possible to manage resources from a single web
interface - dashboard, or by custom solutions developed
by programmers. Services communicate with each other
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Nova - basic OpenStack engine; it is the
controller for managing and implementing
a large number of virtual machines and other
items,
Swift - storage system for objects and files;
creates individual identifiers relating to the
files and then decides where to store data,
Cinder - storage component executing direct
access to the data on disk,
Neutron – set of communication functions;
enables
communication
for
individual
components of OpenStack by networking,
Glance - disk imaging services and a repository
of OpenStack,
Ceilometer - provides tariffing and reporting
services for individual users clouds,
Heat - defines the configuration files with the
requirements of specific applications clouds
and specifies the resources necessary for the
application,
Horizon - graphical user interface for system
administrators enabling easy way for managing
OpenStack,
Keystone - OpenStack Identity service, with
a list of users and permissions; allows for
authorization and authentication for individual
cloud services,
Trove - managing relational database services,
Sahara – Big Data processing service for
OpenStack; provide users with simple means to
data processing (Hadoop, Spark) in
MapReduce model.
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HARDWARE
INSTALLATION

The last attempt we used was Vagrant OpenStack
Provider. Description of the installation steps is
presented in [15], and is limited to: VirtualBox and
Vagrant installation, clone OpenStackCookbook git
repository and vagrant up command execution.
OpenStackCookbook repository is extended with
additional scripts to configure the environment. This
approach was successful. Unfortunately, the minimum
requirements does not allow to create a stable and
smoothly running environment. A virtual machines
absorb such a large resources (mainly RAM) making
impossible to work on the platform. So we decided to
buy new machine (specification in Tab. 2), calling it
Pinokio-v2. Specifications of the new server allowed
performing simple tests.
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performing simple tests.

REQUIREMENTS

AND

In our research we based on the newest OpenStack
2014.2 release (Juno). Our first machine was Pinokio
server (specification in Tab. 1); according to the
documentation [11] it meets the minimum hardware
requirements needed for installation.
Table 1: Specification of Pinokio server.
Processor
Cores
Threads
Architecture
Virtualization
Memory
Disk
Operating
System
Swap Volume

Intel(R) Core(TM)2 Quad CPU
Q6600 @ 2.40GHz
4
4
x86_64
Intel VT-x
8GiB DIMM DDR2
Synchronous 800 MHz (1,2 ns)
160GB SAMSUNG HD160JJ

Table 2: Specification of Pinokio-v2 server.
Processor
Cores
Threads
Architecture
Virtualization

Ubuntu Server 14.10 (x64)
4GiB

There are many solutions to the OpenStack platform
installation, including [11, 12, 15]:
1.
2.
3.
4.

Memory
Disk
Operating
System
Swap Volume

directly from GitHub repository,
Ubuntu Juju (simple client/server application
that bootstraps an instance to create and control
environment),
Vagrant OpenStack Provider (popular tool to
manage virtual machines and set up
development environments),
DevStack (set of tools used for the installation
of the central OpenStack services from source
repository).

Intel(R) Core(TM) i7-4710HQ
CPU @ 2.50GHz
4
8
x86_64
Intel VT-x
16GiB SODIMM DDR3
Synchronous 1600 MHz (0.6 ns)
256GB ADATA SP600
Ubuntu Server 14.10 (x64)
15GiB

The default configuration of OpenStackCoockbook
creates 7 virtual machines (one for each: controller,
network and cinder services; two for each: compute and
swift services), which absorb about 14,5 GB RAM.
Taking into account other system services, remained
around 3% of free memory. Such configuration made
much slower the whole OpenStack platform.

We have tested three first options. The first attempt of
installation we made from GitHub repository. The
installation process was conducted without any
problems. After the server restarts, there was an
unsolvable problem with Python libraries dependencies.
This problem made impossible starting the Nova
service. Trying to re-install the platform ended with an
error: ImportError: cannot import name cfgfilter. After
uninstalling and reinstalling the problem appeared
again.

EXPERIMENTAL EVALUATION
In this section we present the results of resource
utilization analysis. First the impact of the existence of
running instances was examined. The CPU and RAM
usage parameters were measured. For that purpose we
prepared an exemplary instance of the system.
OpenStack provide two images by default:


Our second attempt was to install OpenStack using
Ubuntu Juju. Juju require installation MaaS (Metal as
a Service – model which role is to deploying services
fast, reliable, repeatable and scalable) server – this step
was performed without any problems. Next, we tried to
install OpenStack platform, but during Juju bootstrap



CirrOS (9.3 MB) - a minimal Linux
distribution that was designed for use as a test
image on clouds,
Trusty Tahr (244.4 MB) – distribution of
Ubuntu 14.04,

and 5 flavours (sets of the virtual resources for instance)
presented in Tab. 3.
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installation process was conducted without any
problems. After the server restarts, there was an
unsolvable problem with Python libraries dependencies.
This problem made impossible starting the Nova
service. Trying to re-install the platform ended with an
error: ImportError: cannot import name cfgfilter. After
uninstalling and reinstalling the problem appeared
again.

EXPERIMENTAL EVALUATION
In this section we present the results of resource
utilization analysis. First the impact of the existence of
running instances was examined. The CPU and RAM
usage parameters were measured. For that purpose we
prepared an exemplary instance of the system.
OpenStack provide two images by default:


Our second attempt was to install OpenStack using
Ubuntu Juju. Juju require installation MaaS (Metal as
a Service – model which role is to deploying services
fast, reliable, repeatable and scalable) server – this step
was performed without any problems. Next, we tried to
install OpenStack platform, but during Juju bootstrap



CirrOS (9.3 MB) - a minimal Linux
distribution that was designed for use as a test
image on clouds,
Trusty Tahr (244.4 MB) – distribution of
Ubuntu 14.04,

and 5 flavours (sets of the virtual resources for instance)
presented in Tab. 3.
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Table 3: Available sets of the virtual resources.
Flavour

VCPUs

m1.tiny
m1.small
m1.medium
m1.large
m1.xlarge

1
1
2
4
8

Disk
(in GB)
1
20
40
80
160

Table 5: Resources consumption during calculations.

RAM
(in MB)
512
2048
4096
8192
16384

Instances
0
1
2
3
4
5
6

With the available physical resources, single project
OpenStack default allows to create up to 10 instances
and assign the following virtual resources: 20 VCPUs,
50GB of RAM, 50 IPs, 10 security groups, 10 volumes
and 1000GB of storage.

CPU usage
5%
19%
32%
41%
51%
55%
56%

RAM usage
97,1%
97,2%
97,3%
97,3%
97,4%
97,5%
97,5%

It should be noted, that instances number 1, 3 and 5
were assigned to nova-compute-1 node; the rest to novacompute-2. As we can see, we have not reached full use
of available resources. This is due to the amount of
virtual computing machines. According to OpenStack
documentation, the hardware resources we possess do
not allow creating four virtual compute machines.

At the beginning, we have created project and simple
network topology that would connect our instances.
Then the image of operating system was chosen.
Because of our limited hardware resources, we have
assigned only m1.tiny flavour for each instance. To
observe an increase in the use of resources caused by
running subsequent instances we have been deploying
the 3 instances simultaneously every time. The results
of our observations where measured by Process viewer
and system resource monitor for GNOME application.
Tab. 4 presents the process of resources consuming.
Each measurement was performed after 5 minutes idle
time.

In Fig. 3 the CPU usage for each thread in scenario with
four running instances on two VMs are presented. As
we can see, some of threads (but not more than four in
the same time) are using about 100% of computing
power.

Table 4: Resources consumption caused by running
instances.
Instances
0
3
6
9
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23%
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four running instances on two VMs are presented. As
we can see, some of threads (but not more than four in
the same time) are using about 100% of computing
power.

Table 4: Resources consumption caused by running
instances.

RAM usage
97,1%
97,1%
97,1%
97,1%

Instances
0
3
6
9

As we can see the operating memory usage is constant,
but CPU usage is growing. Each instance of CirrOS
irreclaimable get and use about 2% of computing power
(about 5-7% per 3 running instances).

Fig. 3. The CPU usage in scenario with four full loaded
running instances.
We also noticed a slight increase in consumption of
operating memory. It is caused by simple calculations
performed by the implemented program.

The second task of the experiment was to measure
resources usage by performing instances calculations. In
order to increase the CPU load each instance of
calculations was performed. For this purpose we have
implemented one of the most popular benchmark matrix multiplication.

Next, we extended our research for performance
analysis of task execution depend on selected
OpenStack flavour. For this purpose we prepared
master-slave model based on client-server idea. Our
system assigns the task to a specific instance and
waiting
for
the
result.
Implementation
of
communication is based on sockets. Specifications of
tested flavours are presented in Tab. 3. As in previous
experiments, in order to full-load the computing
resources, we used the matrix multiplication benchmark

Firstly we have prepared an instance of CirrOS based on
m1.tiny flavour, and implemented matrix multiplication
algorithm with matrices of 1024x1024 size. Then we
have created a snapshot of the instance, which was
named Archimedes. It allows us to create the same
instances with our application. The results of our
measurement are presented in Tab. 5.
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with matrices of 1024x1024 size. The results of our
measurements are presented in Tab. 6.

system processes. According to our measurements, the
creation and running each of instances with the lightest
system irreclaimable absorb about 2% of CPU power.
Memory consumption remained unchanged.

Table 6: Time of matrix multiplication for each flavour.
Flavour
m1.tiny
m1.small
m1.medium
m1.large
m1.xlarge

Next, we measured the use of resources during fully
loaded instances. Two compute nodes allow utilizing up
to 50% of computing power. Probably four compute
would allow for the use up to 100%, but holed the
hardware resources did not allow for the creation of
additional compute nodes. The results of our
experiments show efficient allocation of computing
resources by the OpenStack platform.

Time [s]
30,912
30,336
27,520
32,955
31,890

Despite the fact that even the smallest flavour meets the
task's demands for computing resources, we received
different values. The top performance was received for
m1.medium flavour. The results may seem surprising,
but keep in mind that, especially in the case of
virtualized resources, it can be a situation in which
resources increase will reduce the performance. In our
case, we have to deal with delays resulting from
switching between threads, or fragmented memory. The
selected flavour (m1.medium) seems to be the most
optimal because of sufficient resources for the system
and our test task.

Performance analysis of task execution depend on
selected OpenStack flavour has shown that increasing
the virtual resources is not always involves an increase
efficiency. A lot depends on the type and distribution of
resources.
According to our observations, OpenStack can be
a good option for extensive computer infrastructure. In
the case of a single machine losses of performance
associated with the implementation of solutions far
outweigh the benefits obtained. Nevertheless, having
a powerful machine, you can use a platform for simple
testing and educational purposes.

SUMMARY AND CONCLUSIONS
The main aim of this research was to present overview
and perform resources analysis of the OpenStack cloud
computing software platform. In our paper, we put
emphasis on the problems that are meet by a new user
and familiarized the installation method of the
environment.
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In our tests, we have observed a very high demand on
operating memory resulting from the allocation of these
resources by VMs (mainly controller and compute
nodes). In order to set up a test environment at least
16GB of RAM (8GB given in the documentation does
not provide a stable environment installation and
operation) and processor with hardware virtualization
technology (Intel VT-x or AMD-V) are needed [11, 15].
Our recommended method of installation is one of the
tools that automate this process. In our study, we used
Vagrant OpenStack Provider. Installation directly from
the git repository ended in failure associated with the
Python libraries dependencies.

REFERENCES
[1] Moore, G. E. 1998. "Cramming more components
onto integrated circuits", Proceedings of the IEEE,
Volume 86, Issue 1.
[2] Brooks Jr., F. P. 1995. "The mythical man-month"
(anniversary ed.), Addison-Wesley Longman Publishing
Co., Inc., Boston, MA.
[3] Dijkstra, E. W. 1972. "The Humble Programmer",
Communications of the ACM, Volume 15, Issue 10.
[4] Serafin, M. 2012. "Wirtualizacja w praktyce" (in
Polish), Wydawnictwo Helion, Poland.

OpenStack is multi-platform software, but the biggest
support is provided from Ubuntu Server community.
Ubuntu Server is recommended operating system for
OpenStack.

[5] Popek, G. J. and R. P. Goldberg. 1974. "Formal
requirements for virtualizable third generation
architectures", Communications of the ACM, Volume
17, Issue 7.

In the second part of our paper, we evaluate platform
demands for hardware resources and we measured
resources utilization by compute instances. Creation of
two compute VMs and the rest of needed services
(a total of 7 machines) absorb the most of available
RAM (14,5 of 16 GB). Only a small portion remains for

[6] Gagniuc, M. B. 2008. "Virtual Machines
Technologies", Proceedings of the 9th International
Conference on Development and Application Systems,
Suceava, Romania.

613

with matrices of 1024x1024 size. The results of our
measurements are presented in Tab. 6.

system processes. According to our measurements, the
creation and running each of instances with the lightest
system irreclaimable absorb about 2% of CPU power.
Memory consumption remained unchanged.

Table 6: Time of matrix multiplication for each flavour.
Flavour
m1.tiny
m1.small
m1.medium
m1.large
m1.xlarge

Next, we measured the use of resources during fully
loaded instances. Two compute nodes allow utilizing up
to 50% of computing power. Probably four compute
would allow for the use up to 100%, but holed the
hardware resources did not allow for the creation of
additional compute nodes. The results of our
experiments show efficient allocation of computing
resources by the OpenStack platform.

Time [s]
30,912
30,336
27,520
32,955
31,890

Despite the fact that even the smallest flavour meets the
task's demands for computing resources, we received
different values. The top performance was received for
m1.medium flavour. The results may seem surprising,
but keep in mind that, especially in the case of
virtualized resources, it can be a situation in which
resources increase will reduce the performance. In our
case, we have to deal with delays resulting from
switching between threads, or fragmented memory. The
selected flavour (m1.medium) seems to be the most
optimal because of sufficient resources for the system
and our test task.

Performance analysis of task execution depend on
selected OpenStack flavour has shown that increasing
the virtual resources is not always involves an increase
efficiency. A lot depends on the type and distribution of
resources.
According to our observations, OpenStack can be
a good option for extensive computer infrastructure. In
the case of a single machine losses of performance
associated with the implementation of solutions far
outweigh the benefits obtained. Nevertheless, having
a powerful machine, you can use a platform for simple
testing and educational purposes.

SUMMARY AND CONCLUSIONS
The main aim of this research was to present overview
and perform resources analysis of the OpenStack cloud
computing software platform. In our paper, we put
emphasis on the problems that are meet by a new user
and familiarized the installation method of the
environment.

ACKNOWLEDGMENT
Daniel Grzonka’s research presented in the paper was
partially supported by the European Commission FP7
through the project ParaPhrase: Parallel Patterns for
Adaptive Heterogeneous Multicore Systems, under
contract no. 288570 (http://paraphrase-ict.eu).

In our tests, we have observed a very high demand on
operating memory resulting from the allocation of these
resources by VMs (mainly controller and compute
nodes). In order to set up a test environment at least
16GB of RAM (8GB given in the documentation does
not provide a stable environment installation and
operation) and processor with hardware virtualization
technology (Intel VT-x or AMD-V) are needed [11, 15].
Our recommended method of installation is one of the
tools that automate this process. In our study, we used
Vagrant OpenStack Provider. Installation directly from
the git repository ended in failure associated with the
Python libraries dependencies.

REFERENCES
[1] Moore, G. E. 1998. "Cramming more components
onto integrated circuits", Proceedings of the IEEE,
Volume 86, Issue 1.
[2] Brooks Jr., F. P. 1995. "The mythical man-month"
(anniversary ed.), Addison-Wesley Longman Publishing
Co., Inc., Boston, MA.
[3] Dijkstra, E. W. 1972. "The Humble Programmer",
Communications of the ACM, Volume 15, Issue 10.
[4] Serafin, M. 2012. "Wirtualizacja w praktyce" (in
Polish), Wydawnictwo Helion, Poland.

OpenStack is multi-platform software, but the biggest
support is provided from Ubuntu Server community.
Ubuntu Server is recommended operating system for
OpenStack.

[5] Popek, G. J. and R. P. Goldberg. 1974. "Formal
requirements for virtualizable third generation
architectures", Communications of the ACM, Volume
17, Issue 7.

In the second part of our paper, we evaluate platform
demands for hardware resources and we measured
resources utilization by compute instances. Creation of
two compute VMs and the rest of needed services
(a total of 7 machines) absorb the most of available
RAM (14,5 of 16 GB). Only a small portion remains for

[6] Gagniuc, M. B. 2008. "Virtual Machines
Technologies", Proceedings of the 9th International
Conference on Development and Application Systems,
Suceava, Romania.

613

[7] Marks, M. and E. Niewiadomska-Szynkiewicz.
2014. "Hybrid CPU/GPU Platform for High
Performance Computing", Proceedings of the 28th
European Conference on Modelling and Simulation,
Brescia, Italy.
[8] Mell, P. and T. Grance. 2011. "The NIST Definition
of Cloud Computing", Recommendations of the
National Institute of Standards and Technology, USA.
[9] Mhedheb, Y; F. Jrad; J. Tao; J. Zhao; J. Kołodziej
and A. Streit. 2013. "Load and Thermal-Aware VM
Scheduling on the Cloud", Algorithms and
Architectures for Parallel Processing, Lecture Notes in
Computer Science, Volume 8285.
[10] Gregg, B. 2013. "Systems Performance: Enterprise
and the Cloud", Prentice Hall, USA.
[11] OpenStack Website
(http://www.openstack.org/).

and

Documentation

ARTUR
BERNASIEWICZ
is
a
Computer Science student at the Cracow
University of Technology. He is interested
in the Internet of Things. He is passionate
of technical innovations like new
surveillance systems or home automation. His interests
include playing mini Quadcopter and watching the ISS
flights.

[7] Marks, M. and E. Niewiadomska-Szynkiewicz.
2014. "Hybrid CPU/GPU Platform for High
Performance Computing", Proceedings of the 28th
European Conference on Modelling and Simulation,
Brescia, Italy.

ANDRZEJ WILCZYŃSKI graduated in
Computer Science at Cracow University of
Technology, Poland, in 2013. He also
studied at Fontys University of Applied
Sciences, Netherlands, in 2012. Currently,
he works as PHP Developer at Grupa Unity. For more
information, please visit: www.andrzejwilczynski.com.
His e-mail address is: and.wilczynski@gmail.com.

[9] Mhedheb, Y; F. Jrad; J. Tao; J. Zhao; J. Kołodziej
and A. Streit. 2013. "Load and Thermal-Aware VM
Scheduling on the Cloud", Algorithms and
Architectures for Parallel Processing, Lecture Notes in
Computer Science, Volume 8285.

MAREK LISZKA received his bachelor
degree at Faculty of Physics, Mathematics
and Computer Science at Cracow
University of Technology, Poland.
Currently he is attending a master's degree
program at same department. He is working as PHP
Developer, interested in web Technologies such as ZF2,
SF2, Spring MVC and jQuery.

[12] Pepple, K. 2011. "Deploying OpenStack", O'Reilly
Media, USA.
[13] Sefraoui, O.; M. Aissaoui and M. Eleuldj. 2012.
"OpenStack: Toward an Open-Source Solution for
Cloud Computing", International Journal of Computer
Applications, Volume 55, No. 03.

[8] Mell, P. and T. Grance. 2011. "The NIST Definition
of Cloud Computing", Recommendations of the
National Institute of Standards and Technology, USA.

ANDRZEJ WILCZYŃSKI graduated in
Computer Science at Cracow University of
Technology, Poland, in 2013. He also
studied at Fontys University of Applied
Sciences, Netherlands, in 2012. Currently,
he works as PHP Developer at Grupa Unity. For more
information, please visit: www.andrzejwilczynski.com.
His e-mail address is: and.wilczynski@gmail.com.

[10] Gregg, B. 2013. "Systems Performance: Enterprise
and the Cloud", Prentice Hall, USA.
[11] OpenStack Website
(http://www.openstack.org/).

and

Documentation

MAREK LISZKA received his bachelor
degree at Faculty of Physics, Mathematics
and Computer Science at Cracow
University of Technology, Poland.
Currently he is attending a master's degree
program at same department. He is working as PHP
Developer, interested in web Technologies such as ZF2,
SF2, Spring MVC and jQuery.

[12] Pepple, K. 2011. "Deploying OpenStack", O'Reilly
Media, USA.
[13] Sefraoui, O.; M. Aissaoui and M. Eleuldj. 2012.
"OpenStack: Toward an Open-Source Solution for
Cloud Computing", International Journal of Computer
Applications, Volume 55, No. 03.

[14] Corradi, A.; M. Fanelli and L. Foschini. 2014. "VM
consolidation: A real case based on OpenStack Cloud",
Future Generation Computer Systems, Volume 32.

[14] Corradi, A.; M. Fanelli and L. Foschini. 2014. "VM
consolidation: A real case based on OpenStack Cloud",
Future Generation Computer Systems, Volume 32.

[15] Jackson, K. and C. Bunch. 2013. "OpenStack
Cloud Computing Cookbook" (Second Edition), Packt
Publishing Ltd, UK.

[15] Jackson, K. and C. Bunch. 2013. "OpenStack
Cloud Computing Cookbook" (Second Edition), Packt
Publishing Ltd, UK.

AUTHOR BIOGRAPHIES

AUTHOR BIOGRAPHIES

DANIEL GRZONKA received his B.Sc.
and M.Sc. degrees with distinctions in
Computer Science at Cracow University of
Technology, Poland, in 2012 and 2013,
respectively. Actually, he is Research and
Teaching Assistant at Cracow University of Technology
and Ph.D. student at Jagiellonian University in
cooperation with Polish Academy of Sciences. He is
also a member of Polish Information Processing Society
and IPC member of several international conferences.
For
more
information,
please
visit:
http://www.grzonka.eu/.

DANIEL GRZONKA received his B.Sc.
and M.Sc. degrees with distinctions in
Computer Science at Cracow University of
Technology, Poland, in 2012 and 2013,
respectively. Actually, he is Research and
Teaching Assistant at Cracow University of Technology
and Ph.D. student at Jagiellonian University in
cooperation with Polish Academy of Sciences. He is
also a member of Polish Information Processing Society
and IPC member of several international conferences.
For
more
information,
please
visit:
http://www.grzonka.eu/.

MICHAŁ SZCZYGIEŁ graduated in
Computer Science at the Finnish JAMK
University of Applied Sciences and
Cracow University of Technology. He is
a member of a Cloud team at Finnish
Open Source project called FreeNest. Currently, he is
working on the aPaaS project called Dev Cloud related
with CC1 infrastructure. For more information, please
visit portfolio websites: http://www.szczygiel.dl.pl/ and
https://github.com/M4GiK/.

MICHAŁ SZCZYGIEŁ graduated in
Computer Science at the Finnish JAMK
University of Applied Sciences and
Cracow University of Technology. He is
a member of a Cloud team at Finnish
Open Source project called FreeNest. Currently, he is
working on the aPaaS project called Dev Cloud related
with CC1 infrastructure. For more information, please
visit portfolio websites: http://www.szczygiel.dl.pl/ and
https://github.com/M4GiK/.

614

ARTUR
BERNASIEWICZ
is
a
Computer Science student at the Cracow
University of Technology. He is interested
in the Internet of Things. He is passionate
of technical innovations like new
surveillance systems or home automation. His interests
include playing mini Quadcopter and watching the ISS
flights.

614

Probability and Statistical
Methods for Modelling and
Simulation of High
Performance Information
Systems
Special Session

Probability and Statistical
Methods for Modelling and
Simulation of High
Performance Information
Systems
Special Session

615

615

616

616

POWER FUNCTIONS OF STATISTICAL CRITERIA DEFINED BY BANS

POWER FUNCTIONS OF STATISTICAL CRITERIA DEFINED BY BANS

Alexander A. Grusho, Nick A. Grusho and Elena E. Timonina
Institute of Informatics Problems,
Federal Research Center ”Computer Science and Control”
of the Russian Academy of Sciences
Vavilova 44-2,
119333, Moscow, Russia
Email: grusho@yandex.ru

KEYWORDS

Q on the first n coordinates. Criteria of testing of hypotheses H0, n against alternatives H1, n allow to make
the decision about the wrong behavior of technological
system.
The basic problem for developers of such monitoring
systems is the false alarms appearance when the correct
behavior of technological process is perceived as wrong
(Axelson, 1999). False alarms generate interruption of
technological process, and that the worst, they lead to
necessity of the manual analysis of the reasons of the
wrong system behavior.
For this purpose in the paper it is offered to use the
statistical techniques for monitoring with probabilities
of false alarms equal to zero. This class of statistical
decisions is based on concept of the ban (Grusho and
Timonina, 2011; Grusho et al., 2013). The ban of a
probability measure in the considered scheme is a vector
for which probability of its appearance is equal to 0 in
a finite projection of measure.
Any statistical criterion for testing H0, n against H1, n
is defined by a critical set Sn of vectors of length n.
When the observed vector is in Sn then it leads to the
acceptance of alternative H1, n . If all vectors in Sn are
bans of a measure Pn , say that the criterion is defined
by bans of a measure P .
Existence and properties of the criteria determined by
bans were researched in papers (Grusho and Timonina,
2011; Grusho et al., 2013, 2014). In particular, the behavior of power function of criteria was researched in
case of n → ∞. Conditions of consistency of sequence
of the statistical criteria determined by bans, i.e. conditions when powers of criteria tend to 1 in case of n → ∞
are found.
Specialists believed that all properties of power functions for finite n were defined by numerical values of
probability distributions P and Q. However in this paper conditions under which power functions of criteria
accept value 1 on a finite step are found. These conditions are formulated in terms of supports of probability
measures for the main measure P on space of the infinite
sequences and for alternatives.
Information about supports of measures is known not
always. Therefore in the paper we built the constructive check of conditions for existence of criteria with the
power function equals to 1 on a finite step N .
The article is structured as follows. Section 2 introduces definitions and previous results. In Section 3 the

Bans of probability measures in finite spaces, statistical
criteria, power of criteria, control systems
ABSTRACT
The basic problem for developers of monitoring systems
for technological processes is to exclude the false alarms.
False alarms generate the interruption of technological
process and lead to the manual analysis of the reasons
of the wrong system behavior.
In the paper it is offered to use the statistical techniques with probabilities of false alarms equal to zero.
This class of statistical decisions is based on concept of
bans of probability measures in a finite space. Conditions under which powers of statistical criteria accept
value 1 on a finite step are found. These conditions are
formulated in terms of supports of probability measures.
INTRODUCTION
The paper deals with the mathematical model of monitoring of a technological system behavior with finite
set of states. Suppose that such monitoring systems
solve the task with the help of statistical techniques. In
the mathematical models the trajectories of functioning
of such system are represented by infinite sequences in
which each coordinate accepts value in the finite fixed
alphabet.
Application of statistical techniques on a set of infinite
sequences demands a probability measure P which describes the correct behavior of analyzable system. The
wrong system behavior is described by a probability distribution Q. Different wrong behaviors of the technological system can be described by different distributions of
probabilities on space of the infinite sequences. However
in the elementary case it is possible to assume that distribution of the wrong behavior of technological system
is unique and known.
In practice the monitoring system of technological
process observes initial sections of trajectories and for
each step n it tests the hypothesis H0, n that the distribution of the observed section of trajectory is defined
by probablity distribution measure Pn which is the projection of measure P on the first n coordinates. The
alternative hypothesis H1, n in the elementary case is
defined by measure Qn which is projection of measure
Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
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probability distributions P and Q. However in this paper conditions under which power functions of criteria
accept value 1 on a finite step are found. These conditions are formulated in terms of supports of probability
measures for the main measure P on space of the infinite
sequences and for alternatives.
Information about supports of measures is known not
always. Therefore in the paper we built the constructive check of conditions for existence of criteria with the
power function equals to 1 on a finite step N .
The article is structured as follows. Section 2 introduces definitions and previous results. In Section 3 the
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ABSTRACT
The basic problem for developers of monitoring systems
for technological processes is to exclude the false alarms.
False alarms generate the interruption of technological
process and lead to the manual analysis of the reasons
of the wrong system behavior.
In the paper it is offered to use the statistical techniques with probabilities of false alarms equal to zero.
This class of statistical decisions is based on concept of
bans of probability measures in a finite space. Conditions under which powers of statistical criteria accept
value 1 on a finite step are found. These conditions are
formulated in terms of supports of probability measures.
INTRODUCTION
The paper deals with the mathematical model of monitoring of a technological system behavior with finite
set of states. Suppose that such monitoring systems
solve the task with the help of statistical techniques. In
the mathematical models the trajectories of functioning
of such system are represented by infinite sequences in
which each coordinate accepts value in the finite fixed
alphabet.
Application of statistical techniques on a set of infinite
sequences demands a probability measure P which describes the correct behavior of analyzable system. The
wrong system behavior is described by a probability distribution Q. Different wrong behaviors of the technological system can be described by different distributions of
probabilities on space of the infinite sequences. However
in the elementary case it is possible to assume that distribution of the wrong behavior of technological system
is unique and known.
In practice the monitoring system of technological
process observes initial sections of trajectories and for
each step n it tests the hypothesis H0, n that the distribution of the observed section of trajectory is defined
by probablity distribution measure Pn which is the projection of measure P on the first n coordinates. The
alternative hypothesis H1, n in the elementary case is
defined by measure Qn which is projection of measure
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main results are proved. In Conclusion we shortly analyze applications of constructed sequences of tests.

Then for initial n for which I(n) = I(ω N ) we get the
inequality P (I(n)) > 0 and

MATHEMATICAL MODEL. BASIC DEFINITIONS AND PREVIOUS RESULTS

1 = P (∆N (P )) ≥ P (∆

Pn (ω k × X n−k ) = 0.
Definition 2. Ban ω k of measure Pn is the smallest
ban of measure P (Grusho et al., 2013) if
Pk−1 (e
ωk−1 ) > 0.

1 = P (∆N (P )) ≥ P (∆

Pn (Bn ) = P (Bn × X ∞ ).

Pk (ω k ) = 0,

Dn (P ) = {xn ∈ X n , Pn (xn ) > 0}.

and

The sequence of cylindrical sets ∆n (P ), n=1,2,..., is not
increasing and

P (ω k × X

s−k

(2)

∞

× X ) = 0.

≤ P (ω k × X s−k × X ∞ ) = 0.

Assertion 1. The set ∆(P ) is closed and it is a
support of probability measure P .
Proof. For every n = 1, 2, ..., the set ∆n (P ) is simultaneously an open and a closed set. Then ∆(P ) is a
closed set. Due to continuity of probability measure P
it follows from (2) that P (∆(P )) = 1. Denote ∆ be the
support of measure P . By the definition of a support
of a probability measure ∆ ⊆ ∆(P ). Let’s suppose that
there is sequence ω ∈ ∆(P ) which doesn’t belong to the
set ∆. From the separation property of Tychonoff product it follows that there exists an open set O such that
ω ∈ O and O ∩ ∆ = ∅. From the fact that Tychonoff
product is a space with
S∞countable basis (Bourbaki, 1968)
it follows that O = n=1 I(n), where I(n) is an elementary cylindrical set. There is n such that the sequence
ω ∈ I(n). It means that I(n) = I(ω N ) for some N ,
where the set I(ω N ) is the elementary cylindrical set
which is defined by vector ω N and this vector coincides
with the first N coordinates of the sequence ω. Due to
definition of ∆n (P ):

If there exists a vector ω n ∈ X n such that Pn (ω n ) = 0,
then there exists a smallest ban which is defined by the
values of the first coordinates of vector ω n .
Further under Λn we will understand a set of the
smallest bans of measure Pn , which have lengths equal
to n.
We also consider a probability measure Q on (X ∞ ,
A) for which Qn , Dn (Q), ∆n (Q), ∆(Q) are defined.
Consider the sequence of criteria for testing of hypotheses H0, n : Pn against alternatives H1, n : Qn ,
n = 1, 2, ....
The statistical criterion for testing H0, n against H1, n
is defined by a critical set Sn of vectors of length n.
When the observed vector is in Sn then it leads to the
acceptance of alternative H1, n . If all vectors from Sn
are bans of measure Pn , say that the criterion is defined
by bans of measure P . Note that for every n we have
Pn (Sn ) = 0, if Sn is defined by bans.
Let Wn be the power function of criterion for testing
H0, n against H1, n . It is known that Wn = Qn (Sn ).
The basic problem considered in the paper is to find
conditions when there exists such N that for all n > N
the power function Wn = 1.

ω N ∈ DN (P ), I(ω N ) ⊆ ∆N (P ),
and
PN (ωN ) > 0.
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If ω k is a ban of measure Pn then for every k ≤ s ≤ n
and for every sequence ω s starting with ω k we have
Ps (ω s ) = 0.
In fact, if
Pk (ω k ) = 0,
then it follows from (1) that
P (ω k × X ∞ ) = 0,
and
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It follows that
∆n (P ).
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ban of measure P (Grusho et al., 2013) if

Define cylindrical set ∆n (P ) as follows:

P (ω k × X ∞ ) = 0,

∆n (P ) = Dn (P ) × X ∞ .

n→∞

∞
\

I(n)) = P (∆) + P (I(n)) > 1.

Pn (ω k × X n−k ) = 0.

(1)

Let Dn (P ) be the support of a measure Pn (Prokhorov
and Rozanov, 1993):

[

That means that supposition is wrong and ∆ = ∆(P ),
and assertion 1 is proved.
Let ω k ∈ X k and ω
ek−1 is obtained from ω k by dropping the last coordinate.
Definition 1. Ban of measure Pn (Grusho et al., 2013)
is a vector ω k ∈ X k , k ≤ n, such that

Let’s consider mathematical model of some technological process. Let X = {x1 , ..., xm } be a finite set, X n
be a Cartesian product of X, X ∞ be a set of all sequences when i-th element belongs to X. Define A be
a σ-algebra on X ∞ , generated by cylindrical sets. A is
also Borel σ-algebra in Tychonoff product X ∞ , where
X has a discrete topology (Bourbaki, 1968; Prokhorov
and Rozanov, 1993).
On (X ∞ , A) a probability measure P is defined. For
any n = 1, 2, ..., assume that probability distribution Pn
is a projection of measure P on the first n coordinates
of random sequences from X ∞ . It is clear that for every
Bn ⊆ X n

Ps (ω s ) = 0.

then it follows from (1) that

Define cylindrical set ∆n (P ) as follows:

n→∞
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X has a discrete topology (Bourbaki, 1968; Prokhorov
and Rozanov, 1993).
On (X ∞ , A) a probability measure P is defined. For
any n = 1, 2, ..., assume that probability distribution Pn
is a projection of measure P on the first n coordinates
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Pn (Bn ) = P (Bn × X ∞ ).

[

main results are proved. In Conclusion we shortly analyze applications of constructed sequences of tests.
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It follows that
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Proof. For every n = 1, 2, ..., the set ∆n (P ) is simultaneously an open and a closed set. Then ∆(P ) is a
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it follows from (2) that P (∆(P )) = 1. Denote ∆ be the
support of measure P . By the definition of a support
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there is sequence ω ∈ ∆(P ) which doesn’t belong to the
set ∆. From the separation property of Tychonoff product it follows that there exists an open set O such that
ω ∈ O and O ∩ ∆ = ∅. From the fact that Tychonoff
product is a space with
S∞countable basis (Bourbaki, 1968)
it follows that O = n=1 I(n), where I(n) is an elementary cylindrical set. There is n such that the sequence
ω ∈ I(n). It means that I(n) = I(ω N ) for some N ,
where the set I(ω N ) is the elementary cylindrical set
which is defined by vector ω N and this vector coincides
with the first N coordinates of the sequence ω. Due to
definition of ∆n (P ):

If there exists a vector ω n ∈ X n such that Pn (ω n ) = 0,
then there exists a smallest ban which is defined by the
values of the first coordinates of vector ω n .
Further under Λn we will understand a set of the
smallest bans of measure Pn , which have lengths equal
to n.
We also consider a probability measure Q on (X ∞ ,
A) for which Qn , Dn (Q), ∆n (Q), ∆(Q) are defined.
Consider the sequence of criteria for testing of hypotheses H0, n : Pn against alternatives H1, n : Qn ,
n = 1, 2, ....
The statistical criterion for testing H0, n against H1, n
is defined by a critical set Sn of vectors of length n.
When the observed vector is in Sn then it leads to the
acceptance of alternative H1, n . If all vectors from Sn
are bans of measure Pn , say that the criterion is defined
by bans of measure P . Note that for every n we have
Pn (Sn ) = 0, if Sn is defined by bans.
Let Wn be the power function of criterion for testing
H0, n against H1, n . It is known that Wn = Qn (Sn ).
The basic problem considered in the paper is to find
conditions when there exists such N that for all n > N
the power function Wn = 1.
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and
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Proof. From the condition of lemma 3 it follows that

MATHEMATICAL RESULTS
Let P and Q are probability measures defined in Section
2. The solution for the basic problem is described in the
next theorem.
Theorem 1. There exists a sequence of criteria for
testing H0, n against H1, n with critical sets Sn , n =
1, 2, ..., defined by bans, for which exists such N , that
for every n ≥ N power function Wn = 1 if and only if

Then from lemma 2 ∆(Q) ⊆ S.
On the other hand if ∆(Q) ⊆ S, then
∆(Q) ⊆ X ∞ \∆(P ),
and it follows that

Lemma is proved.
Lemma 4. If ∆(Q) ∩ ∆(P ) = ∅ then ∃N such that
∆(Q) ⊆

ω k = xk ,

∆(Q) ⊆

that contradicts to supposition. The lemma 1 is proved.
Let’s define the open set S:
[

I(xk ).

I(xk ).

Proof. Tychonoff product X ∞ is a compact space
(Bourbaki, 1968) and therefore from an every infinite
cover of a compact by open sets it is possible to select
a finite cover. The closed set ∆(Q) is a compact and
∆(Q) ⊆ S. That’s why due to definition (3) there exists
N such that

Besides

S=

N
[
[
k=1 xk ∈Λk

Pk (ω k ) > 0.

N
[
[

I(xk ) = σN .

Lemma 4 is proved.
The set σN is a cylindrical set. Therefore it can be
represented in the next form

and it follows that
∆(Q) ∩ ∆(P ) = ∅.
Lemma is proved.
Lemma 4. If ∆(Q) ∩ ∆(P ) = ∅ then ∃N such that
∆(Q) ⊆

Proof. Tychonoff product X ∞ is a compact space
(Bourbaki, 1968) and therefore from an every infinite
cover of a compact by open sets it is possible to select
a finite cover. The closed set ∆(Q) is a compact and
∆(Q) ⊆ S. That’s why due to definition (3) there exists
N such that

ω k = xk ,

∆(Q) ⊆

that contradicts to supposition. The lemma 1 is proved.
Let’s define the open set S:
S=

[

I(xk ).

I(xk ).

k=1 xk ∈Λk

Pk (ω k ) > 0.

∞
[

N
[
[

N
[
[

I(xk ) = σN .

(4)

k=1 xk ∈Λk

Lemma 4 is proved.
The set σN is a cylindrical set. Therefore it can be
represented in the next form

(3)

k=1 xk ∈Λk

σN = C N × X ∞ ,

From lemma 1 it follows that

Lemma 2. The set S can be represented in the next
form
S = X ∞ \∆(P ).

CN ⊆ X N .

S ∩ ∆(P ) = ∅.

Lemma 5. The support of measure QN satisfies to
the following condition

Lemma 2. The set S can be represented in the next
form
S = X ∞ \∆(P ).

DN (Q) ⊆ CN .

Proof. From S ∩ ∆(P ) = ∅ it follows that

Proof. Let’s denote by xN x the concatenation of
vector xN ∈ X N and an element x of alphabet X. If
xN ∈ DN (Q), then there exists x ∈ X for which

S ⊆ X ∞ \∆(P ).
Let’s assume that

xN x ∈ DN +1 (Q).

ω ∈ X ∞ \∆(P ).
Otherwise

If ω ∈ X ∞ \∆(P ) then

QN +1 (xN × X) = 0.
Due to the consistency of sequence of probability measures {Qn } it follows that QN (xN ) = 0. Then for every
natural number t there exists xt ∈ X t , such that

∆n (P ).

n=1

The sequence of sets {∆n (P )} is not increasing. Then
there exists n such that for every t ≥ n we have ω 6∈
∆t (P ). That means that Pt (xt ) = 0. Thus there exists
the smallest ban xk such that ω ∈ I(xk ), so ω ∈ S.
Lemma is proved.
Lemma 3. ∆(Q) ∩ ∆(P ) = ∅ if and only if

xN xt ∈ DN +t (Q),
where the vector xN xt is the concatenation of vectors
xN and xt .
Then there exists ω ∈ ∆(Q), such that ω N = xN . It
was proved in lemma 4 that ∆(Q) ⊆ σN . That’s why
xN ∈ CN . The lemma 5 is proved.

∆(Q) ⊆ S.
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σN = C N × X ∞ ,

From lemma 1 it follows that

where

S ∩ ∆(P ) = ∅.

ω 6∈ ∆(P ) =

∆(Q) ⊆ X ∞ \∆(P ),

The proof of the theorem 1 is based on several lemmas.
Let xk be the smallest ban of measure P . Then define
I(xk ) be the elementary cylindrical set in X ∞ , which is
generated by the vector xk .
Lemma 1. For every sequence ω ∈ I(xk ) it follows
that ω 6∈ ∆(P ).
Proof. Suppose that there exists ω ∈ I(xk ) that
belongs to ∆(P ). From formula (2) it follows that ω ∈
∆n (P ) for every n = 1, 2, .... By the definition of ∆k (P )
the vector ω k defined by the first k coordinates of ω
belongs to the set Dk (P ). Then

(4)

k=1 xk ∈Λk

∞
\
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On the other hand if ∆(Q) ⊆ S, then
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k=1 xk ∈Λk

(3)
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Let P and Q are probability measures defined in Section
2. The solution for the basic problem is described in the
next theorem.
Theorem 1. There exists a sequence of criteria for
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for every n ≥ N power function Wn = 1 if and only if
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∞
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where the vector xN xt is the concatenation of vectors
xN and xt .
Then there exists ω ∈ ∆(Q), such that ω N = xN . It
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in (4) we conclude that every set SN defined by bans
satisfies to
SN × X ∞ ⊆ σN .

To prove the sufficient condition of the theorem 1 it
is enough to denote SN = CN . According to lemma 5
QN (SN ) = 1.

∆N (Qθ ) ⊆ σN , θ ∈ Θ.
Thus
∆(Qθ ) ⊆ σN , θ ∈ Θ.
By the definition
SN ∩ DN (P ) = ∅.

Then DN (Q) ⊆ SN . Therefor for cylindrical sets we
have
∆N (Q) ⊆ σ.

As
∆(P ) ⊆ ∆N (P ).

Thus

σ = X ∞ \∆(P ),

σN is a cylindrical set and in discrete topology on X it
is a closed set. So we can define ∆ = σN . The theorem
2 is proved.
Corollary. Let’s consider a set of probability measures {Qθ, n , θ ∈ Θ, |Θ| < ∞}. There exists a sequence
of criteria for testing H0, n against H1, n with critical sets
Sn , n = 1, 2, ..., defined by bans, for which exists such
N , that for every n ≥ N power function Wn (θ) = 1 if
and only if that for every θ, θ ∈ Θ,

then it follows that
∆(P ) ∩ ∆(Q) = ∅.
The theorem 1 is proved.
Let’s consider a set of probability measures {Qθ , θ ∈ Θ} on (X ∞ , A), for which
Qθ, n , Dn (Qθ ), ∆n (Qθ ), ∆(Qθ ) are defined as in
Section 2.
Consider a problem of testing a sequence of hypotheses H0, n : Pn against complex alternatives H1, n :
{Qθ, n , θ ∈ Θ}. Let Wn (θ) be a power function.
Theorem 2.
There exists a sequence of criteria
for testing H0, n against H1, n with critical sets Sn , n =
1, 2..., defined by bans, for which exists such N that for
every n ≥ N the power function Wn (θ) = 1 if and only
if there exists a closed set ∆ such that for every θ, θ ∈ Θ

∆(P ) ∩ ∆(Qθ ) = ∅.
Proof. In any topological space a finite union of
closed sets is a closed set (Bourbaki, 1968; Prokhorov
and Rozanov, 1993). The union of all supports of probability measures Qθ , θ ∈ Θ, satisfies to conditions of the
theorem 2. That proves the corollary.
Not always the exact description of supports of measures can be received in an explicit form. At the same
time, application of the theory explained above can be
made more constructive.
In the further theorem 3 there are more constructive
conditions for usage of theorems 1 and 2. These conditions are not completely constructive and only declare
that there is a finite step N for which it is possible to
check feasibility of sufficient conditions for the supports
formulated in theorems 1 and 2. The number of this
steps isn’t defined, but membership functions for certain necessary sets are can be carried out with the help
of constructive calculation.
The next theorem is formulated for the elementary
case when the given measures are P and Q.
Theorem 3. For the given probability measures P
and Q on (X ∞ , A)

∆(Qθ ) ⊆ ∆,
and
∆(P ) ∩ ∆ = ∅.
Proof. By the same way as in the theorem 1 for the
set ∆ there exists a finite cover
N
[
[

I(xk ),

k=1 xk ∈Λk

where I(xk ) be the elementary cylindrical set in X ∞ ,
which is generated by the smallest ban xk .
The set σN is a cylindrical set and σN = CN × X ∞ .
From the conditions of the theorem 2 it follows that
Qθ, N (CN ) = 1, θ ∈ Θ. If critical set SN of criterion
for testing H0, N : PN against the complex alternatives
H1, N : {Qθ, N , θ ∈ Θ} is chosen as SN = CN , then
Wn (θ) = 1 for all θ. The sufficiency is proved.
Let’ prove the necessity. Let SN be such a critical set
for which Qθ, N (SN ) = 1 for all θ, θ ∈ Θ, and SN is
defined by bans of measure P . Then for all θ, θ ∈ Θ,
the set DN (Qθ ) ⊆ SN , and using the definition of σN

∆(P ) ∩ ∆(Q) = ∅
if and only if there exists N such that
∆N (P ) ∩ ∆N (Q) = ∅.
Proof. If there exists N such that ∆N (P )∩∆N (Q) =
∅, then due to definitions of sets ∆(P ) and ∆(Q) it
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Let’s prove the necessary condition of the theorem 1.
Let SN be such a critical set for which QN (SN ) = 1 and
SN is defined by bans of measure P . Using the definition
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N , that for every n ≥ N power function Wn (θ) = 1 if
and only if that for every θ, θ ∈ Θ,

then it follows that
∆(P ) ∩ ∆(Q) = ∅.
The theorem 1 is proved.
Let’s consider a set of probability measures {Qθ , θ ∈ Θ} on (X ∞ , A), for which
Qθ, n , Dn (Qθ ), ∆n (Qθ ), ∆(Qθ ) are defined as in
Section 2.
Consider a problem of testing a sequence of hypotheses H0, n : Pn against complex alternatives H1, n :
{Qθ, n , θ ∈ Θ}. Let Wn (θ) be a power function.
Theorem 2.
There exists a sequence of criteria
for testing H0, n against H1, n with critical sets Sn , n =
1, 2..., defined by bans, for which exists such N that for
every n ≥ N the power function Wn (θ) = 1 if and only
if there exists a closed set ∆ such that for every θ, θ ∈ Θ

∆(P ) ∩ ∆(Qθ ) = ∅.
Proof. In any topological space a finite union of
closed sets is a closed set (Bourbaki, 1968; Prokhorov
and Rozanov, 1993). The union of all supports of probability measures Qθ , θ ∈ Θ, satisfies to conditions of the
theorem 2. That proves the corollary.
Not always the exact description of supports of measures can be received in an explicit form. At the same
time, application of the theory explained above can be
made more constructive.
In the further theorem 3 there are more constructive
conditions for usage of theorems 1 and 2. These conditions are not completely constructive and only declare
that there is a finite step N for which it is possible to
check feasibility of sufficient conditions for the supports
formulated in theorems 1 and 2. The number of this
steps isn’t defined, but membership functions for certain necessary sets are can be carried out with the help
of constructive calculation.
The next theorem is formulated for the elementary
case when the given measures are P and Q.
Theorem 3. For the given probability measures P
and Q on (X ∞ , A)

∆(Qθ ) ⊆ ∆,
and
∆(P ) ∩ ∆ = ∅.
Proof. By the same way as in the theorem 1 for the
set ∆ there exists a finite cover
σN =

N
[
[

I(xk ),

k=1 xk ∈Λk

where I(xk ) be the elementary cylindrical set in X ∞ ,
which is generated by the smallest ban xk .
The set σN is a cylindrical set and σN = CN × X ∞ .
From the conditions of the theorem 2 it follows that
Qθ, N (CN ) = 1, θ ∈ Θ. If critical set SN of criterion
for testing H0, N : PN against the complex alternatives
H1, N : {Qθ, N , θ ∈ Θ} is chosen as SN = CN , then
Wn (θ) = 1 for all θ. The sufficiency is proved.
Let’ prove the necessity. Let SN be such a critical set
for which Qθ, N (SN ) = 1 for all θ, θ ∈ Θ, and SN is
defined by bans of measure P . Then for all θ, θ ∈ Θ,
the set DN (Qθ ) ⊆ SN , and using the definition of σN

∆(P ) ∩ ∆(Q) = ∅
if and only if there exists N such that
∆N (P ) ∩ ∆N (Q) = ∅.
Proof. If there exists N such that ∆N (P )∩∆N (Q) =
∅, then due to definitions of sets ∆(P ) and ∆(Q) it
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ABSTRACT
We consider a class of homogeneous SZK models with
finite state space and consider sharp bounds on the rate of
convergence to stationary distribution.

The problem of relating the rate of convergence to stationarity of an ergodic continuous-time Markov processes is
very important in queueing theory. If we have a sufficiently
accurate bound, then we can correctly estimate the time at
which the queueing system enters the stationary mode. The
second application of sharp bounds on the rate of convergence
is the possibility of obtaining the correspondent perturbation
bounds, see (Zeifman and Korolev 2014).
In this note we deal with the class of queueing systems
which was introduced and studied in our previous papers (Satin
et al 2013, Zeifman et al. 2014a). Here we consider only finite
homogeneous situation and discuss sharp bounds on the rate
of convergence. The correspondent problems for birth-death
processes were studied in (Van Doorn et al 2010, Granovsky
and Zeifman 1997, 2000, 2005). A general approach to obtaining two-sided bounds of the so-called decay parameter α∗ (see
below) and its asymptotic behavior was considered in details
in (Van Doorn et al 2010). This method is based on two main
ingredients. The first is the concept of logarithmic norm of a
square matrix, developed independently by (Dahlquist 1958)
and (Lozinskii 1958) as a tool to derive error bounds in the
numerical integration of initial-value problems for a system
of ordinary differential equations. The second ingredient is a
suitable transformation of the Kolmogorov forward equations.
Here we apply this approach to SZK models.
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(

Pr (X (t + h) = j/X (t) = i) =
qP
ij h + αij (t, h) , if j 6= i,
1−
qik h + αi (t, h) , if j = i,

(1)

k6=i

where all αi (t, h) are o(h). We also assume qi,i+k = λk ,
qi,i−k = µk for any k > 0. In other words, we suppose that
the arrival rates λk and the service rates µk do not depend
on the the length of the queue. In addition, we assume that
λk+1 ≤ λk and µk+1 ≤ µk for any k
Then the probabilistic dynamics of the process is represented by the forward Kolmogorov system:
dp
= Ap(t),
dt

(2)

where




a00
µ1
µ2
µ3 µ4 · · ·
µr
 λ1

a
µ
µ
µ
·
·
·
µ
11
1
2
3
r−1 


λ
λ
a
µ
µ2
·
·
·
µ
A=
1
22
1
r−2  , (3)
 2
 ···

λr λr−1 λr−2 · · · λ2 λ1
arr
Pi
Pr−i
and aii = − k=1 µk − k=1 λr−k .
Throughout
the paper by k · kP
we denote the l1 -norm, i. e.
P
kxk = |xi |, and kBk = supj i |bij | for B = (bij )ri,j=0 .
Let Ω be a set all stochastic vectors, i. e. l1 vectors with
nonnegative coordinates and unit norm.
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Let X(t), t ≥ 0 be a queue-length process for a finite SZK
model. This is a time-homogeneous continuous-time Markovian queueing model on the state space E = {0, 1, . . . , r} with
possible batch arrivals and group services under some special
assumptions.
Denote by pij (s, t) = P r {X(t) = j |X(s) = i }, i, j ≥
0, 0 ≤ s ≤ t the transition probabilities for X(t), and let
pi (t) = P r {X(t) = i} be its state probabilities. Throughout
the paper we assume that
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Recall the definition of decay parameter α∗ (or spectral gap)
for a homogeneous Markov chain:
α∗ := sup{a > 0 : kp(t) − πk = O(e−at )}

−1

γ(B) = lim h

as t → ∞ for any p(0).

h→+0

(µi−k − µi )

k=1

−

r−i
X

dk
di

(4)

k=1

and
β = max αi .

1≤i≤r

(5)

1≤i≤r

Let D be upper triangular matrix

d1 d1 d1 · · ·
 0 d2 d2 · · ·
D=
 ···
0
0 ···
0

(6)

Theorem 1. Let X(t) be a given SZK process. Then the
following bound for the correspondent decay parameter α∗
holds:
α ≤ α∗ ≤ β,
(7)
for any positive {dj }. Moreover,
kp∗ (t) − p∗∗ (t)k1D ≤ e−αt kp∗ (0) − p∗∗ (0)k1D

DBD−1 =
a11 − λr












d
(λ1 − λr ) 2
d1
d
(λ2 − λr ) 3
d1
···
d
(λr−1 − λr ) r
d1

kp (t) − p (t)k1D ≥ e
∗

∗

d
(λr−3 − λr−2 ) r
d3

···
···

arr − λ1
(13)

kV (t, s)k1D ≤ e−(t−s)α ,

(14)

and

kp (0) − p (0)k1D ,

(9)

∗∗

for any D (z (0) − z (0)) ≥ 0, and any t ≥ 0.
Proof.
P
Put p0 (t) = 1 − i≥1 pi (t), then from (2) we obtain the
equation
dz
= Bz(t) + f ,
(10)
dt

kz∗ (t) − z∗∗ (t)k1D ≤ e−αt kz∗ (s) − z∗∗ (s)k1D







.





kz∗ (t) − z∗∗ (t)k1D ≥ e−βt kz∗ (s) − z∗∗ (s)k1D

(16)
∗∗







a11 − λ1
λ1 − λ2
λ2 − λ3
···
λr−1 − λr

Hence we obtain the following bound for the logarithmic norm
of the matrix B:

γ (B)1D = γ DBD−1 1 =

d1
d2 
,

dr

r−i
X

(6)

kp (t) − p (t)k1D ≥ e
∗

∗

(12)

!
= − min αi = −α,

where
DBD−1 =


a11 − λr












d
(λ1 − λr ) 2
d1
d
(λ2 − λr ) 3
d1
···
d
(λr−1 − λr ) r
d1

d
(µ1 − µ2 ) 1
d2
a22 − λr−1
d
(λ1 − λr−1 ) 3
d2
d
(λr−2 − λr−1 ) r
d2

d
(µ2 − µ3 ) 1
d3
d
(µ1 − µ3 ) 2
d3
a33 − λr−2
d
(λr−3 − λr−2 ) r
d3

···
···
···
···

d
(µr−1 − µr ) 1
dr
d
(µr−2 − µr ) 2
dr
d
(µr−3 − µr ) 3
dr
arr − λ1
(13)
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(8)
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(15)

for any 0 ≤ s ≤ t and any initial conditions z∗ (s), z∗∗ (s).
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(9)
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equation
dz
= Bz(t) + f ,
(10)
dt

On the other hand, the matrix DBD−1 is essentially nonnegative (i. e. all its off-diagonal elements are nonnegative).
Putting v(t) = D (z∗ (t) − z∗∗ (t)), we obtain the nonnegativP
ity v(t) if v(s) ≥ 0 and t ≥ s. Moreover, kv(t)k = i vi (t),
hence (13) implies dkvk
dt ≥ −βkvk, and
kz∗ (t) − z∗∗ (t)k1D ≥ e−βt kz∗ (s) − z∗∗ (s)k1D
∗

(16)
∗∗
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>

T

dk+i
(λk − λi+r−1 )
di

dk
+
di

k=1

for any z (0), z (0), and
−βt

(µi−k − µi )

k=1

∗∗

∗∗

i−1
X
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αi = −aii + λr−i+1 −

Recall the definition of decay parameter α∗ (or spectral gap)
for a homogeneous Markov chain:

2010, Granovsky and Zeifman 2004, Zeifman et al. 2008) and
detailed proofs in (Zeifman 1995b). Recall that the logarithmic
norm of matrix B is defined as

B=

µ1 − λ1
a22 − λ2
λ1 − λ3

µ2 − λ1 · · ·
µ1 − λ2
a33 − λ3 · · ·

µr−1 − λ1
···
µr−3 − λ3

µr−2 − λ2

λr−2 − λr

···

λ1 − λr

arr − λr

Corollary. The following bound for the decay parameter of
SZK model holds:
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(11)

see a detailed discussion in (Granovsky and Zeifman 2004,
Zeifman 1995a, Zeifman et al. 2006, 2008).
Consider now the logarithmic norm of matrix B in 1D norm, see the respective motivation in (Van Doorn et al.
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Proof.
Put all di = 1. Then (5) implies
αi = −aii + λr−i+1 −

i−1
X

(µi−k − µi ) −

k=1
r−i
X

(λk − λi+r−1 ) = iµi + (r + 1 − i)λr+1−i ,

(18)

k=1

and our bound.
Let now
A∗ =







a11 − λr
(λ1 − λr )
(λ2 − λr )
···
(λr−1 − λr )

(µ1 − µ2 )
a22 − λr−1
(λ1 − λr−1 )

(µ2 − µ3 )
(µ1 − µ3 )
a33 − λr−2

···
···
···

(µr−1 − µr )
(µr−2 − µr )
(µr−3 − µr )

(λr−2 − λr−1 )

(λr−3 − λr−2 )

···

arr − λ1





.

(19)

∗

This matrix A is essentially nonnegative, i. e. all offdiagonal elements of this matrix are nonnegative. We recall
that A∗ is essentially positive, if in addition all elements of
matrix A∗ k are strictly positive for some natural k.
Theorem 2. Let A∗ be essentially positive. Then there exists
a sequence {dj } such that
α = β = α∗ .

(20)

Moreover, bound (8) with α = α∗ holds for any initial
conditions, and, if in addition, the initial conditions are such
that D (z∗ (0) − z∗∗ (0)) ≥ 0, then
∗

kp∗ (t) − p∗∗ (t)k1D = e−α t kp∗ (0) − p∗∗ (0)k1D .

AN EXAMPLE OF SZK SYSTEM
Consider the following queueing model. Let the length of
the queue is X(t) ≤ S, and assume that a group of k ≤ M ≤
S customers may arrive to the queue with intensity λk = λk ,
and a group of k ≤ N ≤ S customers may leave the queue
after their service with intensity µk = µk , where M and N are
fixed natural numbers.
If M = N = 1, then X(t) is simple birth-death process
with birth (arrival) rate λ and death (service) rate µ.
If M = S and N = 1 then X(t) is the generalized Erlang
model, this process was introduced and studied in (Zeifman et
al. 2013, 2014a, 2014b, 2014c). Bounds for the spectral gap
and its asymptotic as S → ∞ for Erlang model was studied
in various situations by a number of authors, see (Van Doorn
and Zeifman 2009, Van Doorn et al. 2010, Fricker et al. 1999,
Voit 2000, Zeifman 2009).

(21)

Proof. Let λ0 be the greatest eigenvalue of the matrix A∗ (it
is real and simple). Let H be a diagonal matrix with diagonal
entries dj . Then the transformed matrix A∗H = HA∗ H −1 =
DBD−1 is also essentially positive. Denote by m = max |djj |
and consider matrix C 0 = A∗ T + mI. This matrix is also
essentially positive and all elements of C 0 are nonnegative.
Hence C 0 has strictly positive simple eigenvalue λ∗ = λ0 +
T
m, and the correspondent eigenvector x = (x1 , . . . , xr ) is
T
−1
also strictly positive. Let dk = xk . Then e = (1, . . . , 1) is
0
0 −1
eigenvector for CH = HC H , therefore all row sums for
this matrix are equal to λ∗ . Hence all row sums of A∗ TH =
0
CH
− mI are λ∗ − m = λ0 , and all column sums of matrix
∗
AH are the same. It implies our claim.
We note that another of this statement one can find in (Van
Doorn et al 2010).
Remark. Essential positivity of matrix (19) is equivalent
to the existence of a path of nonsingularity, i. e. a chain of
positive elements a∗i1 ,i2 , a∗i2 ,i3 , . . . , a∗ik ,i1 , such that it contains
all indexes 1, . . . , r, and ij 6= ij+1 for any j.
In particular, this assumption certainly holds, if λ1 > λ2
and µ1 > µ2 .

1. Consider firstly the simplest SZK model with M =
N = 1 and the correspondent intensities λ1 = λ > 0,
µ1 = µ > 0, and λk = µk = 0,for k ≥ 1. Then X(t) is a birthdeath process which was studied in (Granovsky and Zeifman
1997), Example 2.3. The authors found the correspondent
transformation D and the correspondent spectral gap
p
π
α∗ (S) = λ + µ − 2 λµ cos
,
S+1
√

√
and α∗ (S) →
λ − µ as S → ∞.
2. Consider now the situation with maximal possible size
of simultaneous arrivals and services, i. e. let M = N = S.
λ
Then all αi = i µi + (r + 1 − i) r+1−i
= λ + µ, and we also
obtain sharp decay parameter (spectral gap) α∗ = λ + µ.
3. Consider now a more general case.
Proposition. Let M = S and N be fixed. Then α∗ (S) → µ
as S → ∞.
Proof. Put di = 1 for i ≤ S − N , and di = d∗ = 1 + o(1)
if i = S − N + 1, . . . , S, and
consider αi in theP
form: αi =
Pi−1
r−i
αi,λ + αi,µ , where αi,λ = k=1 λk + λr−i+1 − k=1 (λk −
Pi
Pi−1
dk+i
λi+r−1 ) di , and αi,µ = k=1 µk − k=1 (µi−k − µi ) ddki .
Then we obtain αi,λ = 0 for i < S − N − 1, and αi,λ =
λ + o(1) for i ≥ S − N .
On the other hand, αi,µ = µ, if i < S − N − 1, and


µ
1
αi,µ = µHS 1 − ∗ + ∗ + o(1),
d
d
PS
where HS = k=1 k1 , for i ≥ S − N .
S −1)µ
Let d∗ = (H(H
. Then we have αi,µ = µ − λ + o(1)
S −1)µ+λ
for i ≥ S − N .
Therefore, α∗ = α∗ (S) = µ + o(1).
Acknowledgement. The research was supported by the
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Let X(t), t ≥ 0 be the queue-length process
for the queue, pij (s, t) = P {X(t) = j |X(s) = i },
i, j ≥ 0, 0 ≤ s ≤ t, be transition probabilities for
X = X(t), and pi (t) = P {X(t) = i} be its state
probabilities. Throughout the paper we assume that

ABSTRACT
We consider a class of finite Markovian queueing
models and obtain uniform approximation bounds of
truncations.

(
=

INTRODUCTION

P (X (t + h) = j|X (t) = i) =
qij (t) h + αij (t, h) , if j 6= i,
P
1−
qik (t) h + αi (t, h) , if j = i,

(1)

k6=i

where all αi (t, h) are o(h) uniformly in i, i. e.,
supi |αi (t, h)| = o(h). We also assume qi,i+k (t) =
λk (t), qi,i−k (t) = µk (t) for any k > 0. In other
words, we suppose that the arrival rates λk (t) and
the service rates µk (t) do not depend on the queue
length. In addition, we assume that λk+1 (t) ≤ λk (t)
and µk+1 (t) ≤ µk (t) for any k and almost all t ≥ 0.
Hence, X(t) is a so-called SZK model, which was
studied in (Satin et al. 2013, Zeifman et al. 2014a,
2014c). We suppose that all intensity functions are
locally integrable on [0, ∞), and
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length. In addition, we assume that λk+1 (t) ≤ λk (t)
and µk+1 (t) ≤ µk (t) for any k and almost all t ≥ 0.
Hence, X(t) is a so-called SZK model, which was
studied in (Satin et al. 2013, Zeifman et al. 2014a,
2014c). We suppose that all intensity functions are
locally integrable on [0, ∞), and

Then the probabilistic dynamics of the process is
represented by the forward Kolmogorov system

It is well known that explicit expressions for the
probability characteristics of stochastic models can
be found only in a few special cases, moreover, if
we deal with an inhomogeneous Markovian model,
then we must approximately calculate the limiting
probability characteristics of the process. The problem of calculation of the limiting characteristics for
inhomogeneous birth-death process via truncations
was firstly mentioned in (Zeifman 1991) and was
considered in details in (Zeifman et al. 2006). In
(Zeifman et al. 2014b) we have proved uniform (in
time) error bounds of truncation this class of Markov
chains. First uniform bounds of truncations for the
class of Markovian time-inhomogeneous queueing
models with batch arrivals and group services (SZK
models) introduced and studied in our recent papers
(Satin et al. 2013, Zeifman et al. 2014a), were obtained in (Zeifman et al. 2014c). In this note we
deal with approximations of finite SZK model via the
same models with smaller state space and obtain the
correspondent bounds of error of truncation bounds.

dp
= A(t)p(t),
dt

Consider a time-inhomogeneous continuous-time
Markovian queueing model on the state space E =

dp
= A(t)p(t),
dt

λk (t) ≤ λk ,

µk (t) ≤ µk ,

(2)

for any k and almost all t ≥ 0, and put
Lλ =

r
X
i=1
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{0, 1, . . . , r} with possible batch arrivals and group
services.
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(4)

where A(t) =
µ1 (t)

µ2 (t)

···

a11 (t)

µ1 (t)

···

λ1 (t)

a22 (t)

···

λr−1 (t)

λr−2 (t)

···

µk (t) −

Pr−i

 a (t)
00
 λ1 (t)


=  λ2 (t)


···
λr (t)

and aii (t) = −

Pi

k=1

µr (t) 
µr−1 (t) 


µr−2 (t)  ,



(5)

arr (t)

k=1









Let Ω be the set all stochastic vectors, i. e.,
l1 vectors with nonnegative
Pr coordinates and unit
norm. Hence kA(t)k ≤ 2 k=1 (λk (t) + µk (t)) ≤
2 (Lλ + Lµ ) for almost all t ≥ 0.

b00

µ1

µ2

µ3

···

µN −1



λ1

b11

µ1

µ2

···

µN −2

λ2

λ1

b22

µ1

···

µN −3




 (6)



λN −2

λN −3

···

λ1

bN −1,N −1

k≥1









a11 − λ1

µ1 − λ1

···

λ1 − λ2

a22 − λ2

···

λ2 − λ3

λ1 − λ3

···

···
λr−1 − λr

λr−2 − λr

···

µr−1 − λ1 
µr−2 − λ2 


µr−3 − λ3  .



µN −3 − λ3

λN −3 − λN −1

···

bN −1,N −1 − λN −1
(11)

(12)

αi (t) = −aii (t) + λr−i+1 (t) − (14)
i−1
dk+1 X
dk
(λk (t) − λr−i+1 (t))
−
(µi−k (t) − µi (t)) ,
di
di
k=1

and
α(t) = min αi (t).

(15)

i≥1

Let D be upper triangular matrix,

d1 d1 d1 · · ·
 0 d2 d2 · · ·


0 d3 · · ·
D= 0

·
·
·
·
·· ··· ···

0
0
0 ···

(8)
z(t)

µN −2 − λ2

···

···

r−i
X

i≥1 pi (t), from (4) we obtain

>

···

λ1 − λ3

Put

P

where f (t)
=
(λ1 , λ2 , · · · , λr ) ,
>
(p1 , p2 , · · · , pr ) , B = bij (t)ri,j=1 =

b22 − λ2

λ2 − λ3

Let {di }, i = 1, 2, . . . be an increasing sequence
of positive numbers, d1 = 1, and
Pi
i
X
dk
W = min k=1 , gi =
dn .
(13)
i≥1
i
n=1

(7)

dz
= B(t)z(t) + f (t),
dt

λ1 − λ2




.



Below we will identify the vector with entries, say,
(a1 , . . . , aN −1 )> and the r-dimensional vector with
the same first N − 1 coordinates and the rest equal to
zero.

Instead of (4), for XN −1 (t) we have the following
forward Kolmogorov system:

Setting p0 (t) = 1−
the equation

µN −1 − λ1

One can see that the solution of system (10) and
the corresponding solution of system (12) with initial
condition p0 (0) = 1 coincide.

beP
the corresponding
intensity matrix, where bii (t) =
PN −1−i
i
− k=1 µk (t) − k=1 λk (t).

dpN −1
= AN −1 (t)pN −1 .
dt

···

dzN −1
= BN −1 (t)zN −1 (t) + f (t),
dt

TRUNCATIONS
Consider the family of “truncated” processes
XN −1 (t), and let EN −1 = {0, 1, . . . , N − 1} be the
corresponding state space and AN −1 =



=



µ1 − λ1

d1
d2
d3
···
dr

(16)

s
−1

holds, where V (t, s) = V (t)V (s) is the Cauchy
matrix of equation (8), and γ(B(t)) is the logarithmic
norm of the matrix function B(t), see details in (Van
Doorn et al. 2010, Granovsky and Zeifman 2004,

(9)

arr − λr
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···

λ1 (t)

a22 (t)

···

λr−1 (t)

λr−2 (t)

···

arr (t)

µk (t) −

Pr−i

λk (t).

Pi

k=1

µr (t) 
µr−1 (t) 


µr−2 (t)  ,



k=1

(5)

>

where fN −1 (t) = (λ1 , · · · , λN −1 ) , zN −1 (t) =
>
N −1
(p1 , p2 , · · · , pN −1 ) , BN −1 = (bij ∗ (t))i,j=1 =








Let Ω be the set all stochastic vectors, i. e.,
l1 vectors with nonnegative
Pr coordinates and unit
norm. Hence kA(t)k ≤ 2 k=1 (λk (t) + µk (t)) ≤
2 (Lλ + Lµ ) for almost all t ≥ 0.

µ2

µ3

···

µN −1



b11

µ1

µ2

···

µN −2

λ1

b22

µ1

···

µN −3




 (6)



λN −2

λN −3

···

λ1

bN −1,N −1

b00

µ1

λ1
λ2
···
λN −1









a11 − λ1

µ1 − λ1

···

λ1 − λ2

a22 − λ2

···

k≥1

λ2 − λ3

λ1 − λ3

···

λr−2 − λr

···

···
λr−1 − λr

µN −3 − λ3

λN −3 − λN −1

···

bN −1,N −1 − λN −1
(11)




.



(12)

αi (t) = −aii (t) + λr−i+1 (t) − (14)
i−1
dk+1 X
dk
(λk (t) − λr−i+1 (t))
−
(µi−k (t) − µi (t)) ,
di
di
k=1

and
α(t) = min αi (t).

(15)

i≥1

Let D be upper triangular matrix,

d1 d1 d1 · · ·
 0 d2 d2 · · ·


0 d3 · · ·
D= 0

·
·
·
·
·· ··· ···

0
0
0 ···

(8)

µr−1 − λ1 
µr−2 − λ2 


µr−3 − λ3  .



µN −2 − λ2

···

···

r−i
X

(7)

z(t)

···

λ1 − λ3

Put

i≥1 pi (t), from (4) we obtain

>

b22 − λ2

λ2 − λ3

Let {di }, i = 1, 2, . . . be an increasing sequence
of positive numbers, d1 = 1, and
Pi
i
X
dk
W = min k=1 , gi =
dn .
(13)
i≥1
i
n=1

P

where f (t)
=
(λ1 , λ2 , · · · , λr ) ,
>
(p1 , p2 , · · · , pr ) , B = bij (t)ri,j=1 =

λ1 − λ2



Below we will identify the vector with entries, say,
(a1 , . . . , aN −1 )> and the r-dimensional vector with
the same first N − 1 coordinates and the rest equal to
zero.

Instead of (4), for XN −1 (t) we have the following
forward Kolmogorov system:

dz
= B(t)z(t) + f (t),
dt

µN −1 − λ1

One can see that the solution of system (10) and
the corresponding solution of system (12) with initial
condition p0 (0) = 1 coincide.

beP
the corresponding
intensity matrix, where bii (t) =
PN −1−i
i
− k=1 µk (t) − k=1 λk (t).

Setting p0 (t) = 1−
the equation

···

dzN −1
= BN −1 (t)zN −1 (t) + f (t),
dt

TRUNCATIONS
Consider the family of “truncated” processes
XN −1 (t), and let EN −1 = {0, 1, . . . , N − 1} be the
corresponding state space and AN −1 =



=



µ1 − λ1

Consider the system

Recall that a Markov chain X(t) is called weakly
ergodic, if kp∗ (t) − p∗∗ (t)k → 0 as t → ∞ for
any initial conditions p∗ (0), p∗∗ (0), where p∗ (t) and
p∗∗ (t) are the corresponding solutions of (4), and a
Markov chain X(t) has the limiting mean ϕ(t), if
limt→∞ (ϕ(t) − E(t, k)) = 0 for any k.



b11 − λ1

λN −2 − λN −1

By E(t, k) = E {X(t) |X(0) = k } denote the
mathematical expectation of the process at a moment
t under the initial condition X(0) = k.

dpN −1
= AN −1 (t)pN −1 .
dt

and let k • k1D be the corresponding norm kzk1D =
kDzk1 . Then the important inequality
Z t
kV (t, s)k ≤ exp
γ(B(u)) du

=

···

µ1 (t)

Similarly, instead of (8), we obtain the corresponding reduced system for the truncated process in the
form:
dzN −1
= BN −1 (t)zN −1 (t) + fN −1 (t),
(10)
dt

Throughout the P
paper by k · k we denoteP
the l1 norm, i. e., kxk =
|xi |, and kBk = supj i |bij |
for B = (bij ).





,



µ2 (t)

and aii (t) = −


Consider the system

Recall that a Markov chain X(t) is called weakly
ergodic, if kp∗ (t) − p∗∗ (t)k → 0 as t → ∞ for
any initial conditions p∗ (0), p∗∗ (0), where p∗ (t) and
p∗∗ (t) are the corresponding solutions of (4), and a
Markov chain X(t) has the limiting mean ϕ(t), if
limt→∞ (ϕ(t) − E(t, k)) = 0 for any k.



b11 − λ1

λN −2 − λN −1

By E(t, k) = E {X(t) |X(0) = k } denote the
mathematical expectation of the process at a moment
t under the initial condition X(0) = k.

···

λr (t)

>

λk (t).

µ1 (t)
a11 (t)

 a (t)
00
 λ1 (t)


=  λ2 (t)


···

where fN −1 (t) = (λ1 , · · · , λN −1 ) , zN −1 (t) =
>
N −1
(p1 , p2 , · · · , pN −1 ) , BN −1 = (bij ∗ (t))i,j=1 =

Throughout the P
paper by k · k we denoteP
the l1 norm, i. e., kxk =
|xi |, and kBk = supj i |bij |
for B = (bij ).

λN −1

where A(t) =

Similarly, instead of (8), we obtain the corresponding reduced system for the truncated process in the
form:
dzN −1
= BN −1 (t)zN −1 (t) + fN −1 (t),
(10)
dt

d1
d2
d3
···
dr





,



(16)

and let k • k1D be the corresponding norm kzk1D =
kDzk1 . Then the important inequality
Z t
kV (t, s)k ≤ exp
γ(B(u)) du

=

s

holds, where V (t, s) = V (t)V −1 (s) is the Cauchy
matrix of equation (8), and γ(B(t)) is the logarithmic
norm of the matrix function B(t), see details in (Van
Doorn et al. 2010, Granovsky and Zeifman 2004,

(9)

arr − λr
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Zeifman et al. 2008). Further, for an operator function
from l1 to itself we have the simple formula


X
γ(B(t)) = sup bjj (t) +
|bij (t)| .
j

On the other hand,
B̂(t)zN −1 (t) = (B(t) − BN −1 (t)) zN −1 (t) =
((a11 (t) − b11 (t))pN −1,1 (t), · · · ,
>

(aN −1,N −1 (t) − bN −1,N −1 (t))pN −1,N −1 (t))

(26)
,

j

i6=j

and

Hence we obtain the following bound for the logarithmic norm of B(t):
γ(B(t))1D = γ(DB(t)D ) =
sup{−αi (t)} = −α(t),

kB̂(t)zN −1 (t)k1D = kD (B(t) − BN −1 (t)) zN −1 (t)k1 =

(17)

(d1 + · · · + dN −1 )(bN −1,N −1 (t) − aN −1,N −1 (t))pN −1,N −1 (t) =
X
X
λk (t)pN −1,1 (t) + (d1 + d2 )
λk (t)pN −1,2 (t) + · · · +

d1

i≥1

k≥N −1

where
DBD
a11 − λr




d

(λ1 − λr ) 2
d1




···





 (λr−1 − λr ) dr
d1

−1

=
···

a22 − λr−1

···

d
(µr−2 −µr ) 2
dr

···

···

···

d
(λr−2 − λr−1 ) r
d2

···

arr − λ1

kzN −1 (t)k1D∗ ≤ kV (t)k1D∗ kzN −1 (0)k1D∗ +
Z t
kV (t, τ )k1D∗ kfN −1 (τ )k1D∗ dτ ≤ (28)
0
∗ −a∗ t

kV (t, s)k1D ≤ e−

s

α(u) du

M e
.

(19)

and

∗

kV (t, s)k1D∗ ≤ M ∗ e−a

(t−s)

(20)
(21)

for any t ≥ 0.
For definiteness suppose that N is odd. All
pN −1,i (t) ≥ 0, then

∗
d∗1 λ1 +(d∗1 +d∗2 )λ2 +· · ·+(d∗1 +· · ·+d∗N −1 )λN −1 ≤ KN
.
(22)

For bounding the truncation error we rewrite (12)
as
dzN −1
= B(t)zN −1 (t) + f (t) − B̂(t)zN −1 (t), (23)
dt

kzN −1 (t)k1D∗ =

X
i≥1

X

0

d∗i pN −1,i (t).

(30)

On the other hand we have the bound:
X

(18)
···

d
(µr−1 −µr ) 1
dr

a22 − λr−1

···

d
(µr−2 −µr ) 2
dr

···

···

···

d
(λr−2 − λr−1 ) r
d2

···

arr − λ1

d1

λk (t)pN −1,1 (t) +

k≥N −1

X

λk (t)pN −1,2 (t) + · · · +

k≥N −2

(d1 + · · · + dN −1 )

X

Now we will estimate kB̂(t)zN −1 (t)k1D . Firstly,








.








kzN −1 (t)k1D∗ ≤ kV (t)k1D∗ kzN −1 (0)k1D∗ +
Z t
kV (t, τ )k1D∗ kfN −1 (τ )k1D∗ dτ ≤ (28)
∗

Rt
s

α(u) du

M ∗ e−a t kzN −1 (0)k1D∗ +
.

(19)

and

∗

(t−s)

λk (t)pN −1,N −1 (t) ≤

N −1
Hence, if z(0) = zN −1 (0) = 0, then the sum of the
2
X
X
(d1 + · · · + d N −1 )
λk (t)
pN −1,k (t) +
first and the second summands gives us z(t), and we
2
k=1
k≥ N −1
obtain in any norm the bound
2

X
Z t
λk (t) (d1 + · · · + d N −1 )pN −1, N −1 (t) + · · · +
2
2
k≥1
kz(t) − zN −1 (t)k ≤ k
V (t, τ )B̂(τ )zN −1 (τ ) dτ k ≤
0
(d1 + · · · + dN −1 )pN −1,N −1 (t)) .
Z t
kV (t, τ )kkB̂(τ )zN −1 (τ )k dτ. (25)

(20)

Put X(0) = XN −1 (0) = 0, then zN −1 (0) = 0,
hence
K∗ M ∗
kzN −1 (t)k1D∗ ≤ N ∗ ,
(29)
a

(21)

for any t ≥ 0.

for any 0 ≤ s ≤ t, and some positive numbers
M, M ∗ , a, a∗ .

For definiteness suppose that N is odd. All
pN −1,i (t) ≥ 0, then

For bounding the truncation error we rewrite (12)
as
dzN −1
= B(t)zN −1 (t) + f (t) − B̂(t)zN −1 (t), (23)
dt

X

pN −1,i (t)

i≥1

i
X

d∗k ≥

k=1
N
−1
X

d∗i pN −1,i (t) ≥

i≥ N 2−1

d∗i pN −1,i (t).

(30)

i= N 2−1

On the other hand we have the bound:
X

d1

λk (t)pN −1,1 (t) +

k≥N −1

(d1 + d2 )

X

λk (t)pN −1,2 (t) + · · · +

k≥N −2

(d1 + · · · + dN −1 )

X

λk (t)pN −1,N −1 (t) ≤

k≥1

N −1
Hence, if z(0) = zN −1 (0) = 0, then the sum of the
2
X
X
(d1 + · · · + d N −1 )
λk (t)
pN −1,k (t) +
first and the second summands gives us z(t), and we
2
k=1
k≥ N −1
obtain in any norm the bound
2

X
Z t
λk (t) (d1 + · · · + d N −1 )pN −1, N −1 (t) + · · · +
2
2
k≥1
kz(t) − zN −1 (t)k ≤ k
V (t, τ )B̂(τ )zN −1 (τ ) dτ k ≤
0
(d1 + · · · + dN −1 )pN −1,N −1 (t)) .
Z t
kV (t, τ )kkB̂(τ )zN −1 (τ )k dτ. (25)

0
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kzN −1 (t)k1D∗ =
X

0

(31)

∗
KN
M∗
,
a∗

∗
because kfN −1 (t)k1D∗ ≤ KN
for almost all t ≥ 0.

Now let {di } and {d∗i } be two increasing sequences such that d1 = d∗1 = 1, all di < d∗i , i ≥ 2,
and the following assumptions hold:
kV (t, s)k1D ≤ M e−a(t−s)

λk (t)pN −1,N −1 (t).



where B̂(t) = B(t) − BN −1 (t). Then we have
Z t
zN −1 (t) = V (t)zN −1 (0) +
V (t, τ )f (τ ) dτ −
0
Z t
V (t, τ )B̂(τ )zN −1 (τ ) dτ. (24)

k≥1

0

=

d
(µ1 −µ2 ) 1
d2

∗
d∗1 λ1 +(d∗1 +d∗2 )λ2 +· · ·+(d∗1 +· · ·+d∗N −1 )λN −1 ≤ KN
.
(22)

d∗k ≥

i= N 2−1

(d1 + d2 )

a11 − λr




d

(λ1 − λr ) 2
d1




···





 (λr−1 − λr ) dr
d1

−1

X
k≥1

∗
Let KN
be a positive number such that

k=1
N
−1
X

d∗i pN −1,i (t) ≥

i≥ N 2−1

where B̂(t) = B(t) − BN −1 (t). Then we have
Z t
zN −1 (t) = V (t)zN −1 (0) +
V (t, τ )f (τ ) dτ −
0
Z t
V (t, τ )B̂(τ )zN −1 (τ ) dτ. (24)

pN −1,i (t)

i
X

k≥N −2

where

kV (t, s)k1D∗ ≤ M ∗ e−a

∗
Let KN
be a positive number such that

(d1 + · · · + dN −1 )(bN −1,N −1 (t) − aN −1,N −1 (t))pN −1,N −1 (t) =
X
X
λk (t)pN −1,1 (t) + (d1 + d2 )
λk (t)pN −1,2 (t) + · · · +

d1

(d1 + · · · + dN −1 )

kV (t, s)k1D ≤ e−

Put X(0) = XN −1 (0) = 0, then zN −1 (0) = 0,
hence
K∗ M ∗
kzN −1 (t)k1D∗ ≤ N ∗ ,
(29)
a

for any 0 ≤ s ≤ t, and some positive numbers
M, M ∗ , a, a∗ .

(17)

Therefore

∗
because kfN −1 (t)k1D∗ ≤ KN
for almost all t ≥ 0.

Now let {di } and {d∗i } be two increasing sequences such that d1 = d∗1 = 1, all di < d∗i , i ≥ 2,
and the following assumptions hold:
kV (t, s)k1D ≤ M e−a(t−s)

kzN −1 (0)k1D∗

kB̂(t)zN −1 (t)k1D = kD (B(t) − BN −1 (t)) zN −1 (t)k1 =
d1 (b11 (t) − a11 (t))pN −1,1 (t) + (d1 + d2 )(b22 (t) − a22 (t))pN −1,2 (t) + · · · +

0

K∗ M ∗
+ N∗ ,
a

(26)
,

and

k≥N −1

DBD
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Zeifman et al. 2008). Further, for an operator function
from l1 to itself we have the simple formula


X
γ(B(t)) = sup bjj (t) +
|bij (t)| .
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Hence, if N = 41, then the truncation error for
vector of state probabilities and for the mathematical
expectation of the process X(t) smaller than 2 · 10−5 .
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The brain is an organ that serves as the center of the human
nervous system, the cerebral cortex processes all information.
Therefore, the research of brain activity is one most important
problem of modern medicine. To obtain new information about
the structure and relationships between the functional areas in
the brain, various statistical methods can be used. This allows
to investigate a human mental activity.
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Therefore, the research of brain activity is one most important
problem of modern medicine. To obtain new information about
the structure and relationships between the functional areas in
the brain, various statistical methods can be used. This allows
to investigate a human mental activity.

ABSTRACT
The investigation of brain activity is one of the most
important fields in modern medicine. One of most popular
experimental techniques is the so-called method of evoked
potentials: the subject repeatedly makes some movements
whereas brain activity and some auxiliary signals are recorded
for further analysis. The key problem is the determination
of points in myogram which correspond to the beginning of
the movements (we deal with the movements of the subject’s
finger). The precise detection of the points promotes successful
processing of the magnetoencephalogram because it is a way
to identify the sensors which are closest to the activity areas.
The paper proposes a statistical approach based on a
special modification of the method of moving separation of
mixtures of probability distributions (MSM method) to reveal
start points for the finger’s movements. We demonstrate the
correctness of a new procedure as compared with the method
based on the notion of the myogram window variance using
the same experimental myogram.
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The precise preoperative localization of irreplaceable areas
in the brain is the basis for the planning of surgeries and
minimization of possible postoperative aftereffects of illness
for patients with brain disorders. In clinical practice, the
localization of the primary motor cortex (M1) is one of most
important and difficult problems, especially the problem of
detection of the hands activity’s area in M1. Due to various
involvements of central nervous system (e.g., as a result of
epilepsy), the information about configuration of the areas by
the anatomical data is deficient.
Magnetoencephalography (MEG) is a method of preoperative localization of various brain areas. It is often used
in a combination with magnetic resonance imaging (MRI)
to localize activity in the areas of the human brain. The
method of evoked potentials is one of most popular techniques
to determine the exact location of the motor areas of the
cortex (McGillem and Aunon, 1987; Fabiani et al., 2007).
The external actions and some movements of the subject
can be considered as the events for the analysis by the method
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detection of the hands activity’s area in M1. Due to various
involvements of central nervous system (e.g., as a result of
epilepsy), the information about configuration of the areas by
the anatomical data is deficient.
Magnetoencephalography (MEG) is a method of preoperative localization of various brain areas. It is often used
in a combination with magnetic resonance imaging (MRI)
to localize activity in the areas of the human brain. The
method of evoked potentials is one of most popular techniques
to determine the exact location of the motor areas of the
cortex (McGillem and Aunon, 1987; Fabiani et al., 2007).
The external actions and some movements of the subject
can be considered as the events for the analysis by the method

of evoked potentials. Such methodology leads to the increase
of the signal-to-noise ratio, and it allows to reveal the brain
activity corresponding to the events. The noise in this case
is a superposition of the physical noise (say, generated by
the noises of sensors, amplifiers, analog-to-digital conversion,
external signals, network interferences, etc.) and the physiological one (which is just a background brain activity). The
main problem of the method relates to the detection of the
starting point of a movement.
Let us briefly describe the scheme of the experiment. The
subject puts his hand on the table and taps by a forefinger for
a few minutes. His MEG signals and myogram are recorded
during the experiment. Additionally, the information about
contacts with the table surface can be registered (say, by the
accelerometer, photocell button, etc.). All signals are taken
synchronously and with a strictly fixed sampling frequency.
MEG signals are dataset of sensors located on the subject’s
head, each time series is called a channel.
The main aim of the analysis of the experimental data is the
detection of the area of the cerebral cortex which is responsible
for the beginning of the movement. This is a particular case of
the so-called inverse problem of finding the source of a signal
by the characteristics of the field generated by the source. One
of the simplest solutions is to find the channel with the best
response by averaging parts of MEG signals over the starts
of the movements. Then, the corresponding curve could be
chosen to improve the signal-to-noise ratio. However, start
points cannot be determined by the MEG signals due to the
part of noise in channel (it equals 0.95 and more). But the
beginning of the movement can be found from the myogram,
and this is sufficient for the averaging of MEG. At the same
time, the values of a button can be used to adjust the fact of
movement in the neighborhood of some point.
In the following sections we describe some statistical methods which were designed for finding the points corresponding
to the beginning of movements.

The basic algorithm (Zakharova et al., 2012) for the reference points identification employs a simple property of myogram: its window variance associated with muscle movements,
exceed significantly the one related to the muscle rest period
(the window width is 30 − 50 ms). This happens due to the
physiological characteristics of the human muscles. Utilizing
the fact, the basic approach consists in:

2)
3)
4)

6)

It should be noted that myogram is a cyclic non-stationary
random process which can be represented as
X
ξ(t) =
((si (t) + εi (t) + θi (t))1{ti 6 t < ti+1 }),
i

where the random process si (t) corresponds to the signal
component related to the finger movement (si (t) = 0 out of
the movement period), εi (t) is the rest noise (it equals zero
during a movement), θi (t) is the movement noise (it equals
zero during a rest period), in neurophysiology the half-interval
[ti , ti+1 ) is called an epoch (each epoch includes the rest
interval before the movement and the movement itself), i is
the epoch number.
The window variance obtained from the myogram is also a
cyclic non-stationary process, but much less contaminated with
noise. The transfer to the window variance allows to eliminate
trends and to emphasize rest-to-movement transition moments
which are then determined by the threshold processing.
The main advantage of this algorithm is the construction
of an adaptive threshold for each epoch. We consider premovement time moment, when noise threshold was exceeded,
as the reference point.
METHOD BASED ON MOVING SEPARATION OF
MIXTURES

METHOD BASED ON MYOGRAM WINDOW
VARIANCE

1)

5)

ascending MWV segments are chosen (the points of
eventual array are defined as preliminary points).
For each preliminary point “the rest interval” is
identified which is the interval between the previous
and the current muscle movement, reflecting only
noise muscle activity. For this interval the empirical distribution function is obtained as well as the
corresponding relevant high order quantile. The last
moment before the preliminary point for which the
MWV is less than the relevant quantile is taken as
the initial movement moment.
The last step is the filtration for the purpose of
excluding of false responses of the algorithm.

Construction of the empirical distribution function for
the myogram window variance (MWV) and identification of some high order quantile for the function.
Allocation of the crossing of quantile and the ascending MWV segments and determination of the base
point.
By this base points the MWV function is split into
intervals of length not less than a predefined minimum.
Calculation of the MWV empirical distribution function for each interval and the estimation of the high
order quantile. The crossings of quantile and the
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To reveal the changes of the structure of forming stochastic
processes in time, so-called method of moving separation
of mixtures (MSM method) is successfully used (Korolev,
2011), For example, the papers with results for the financial
markets (Gorshenin et al., 2008), for the traffic in information
systems (Gorshenin and Korolev, 2013) and for the plasma
turbulence (Gorshenin, 2014) should be mentioned.
In the present work, finite location-scale mixtures of normal
distributions are used as approximation to the one-dimensional
distributions of stochastic processes. Some theoretical background of these models can be found in (Korolev, 2011).
To analyze the dynamics of the changes in the stochastic
process, the problem of statistical estimation of unknown
parameters of distributions should be successively solved for
a part of sample which moves in a direction of astronomical
time (i.e., the initial sample is divided into sliding or moving
sub-samples often called windows). Typically, the window
(sub-sample) size is fixed. Once the analyzed parameters are
obtained for a current location, the window should be moved
by one element of the initial sample (i.e., the method will
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To reveal the changes of the structure of forming stochastic
processes in time, so-called method of moving separation
of mixtures (MSM method) is successfully used (Korolev,
2011), For example, the papers with results for the financial
markets (Gorshenin et al., 2008), for the traffic in information
systems (Gorshenin and Korolev, 2013) and for the plasma
turbulence (Gorshenin, 2014) should be mentioned.
In the present work, finite location-scale mixtures of normal
distributions are used as approximation to the one-dimensional
distributions of stochastic processes. Some theoretical background of these models can be found in (Korolev, 2011).
To analyze the dynamics of the changes in the stochastic
process, the problem of statistical estimation of unknown
parameters of distributions should be successively solved for
a part of sample which moves in a direction of astronomical
time (i.e., the initial sample is divided into sliding or moving
sub-samples often called windows). Typically, the window
(sub-sample) size is fixed. Once the analyzed parameters are
obtained for a current location, the window should be moved
by one element of the initial sample (i.e., the method will

analyze the next sub-sample). This allows to detect all possible
changes in the behavior of components.
We suppose that the cumulative density function for corresponding moment of time (location of a window) can be
represented as
(
)
Zx
k
2
X
pi
(t − ai )
√
F (x) =
exp −
dt,
(1)
2σi2
σ 2π
i=1 i
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where
k
X

pi = 1, pi > 0.

(2)

i=1

(for all x ∈ R, ai ∈ R, σi > 0, i = 1, . . . , k). The model (1)
is called a finite location-scale normal mixture. Parameters
p1 , . . . , pk are weights under conditions (2). The parameter
k is the number of mixture components. The parameters
a1 , . . . , ak are associated with the dynamic component of the
volatility (variance) of the process, the parameters σ1 , . . . , σk
are associated with the diffusion one, see (Korolev, 2011).
The main idea of detection of movements by the MSM
method is as follows. First of all, the dynamic and diffusive
components should be estimated. In most situations, various
modifications of EM algorithm are involved (Korolev, 2011).
As applied to a myogram, it was found that for both dynamic
and diffusive components of the variance, there is one main
component and the noise (mainly due to the computational
errors). To suppress the influence of the noise, we propose a
special algorithm, namely, the smoothed EM algorithm. All of
EM algorithms are an iterative procedures. So, at the first step
the initial values for the parameters ai , σi , pi in the ratio (1)
should be determined in a way. The problem concerns the wellknown fact about the dependence of EM algorithm on initial
values: it finds local maxima (i.e., the estimators are closest to
the initial values). Usually, to avoid the problem, initial values
are chosen randomly. For the smoothed EM algorithm we use
a more complicated procedure. The classical EM algorithm
starts in a standard mode for some location of window (for
example, 5−10 movements). Then the estimators of the classic
method is interpreted as the initial value for the smoothed EM
algorithm. Moreover, the initial values in the next step are the
estimators obtained at the current step. As a result, we obtain
the unique smooth component without a noise.
One of key problems in detection of movements by the
MSM method is a possible time delay. The analysis is based
on sub-samples, and the influence of a new moment of time
(one element of the sample) could appear with a delay. But
we are interested in the precise detection of movements. The
solution is based on idea of double sample processing by MSM
method: in forward and backward directions. Comparing the
probable points for both directions, we can find right location
of movements.
APPLICATION TO REAL DATA
To detect the points of movements we use the myogram
as the initial data (sample). To avoid trends in the myogram
(and in the dynamic volatility component), the differences of
successive elements of the sample should be found. We tested
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various sizes of window (e.g., 20, 30, 50) to compare the
character of components. In the paper we present the results
for sub-samples of size equal to 50 elements in each position
of a window.
The algorithm described above was applied to the myogram. The results for both directions are represented on Fig. 1
and 2. The x-axis corresponds to the time of experiments
(in milliseconds), the y-axis demonstrates the corresponding
values of components. The thin solid lines are components
(above is the dynamic component and below is the diffusive
one).
We can see the balance statement of the subject at the
beginning of components approximately until the point 3000.
Note that it is very important to use the diffusive component to
determine the mode due to possible ambiguities in the dynamic
component. We exploit the balance statement of the subject to
estimate the bounds to be used for movements detection. For
example, the w-sigma rule (for the normal distribution with
parameters a and σ) can be used for this purpose:
r
P (|X − a| < wσ) =

2
π

Zw
e

−t2 /2

dt.

0

We can specify a sufficient probability and then find the
corresponding value of w. It is the way to fix the bounds.
The probable points of movements are determined by the
crossings of the bounds. Next we need to group the probable
points of both directions. It seems reasonable to classify groups
with the help of metric related with the window size. For
example, all of probable points which are located inside the
interval with length j · sizewindow , should be classified as a
group. And the starting point of a movement is the average of
their time locations.
Fig. 1 and 2 demonstrate the points of movements obtained
by the method based on myogram window variance and by the
method based on moving separation of mixtures: the vertical
red dashed lines and the green triangles, respectively. We can
see a good compliance between the results of the two statistical
methods. The only exception is the triangle near the mark
6200 ms (the second triangle from left). There are two reasons
for that point. First, at the beginning of experiment, the subject
adjusts to the conditions and can move not only his finger
but his head or leg as well. But this influences the myogram.
Second, for the method based on myogram window variance
the information from photocell button was available. It allows
to omit some false moments. For the MSM method, we had
no data but the myogram.
We compared the results of the method for the components
graphs. But we analyzed differences of myogram. So, it needs
to compare the starting points of movements by both methods
for initial myogram as is demonstrated in Fig. 3.
The x-axis corresponds to the time of experiments (in
ms), the y-axis demonstrates the corresponding values of the
myogram. The thin solid line demonstrates the signals of
myogram, the vertical red solid lines and the green triangles
are the movement points for two methods respectively. There
are no changes for the conclusions mentioned above.
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on top of the figure, a diffusive component is arranged on below). The points of movements by method
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Fig. 2. The backward direction of analysis. The thin solid lines are components (a dynamic one is located
on top of the figure, a diffusive component is arranged on below). The points of movements by method
based on myogram window variance and by method based on moving separation of mixtures: the vertical
red dashed lines and the green triangles respectively.
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Fig. 2. The backward direction of analysis. The thin solid lines are components (a dynamic one is located
on top of the figure, a diffusive component is arranged on below). The points of movements by method
based on myogram window variance and by method based on moving separation of mixtures: the vertical
red dashed lines and the green triangles respectively.
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Fig. 3. The myogram. The thin solid line demonstrates signals of myogram, the vertical red solid lines
and the green triangles are the movement points for two methods respectively.
CONCLUSIONS
The paper demonstrates an efficiency of two different
statistical methods for solving important medical problem. The
outcomes are very close, it means the results are valid. Both
methods could be adjusted. For example, the method based on
MSM algorithm should involve the processing of additional
data (from accelerometer and photocell button) to precise
location of its points. In addition, using model of probability
mixture, we can obtain a convenient tool for further theoretical
researches in the important field of the modern medicine. Both
methods could be used for processing various types of signals
of human brain.
It should be noted that one more approach for solving of
the inverse problem can be found in (Bening et al., 2014).
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ABSTRACT
We describe an algorithm to forecast financial risks using
parametrized models of normal variance-mean mixtures.
The proposed method takes a set of vectors as the input,
containing a fixed number of the distribution parameters – the
final result of the modified two-step grid-based decomposition
algorithm applied to a moving time window. In this article we
use the class of generalized hyperbolic (GH) distributions as
an example for method demonstration. Practical applications
of the method proposed and processing speed are discussed in
detail. We also describe the process of calibrating the method
as well as provide detailed instructions on how to find the
best fitting model. Using real market data we illustrate the
accuracy of the resulting forecasts depending on the method
settings, including long-term forecasts.
INTRODUCTION
One of the most important hands-on problems of the
financial market analysis is the problem of forecasting the
risks associated with the excess of certain critical thresholds
by specific indicators. Statistical analysis of available financial
data often concludes that many distributions are subject to
have so-called heavy tails. Precise estimation of those tails
will enable us to adequately estimate the associated risks.
In addition to study of the distributions themselves, any
financial organization is very interested in getting more or
less accurate forecasts based on the data observed. Forecasting
carries a large speculative factor, but some requirements for
any meaningful forecasting method can be set in advance: a
method should work fast enough so that the decision makers
have sufficient time to take action based on the forecast; and
the method should demonstrate good results on a randomly
selected historical data sample.
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To simplify the problem of estimating and forecasting
distributions an approach is often used to narrow the acceptable
distribution classes, significantly reducing the dimension of
the task. In particular, models based on the normal variancemean mixtures demonstrated extremely high highest adequacy
when solving practical problems associated with the analysis
of various financial indexes evolution. Moreover, these models
have a substantial theoretical justification due to the fact they
are limit distributions for certain random walks with random
intensities [6].
In this paper we propose a forecasting algorithm for
the parameters (in particular, for risk estimation) of special
subordinated Wiener processes whose distributions are normal
variance-mean mixtures. This class of mixtures is very large
and includes generalized hyperbolic distributions which were
introduced by O.-E. Barndorff-Nielsen in 1977–78 [2], [3].
Let α ∈ R, β ∈ R. If the distribution function of the
generalized hyperbolic law with parameters α, β, ν, µ, λ is
denoted as PGH (x; α, β, ν, µ, λ), then, by definition
Z ∞ 
x − β − αz 
√
·
PGH (x; α, β, ν, µ, λ) =
Φ
z
0
· pGIG (z; ν, µ, λ)dz, x ∈ R, (1)
where Φ(x) is the standard normal distribution function:
Z x
2
1
Φ(x) =
ϕ(z)dz, ϕ(x) = √ e−x /2 , x ∈ R,
2π
−∞
pGIG (x; ν, µ, λ) is the density of the generalized inverse
Gaussian distribution:
pGIG (x; ν, µ, λ) =

λν/2
√  · xν−1 ·
2µν/2 Kν µλ
n 1µ
o
· exp −
+ λx ,
2 x

Here ν ∈ R,
µ > 0,
µ > 0,
µ > 0,

λ > 0, if ν < 0,
λ > 0, if ν = 0,
λ > 0, if ν > 0,
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x > 0.

Kν (z) is the modified Bessel function of the third kind with
index ν,
Z
n z
1 ∞ ν−1
1 o
Kν (z) =
y
exp −
y+
dy,
2 0
2
y
z ∈ C, Re z > 0.
DESCRIPTION OF THE METHOD FOR
FORECASTING FINANCIAL RISKS AND ITS
CHARACTERISTICS
The proposed approach aims at forecasting the distribution
of the random process under consideration rather than at
forecasting its values. To obtain point-wise forecasts within
this approach, one just can take, say, the expectation of
the predicted distribution (the best mean-square predictor)
or its median (the best mean-absolute-deviation predictor).
Moreover, this approach makes it possible to forecast the
risks related to large deviations (say, VaR) by forecasting the
behavior of the tails of the distributions or its quantiles.
We will describe the method using the example of the fiveparameter class of generalized hyperbolic processes. Note that
the method uses only the provided values of distributions parameters and does not take into account any other information
about the class so that this method can be directly applied to
any other parameterized class of distributions.

i = 1, . . . , K; j = 1, . . . , n.
Then, using the standard procedures that define the EMalgorithm formulas for the parameters of a finite normal
mixture (see, e.g., [4], sections 5.3.7–5.3.8), we obtain
1 Xn
(m+1)
(m)
pi
=
g , i = 1, . . . , K.
(3)
j=1 ij
n
Pn
Denote x = n1 j=1 xj . Using formula (5.3.24) from [4] and
PK (m)
taking into account the obvious equation i=1 gij = 1 we
notice that the updated α parameter estimation is
α(m+1) = PK

x

(m+1)
i=1 ui pi

,

(4)

i.e., it is equal to the ratio of the general sample mean and the
current empirical mean of the mixing distribution.
It is a known fact that the classic EM algorithm is monotone. If the grid nodes u1 , . . . , uK are not equal to each other,
are non-negative and known, then the iterative process (3) (4) is monotone, i.e. every iteration of the algorithm does not
reduce the target grid likelihood function
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L(p1 , . . . , pK , α; x1 , . . . , xn ) =
Yn h XK pi  xj − α(m) ui i
=
.
√ ϕ
√
j=1
i=1
ui
ui

We will describe the method using the example of the fiveparameter class of generalized hyperbolic processes. Note that
the method uses only the provided values of distributions parameters and does not take into account any other information
about the class so that this method can be directly applied to
any other parameterized class of distributions.

The first step is to take the analyzed time series and apply
the standard approach of mixture analysis with a moving
sample (or “window”). In order to do this, we need to fix
the window size w and the shift of that window s lew (i.
e., how many new values from the time series will the next
window have as compared to the previous one). After that,
we apply the modified two-step grid-based method of normal
variance-mean mixtures decomposition proposed in [1].

In section 5.7.4 of [4] it is demonstrated that for each fixed α
the grid likelihood function L(p1 , . . . , pK−1 , α; x1 , . . . , xn ) is
concave in p1 , . . . , pK−1 . Therefore, at each step of the iterative process instead of (3) we can use any other faster algorithm
to maximize the function L(p1 , . . . , pK−1 , α(m) ; x1 , . . . , xn )
by variables p1 , . . . , pK−1 . For example, the estimates of the
weights p1 , . . . , pK can be found using conditional gradient
method [4].
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At the first step we select the main part of the mixing
distribution support on R+ , i. e. we specify an interval, the
probability of which (calculated in accordance with the mixing
distribution) is approximately equal to 1. Once the interval is
selected, we cover it with a finite grid containing a known
number K of known nodes u1 , . . . , uK . Assume that the
shift parameter beta is zero. Then the approximation of
the unknown generalized hyperbolic distribution by a finite
mixture of normal laws is
 x − αu 
XK
i
PGH (x; α, 0, ν, µ, λ) ≈
pi Φ
, x ∈ R.
√
i=1
ui
(2)
In the mixture on the right-hand side of (2), only the parameters p1 , . . . , pK−1 , α are unknown. Let x1 , . . . , xn be the
analyzed sample of random variable values which has the generalized hyperbolic distribution being estimated. The iterative
process that defines the grid EM (Expectation Maximization)
algorithm is defined as follows.

As the result, on the first step we are able to produce
an estimate for α and weights for each point ui of the
grid, covering the majority of the mixing Generalized Inverse
Gaussian (GIG) distribution PGIG (z; ν, µ, λ).
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On the second step we apply any standard method of fitting
a parametrized distribution PGIG (z; ν, µ, λ) to the empirical
data represented by the histogram (u1 , p1 ), . . . , (uK , pK ). For
example, we can find ν, µ and λ parameters solving the least
squares problem
XK 
∗
∗
∗
(ν , µ , λ ) = arg min
pi −
i=1

ν,µ,λ

Z

1
2 (ui +ui+1 )

−

2
pGIG (u; ν, µ, λ)du ,

1
2 (ui−1 +ui )

given u0 = 0, uK+1 = ∞. As an alternative, these parameters
can be found from the condition


(ν ∗ , µ∗ , λ∗ ) = arg min DKL pGIG (u; ν, µ, λ), h(u) ,
ν,µ,λ

where


0,
u 6 12 u1 ,

u
i+1 − ui−1
, 12 (ui−1 + ui ) < u 6 12 (ui + ui+1 ),
h(u) =
2p

i

0,
u > 12 (3uK − uK−1 ),

(m)

(m)

Let p1 , . . . , pK−1 , α(m) be the estimates of the parameters p1 , . . . , pK−1 and α respectively obtained on the mth
(m)
(m)
(m)
iteration, pK = 1 − p1 − . . . − pK−1 . Denote
(m)

ϕij

(m) (m)
pi ϕij
1  xj − α(m) ui 
(m)
=√ ϕ
,
g
=
√
PK (m) (m) ,
ij
ui
ui
pr ϕ
r=1

rj

638

L(p1 , . . . , pK , α; x1 , . . . , xn ) =
Yn h XK pi  xj − α(m) ui i
=
.
√ ϕ
√
j=1
i=1
ui
ui

On the second step we apply any standard method of fitting
a parametrized distribution PGIG (z; ν, µ, λ) to the empirical
data represented by the histogram (u1 , p1 ), . . . , (uK , pK ). For
example, we can find ν, µ and λ parameters solving the least
squares problem
XK 
∗
∗
∗
(ν , µ , λ ) = arg min
pi −
i=1

ν,µ,λ

Z

1
2 (ui +ui+1 )

−

2
pGIG (u; ν, µ, λ)du ,

1
2 (ui−1 +ui )

given u0 = 0, uK+1 = ∞. As an alternative, these parameters
can be found from the condition


(ν ∗ , µ∗ , λ∗ ) = arg min DKL pGIG (u; ν, µ, λ), h(u) ,
ν,µ,λ

where


0,
u 6 12 u1 ,

u
i+1 − ui−1
, 12 (ui−1 + ui ) < u 6 12 (ui + ui+1 ),
h(u) =
2p

i

0,
u > 12 (3uK − uK−1 ),

is
the
histogram
constructed
from
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values


(u1 , p1 ), . . . , (uK , pK ), and DKL pGIG (u; ν, µ, λ), h(u) is
the Kullback–Leibler divergence.
A specific method of grid selection is described in [1].
As the input for the forecasting method we use the result
of the two-step method described above, i.e. we use the set of
vectors θ1 , θ2 , . . . , θN containing the distribution parameters
calculated on N̂ known frames; θi = (αi , βi , νi , µi , λi )T
The goal of the forecast is to estimate θn+1 , θn+2 , . . . for
the frames which will partially or fully consist of the unknown
data from the future. To achieve this, we use
θ̃i+1 = F1 θi + F2 θi−1 + . . . + Fr θi−r+1 ,
where r ∈ N is a pre-defined constant meaning the order of
the regression, Fj ∈ R5×5 – regressor-matrices.
The procedure to find the parameters is:
2
XN −1 
(F1 , . . . , Fr ) = arg min
θi+1 − θ̃i+1 .
i=r+1

(5)

To put it simply, we have a regression model, where the
search of the matrices Fj (learning process) is realized via
the minimization of the residual sum of squares (RSS) using
N̂ −r known data points. To make the notation more readable,
let N = N̂ − r.
Formula (5) is a variation of a linear regression, so implementing this calculation is not a complex task. Moreover,
many statistical programs and packages already have built-in
functions for the calculation of Fj when r = 1, 2.
ACCURACY OF THE FORECAST
The residual sum of squares, calculated in the process of
finding Fj can be treated as a criteria of model fitness (if
we divide it by N ), but this value does not take into account
the assumption regarding the form of the distribution itself.
It is important that some parameters might have significantly
bigger impact on the shape of the resulting distribution than
the others.
In order to determine the accuracy of forecasts more
precisely let us compare the actual forecasted GH-distribution
with parameters θ̃i+1 and the historically calculated GHdistribution with parameters θi+1 (as opposed to direct comparison of those parameters to each other). In order to do the
comparison, we propose to use a number of metrics.
Let F̃ (x) and F (x) – cumulative distribution functions
(CDF) of generalized hyperbolic distributions with parameters
θ̃i+1 and θi+1 respectively, let f˜(x) and f (x) – corresponding
probability density functions.
1. C, L1 , L2 metrics
These metrics are often used to determine how close distributions are. They are respectively defined as
C(f˜, f ) = sup |f˜(x) − f (x)|,
L1 (f˜, f ) =

Z

+∞

1/2
2
˜
(f (x) − f (x)) dx
.

−∞

The smaller the values C, L1 or L2 , the closer the compared
distributions are to each other.
2. aIntersect metric
This metric has the meaning of the graphical discrepancy (antiintersect) of the density functions:
Z +∞
I(f˜, f ) = 1 −
min(f˜(x), f (x))dx
−∞

The closer aIntersect to zero, the closer the compared distributions are.
3. Tail estimations
Specifically for the estimation of the tails of the distribution
related to the corresponding risks, it is reasonable to introduce
the following measures of tail prediction quality:
W0.05 = F̃ (x0.05 ),

W0.95 = F̃ (x0.95 ),

xα stands for the α-quantile of the distribution F (x).
Since the GH-distributions are absolutely continuous, the
above can be presented in a more usable format:
W0.05 = F̃ (F −1 (0.05)),

W0.95 = F̃ (F −1 (0.95)).

The closer T0.05 is to 0.05, the more accurate is the estimated
left tail of the distribution. The same applies to the right tail
for T0.95 and 0.95
In addition to the estimation of the left and right tails,
it is also reasonable to analyze the accuracy of the quantile
estimation itself:
S0.05 = |x̃0.05 − x0.05 |,

S0.95 = |x̃0.95 − x0.95 |,

or using the density function
S0.05 = |F̃ −1 (0.05) − F −1 (0.05)|,
S0.95 = |F̃ −1 (0.95) − F −1 (0.95)|.
The lower Sα , the more accurate the corresponding quantile
estimation is.
All the above can be applied to 0.025- and 0.975-quantiles
as well, covering 95% of the distribution.
By calculating the metrics mentioned above for different
forecast parameters (regression order, historical data size used
for learning) we can find the optimal model for each individual
forecasting challenge.
RESULTS FOR REAL MARKET DATA
The paper [7] contains a detailed description of things
to consider when using the modified two-step grid-based
decomposition method as well as practical advice on how to
get the values θ1 , θ2 , . . . , θn in the fastest and most accurate
manner.
As the source data for our experiment we use the KOSPI
market index (Korea Composite Stock Price Index) is the main
weighted indicator of Korean Stock Exchange which includes
all publicly traded companies on that particular Exchange. This
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(u1 , p1 ), . . . , (uK , pK ), and DKL pGIG (u; ν, µ, λ), h(u) is
the Kullback–Leibler divergence.
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2
XN −1 
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θi+1 − θ̃i+1 .
i=r+1

(5)
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Fig. 2.

Experiment timeline, local Korea Stock Exchange time.
TABLE I.

N=
r = 1 (16 params)
r = 2 (32 params)
r = 3 (48 params)

Fig. 1.
time.

Evolution of GH-distribution approximation of KOSPI index over

index was introduced in 1983 and is principal for Korean
markets ever since, so it is often used for the analysis and
forecast exercises. More details can be found on Bloomberg www.bloomberg.com/quote/KOSPI:IND.
We will analyze the dynamic of the logarithms of the index
values with one minute frequency (tick) during three working
days, starting from market opening on 8 December, 2014.
The window size is set equal to 3 hours: w = 180,
the window shift is minimal and equals one tick, s = 1.
Once we apply the two-step grid algorithm to the above, it
produces the parameter estimates θi = (αi , βi , νi , µi , λi )T . In
this experiment without significantly limiting the model we
used all βi = 0, leaving only 4 parameters in business.
The algorithm is robust to minor changes in input parameters, and the window shift is minimal, so the vector θi is
“smooth” enough, i. e., for each next step the parameter values
are close to the previous stem. Fig. 1 presents the dynamic of
the GH-distribution in time (reconstructed using θi ).
FORECASTING PROCEDURE AND SELECTED MODELS
Let us select a specific point in time (window T=300), that
we will treat as the current point in time among available 864
frames. This will be the borderline between the data which is
known to the researcher and which is yet unknown: the data
on the left will be used for the calculation of the parameters
of different models (‘learning’), the data on the right will be
used to compare the forecasted values against the real recorded
data.
For the assessment of the forecast accuracy we will calculate the metrics for forecasts built for certain frames in the
future:
•

T+1 - frame shifted by 1 tick, minimal possible
forecast, 99% values known as of moment T,
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•

T+10 - forecast of 10 ticks (10 minutes), 94% values
known as of moment T,

•

T+60 - forecast of 60 ticks (1 hour), 66% values
known as of moment T,

•

T+120 -forecast of 120 ticks (2 hours), 33% values
known as of moment T,

•

T+180 - forecast of 180 ticks (3 hours), 0% values
known as of moment T.

Fig. 2 illustrates the experiment timeline. The moment T
is marked on the timeline, the events on the left are available
for us and are historical values, the events on the right need
to be forecasted (and later compared to the actual values).
As the fitted models we will use models with r = 1, 2
3, i. e., matrix-based regression of the first, second and third
orders. In addition to changing r we will also vary the number
of historical events N used for calculations. For example, the
models that use less data will reflect more recent trends but
will probably be less accurate for the long-term forecasts.
In this case, the calculation of regressor-matrices reduces
to the calculation of 16, 32 or 48 floating point parameters for
r = 1, 2 and 3 respectively. Taking into account the number of
available data, we will specify which models is included into
consideration in Table I.
SELECTING THE BEST MODEL FOR FIXED FORECAST INTERVAL
Once all the required model parameters are calculated (this
process is very rapid), we will fix the most relevant prediction
interval (“the horizon”): for example, we are mostly interested
in forecasting one hour ahead or using the T-terminology,
T+60. The comparison of different models for this selected
horizon can be found in Tables II, III and IV.
To better visualize the results, the best mertic values are
highlighted in Tables II, III and IV for each of the groups
r = 1, 2 and 3.
Based on the results above, we make the conclusion that
for r = 1 and r = 2 the model with minimum RSS is in
fact not the best for forecasting the distribution at T+60. This
fact also confirms the necessity to use the metrics introduced
above.
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is marked on the timeline, the events on the left are available
for us and are historical values, the events on the right need
to be forecasted (and later compared to the actual values).
As the fitted models we will use models with r = 1, 2
3, i. e., matrix-based regression of the first, second and third
orders. In addition to changing r we will also vary the number
of historical events N used for calculations. For example, the
models that use less data will reflect more recent trends but
will probably be less accurate for the long-term forecasts.
In this case, the calculation of regressor-matrices reduces
to the calculation of 16, 32 or 48 floating point parameters for
r = 1, 2 and 3 respectively. Taking into account the number of
available data, we will specify which models is included into
consideration in Table I.
SELECTING THE BEST MODEL FOR FIXED FORECAST INTERVAL
Once all the required model parameters are calculated (this
process is very rapid), we will fix the most relevant prediction
interval (“the horizon”): for example, we are mostly interested
in forecasting one hour ahead or using the T-terminology,
T+60. The comparison of different models for this selected
horizon can be found in Tables II, III and IV.
To better visualize the results, the best mertic values are
highlighted in Tables II, III and IV for each of the groups
r = 1, 2 and 3.
Based on the results above, we make the conclusion that
for r = 1 and r = 2 the model with minimum RSS is in
fact not the best for forecasting the distribution at T+60. This
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TABLE II.

F ORECAST QUALITY COMPARISON FOR DIFFERENT
+1 HOUR (T+60). M ETRICS C, L1 , L2 , I .

TABLE IV.

MODELS ,

r
1
1
1
1
1
2
2
2
3
3

N
10
20
50
100
200
50
100
200
100
200

RSS
0.583
0.377
0.350
0.315
0.920
0.275
0.291
0.903
0.271
0.758

TABLE III.
MODELS ,
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3

N
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20
50
100
200
50
100
200
100
200

RSS
0.583
0.377
0.350
0.315
0.920
0.275
0.291
0.903
0.271
0.758

C
0.080
0.091
0.062
0.123
0.286
0.130
0.078
0.272
0.064
0.269

Forecast
L1
0.106
0.118
0.082
0.159
0.355
0.169
0.116
0.340
0.102
0.332

T+60
L2
0.070
0.079
0.054
0.106
0.235
0.112
0.073
0.225
0.063
0.221

MODELS ,

I,%
5.68
6.23
4.40
8.36
18.05
8.81
6.22
17.33
5.55
16.94

R
1
1
1
1
1
2
2
2
3
3

F ORECAST QUALITY COMPARISON FOR DIFFERENT
+1 HOUR (T+60). TAIL METRICS FOR 90%.

W0.025
0.033
0.030
0.029
0.033
0.023
0.028
0.038
0.023
0.039
0.024

T+60 forecast, 95% interval
W0.975
S0.025
S0.975
0.968
0.173
0.033
0.966
0.119
0.045
0.969
0.096
0.029
0.960
0.177
0.072
0.927
0.040
0.161
0.956
0.085
0.087
0.968
0.283
0.037
0.930
0.040
0.157
0.969
0.283
0.030
0.932
0.006
0.149

F ORECAST QUALITY COMPARISON FOR DIFFERENT
+1 HOUR (T+60). M ETRICS C, L1 , L2 , I .

T+60 forecast, 90% interval
W0.05
W0.95
S0.05
S0.95
0.059
0.935
0.112
0.051
0.055
0.931
0.065
0.063
0.055
0.938
0.057
0.041
0.058
0.920
0.102
0.092
0.041
0.866
0.121
0.193
0.052
0.916
0.026
0.105
0.067
0.934
0.201
0.054
0.041
0.870
0.117
0.188
0.068
0.937
0.206
0.045
0.043
0.873
0.089
0.181
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Fig. 3 demonstrates the forecasted distribution vs. the
actual one for the best selected model. Based on the calculated
metrics we may conclude that the model found by the proposed
method is suitable for the predictions of at least one hour
ahead. Also we have a strong evidence that these forecasts
provide a very reliable estimation of the distribution tails,
which is the key for our initial goal, future risk assessment.
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for our task, we can directly minimize this metric on historical
data instead of finding the least RSS (see eq. (5)). However,
in most cases the calculation of regressor-matrices Fj is not
a linear programming problem and requires significantly more
computational resources. One of potential ways to overcome
the increased computation time is to increase the window shift,
for example, s = 20. By increasing the shift we decrease the
frequency of recalculation procedures, allowing more time per
each individual forecast.
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Among all selected models our top picks are r = 1, N =
50 and r = 2, N = 100, the corresponding rows in the table are
highlighted with gray color. Based on the metric values alone,
the simple linear regression of the first order r = 1, N = 50
provides the best fit.
Fig. 3 demonstrates the forecasted distribution vs. the
actual one for the best selected model. Based on the calculated
metrics we may conclude that the model found by the proposed
method is suitable for the predictions of at least one hour
ahead. Also we have a strong evidence that these forecasts
provide a very reliable estimation of the distribution tails,
which is the key for our initial goal, future risk assessment.
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called,
locally-balanced
networks,
stationary
probabilities of states of which have multiplicative form.
An alternative approach is to use the method of the
asymptotic analysis for the researching of complex
systems and networks. Many variants of asymptotic
conditions are considered (Anisimov and Lebedev
1992), (Anisimov 2002), (Anisimov 2008), (Basharin et
al. 1989), (Lebedev and Chechelnitsky 1989), (Lebedev
2003), (Nazarov and Moiseeva 2006).
Typically, a service process in queueing networks is a
multidimensional
vector
with
interconnected
components and the complex system of stochastic
relations defining the process. The principal problem is
to apply multidimensional and large-size queueing
models to improve efficiency of networks. Therefore,
asymptotic methods are particularly effective in the
study of queueing networks. They allow to detect the
regularities which underlie the service process of
queueing networks of the given type. An approximate
process and the associated functionals provide a
possibility to calculate the basic parameters of the
service process in order to solve optimization problems.
The present work develops the direction connected with
functional limit theorems in the class of multi-channel
queueing networks. The main objective of the paper is to
study a service process in such networks with nodes in a
heavy traffic regime. We consider the models of multichannel queueing networks in which an input flow for
each node is a non-homogeneous Poisson flow with its
rate depending on time. Service times of calls are
independent random values with distribution functions
of exponential type, Erlang type and the most general
GI - type.
In section 2 we consider the networks with
exponentially distributed service times in each node. For
such a Markov multi-channel network we formulate a
functional limit theorem on convergence in uniform
topology for the service process and construct the limit
Markov Gaussian approximate process with its
characteristics in explicit form. In section 3 the scheme
of the proof is given. In section 4 the networks with
service times of Erlang type are studied. It has been
shown that in this case the approximative process may
be represented as a Markov Gaussian process. In the last
JJJG
section we investigate the [ M t | GI | ∞]r - models in a
heavy traffic regime and construct a corresponding
limit non-Markov process.
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ABSTRACT
In this paper the asymptotic analysis of multi-channel
queueing networks is developed. Service processes in a
JJJG
JJJG
heavy traffic regime for [ M t | M | ∞]r , [ M t | Em | ∞]r
JJJG
and [ M t | GI | ∞]r -models are considered. Functional
limit theorems of diffusion approximation type for
service processes are formulated under convergence in
uniform topology. A limit non-Markov Gaussian
process is constructed, its correlation characteristics are
represented in an explicit form via network parameters.
1. INTRODUCTION
In the analysis of data transmission networks, computer
networks and modern communication networks
researchers often use models of queueing systems and
networks (Anisimov and Lebedev 1992), (Anisimov
2008), (Basharin et al. 1989), (Korolyuk and Korolyuk
1999), (Massey and Witt 1994), etc. Their structure is
determined by the probabilistic characteristics of the
input flows, data processing algorithms. It is necessary
to find their characteristics, to optimize them, and to
develop the corresponding control algorithms.
In practice, the rate of an input flow often depends on
time. This aspect motivates using nonhomogeneous in
time processes for the simulation of real networks.
Research of queueing systems and networks with
variable in time parameters is a complex mathematical
problem. The dependence of the rate on time brings
additional difficulties in studying of appropriate models.
At the same time, still there are no common research
methodologies for such models in spite of the fact that a
lot of published materials contain the studies of them.
Thus there is a need to develop such methods, at least
for certain classes of systems.
The main approach to studying of queueing networks is
based upon the direct method of finding expressions for
the network state probabilities. It allows us to find the
exact solution for multiplicative or, as they are often
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2. GAUSSIAN APPROXIMATION OF MARKOV
MULTICHANNEL NETWORKS

where ε ∈ (0,1) , sup λi (u ) = λi∗ , δ (u ) → 0 , as u → ∞ .
u ≥0

Now let λi (t ) be a periodic function with a period Ti :

The basic Markov model under consideration in the
paper is a queueing network consisting of " r "
processing nodes.
We consider a non-homogeneous Poisson input flow of
calls ν i (t ) with a leading function Λ i (t ) as an input
flow arriving at the i -th node, i = 1, 2,..., r . Each of " r "
nodes operates as a multi-channel stochastic system. If a
call arrives at such a system then its service immediately
begins. The distribution of the service time depends on
the node number. In the i -th node service time is
exponential distributed with the rate μi , i = 1, 2,..., r .
After service in the i -th node the call arrives in the j -

λi (nTi + t ) = λi (t ) for both n = 1, 2,... and 0 ≤ t < Ti .
⎛ Ti
⎞
Then Condition 1 is held with Λ i(0) (t ) = ⎜ ∫ λi (u )du ⎟ t .
⎜
⎟
⎝0
⎠
Really,
t

Λ i (t )
=
t

probability pi , r +1 = 1 − ∑ pij . P = pij
j =1

r
1

is a switching

matrix of the network. An additional node numbered
" r + 1 " is interpreted as an "output" from the network.
According to a notation system adopted in the theory of
queueing networks such a model will be marked by a
JJJG
symbol [ M t | M | ∞]r .
Let Qi (t ) , i = 1, 2,..., r be the number of calls in the i th node of the network at t moment of time. The r dimensional process Q′(t ) = (Q1 (t ),..., Qr (t )) will be
defined as the service process of calls in the network of
JJJG
the [ M t | M | ∞]r -type.
The heavy traffic regime is determined by following
behavior of network parameters.
Condition 1. Input flows depend on “ n ” (series
number) so that in any finite interval [0, T ]

=

→ λi ,

[t ]Ti + {t}Ti

t →∞

is the set of non-negative integer numbers.
Condition 2. A service rate in each node depends on the
" n " (series number) so that
lim n μi (n) = μi > 0 , i = 1, 2,..., r .
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1

Δ( x) = δ ij xi

(n)
r
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1

is a diagonal

matrix with a vector x′ = ( x1 ,..., xr ) at a principal

symbol ⇒ means convergence in uniform metric.
Let us consider two cases that are important for
applications when Condition 1 is held.
At this point we temporarily assume that the Poisson

diagonal, I = δ ij

r

1

is an identity matrix.

t

To describe the limit of the sequence of stochastic
processes ξ ( n ) (t ) , n ≥ 1 , we introduce two independent

0

Gaussian processes ξ ′ (t ) = (ξ (t ),..., ξ (t )) , i = 1, 2 .

flow ν i (t ) is regular: Λ i (t ) = ∫ λi (u )du , where λi (u ) is

(i )

(i )
1

(i )
r

The process ξ (1) (t ) is determined by the mean values:

the instant value of the parameter (see, for example
(Gikhman and Skorokhod 1971)). It is naturally to call
this flow as a Poisson flow with variable parameter.
If for the regular flow

Eξ (1) (t ) = 0
and by the correlation matrixes:

lim λi (t ) = λi > 0 ,
t →∞

R (1) (t ) = Eξ (1) (t )ξ (1)′ (t ) − Eξ (1) (t ) Eξ (1)′ (t ) =

then Condition 1 is held with Λ (t ) = λi t .
This follows from the estimates:
(0)
i

t

= ∫ P′(t − τ )Δ[d Λ (τ )]P (t − τ ) ,
(0)

0

εt

≤ (1 − ε )δ (ε t ) + (λi∗ + λi )ε ,
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where ( s (1),..., s( N )) ∈ RN , t0 = 0 .
Now in order to prove convergence in uniform topology
it is sufficient to check the following condition:

where Λ (0)′ (t ) = (Λ1(0) (t ),..., Λ (0)
r (t )) ,
P (τ ) = exp{Δ( μ )( P − I )τ } .
For the process ξ (2) (t )

lim lim sup P{ W ( n ) (t2 ) − W ( n ) (t1 ) > ε } = 0 (2)

R (t ) = ∫ [Δ[(d Λ (τ ))′ P(t − τ )] −
(0)

0

sup P{ W
t1 − t2 ≤ h

− P ′(t − τ )Δ[d Λ (τ )]P(t − τ )] ,
(0)

(2)

t∈[0,δ )

≤ n −1Λ(n(δ + h)) ≤ (λ + ε n )(δ + h)
and
sup [ n Λ( n(t + h)) − n Λ (nt )] ≤ λ h + (2T + h)ε n .
−1

Hence we find
lim lim sup P{ W ( n ) (t2 ) − W ( n ) (t1 ) > ε } ≤ λε −2δ .
h → 0 n →∞ t − t ≤ h
1 2

Since δ > 0 is arbitrary condition (2) holds.
Lemma is proved.
Hereafter we will denote as Wi (0) (t ) , i = 1, 2,..., r ,
independent Wiener processes with EWi (0) (t ) = 0 and

∑

s (m)) − 1]} ,

≤ n −1Λ(n(δ + h)) ≤ (λ + ε n )(δ + h)
and
sup [ n −1Λ( n(t + h)) − n −1Λ (nt )] ≤ λ h + (2T + h)ε n .

processes ξ ( n ) (t ) , n ≥ 1 , converges in

t∈[δ ,T ]

uniform topology to the process ξ (1) (t ) + ξ (2) (t ) .
It is easy observed that the limit is a Markov Gaussian
process.
The proof of the Theorem 1 follows from some auxiliary
results. Idea of the proof is contained in the section 3
and additional comments appear at the end of this
section.

Hence we find
lim lim sup P{ W ( n ) (t2 ) − W ( n ) (t1 ) > ε } ≤ λε −2δ .
h → 0 n →∞ t − t ≤ h
1 2

Since δ > 0 is arbitrary condition (2) holds.
Lemma is proved.
Hereafter we will denote as Wi (0) (t ) , i = 1, 2,..., r ,
independent Wiener processes with EWi (0) (t ) = 0 and
VarWi (0) (t ) = Λ i(0) (t ) . If Condition 1 takes place, they

For W (0)′ (t ) = (W1(0) (t ),..., Wr(0) (t )) we will need the
following result.
Lemma 2.
Finite-dimensional
distributions
of
t

⎧− μi (1 − pii ), i = j = 1,..., r ;
⎪
aij = ⎨ μi pij , i ≠ j , i = 1,..., r , j = 1,..., r , r + 1;
⎪
⎩0, i = r + 1, j = 1,..., r , r + 1;

N

E exp{i ∑ s (k )ν (tk )} = ,
k =1

= ∏ exp{[Λ (tk +1 ) − Λ (tk )][exp(i

N

∑

coincide with finite-dimensional

distributions of the Gaussian process ξ (1) (t ) .
This result is a partial case of Lemma 1 from (Lebedev
2003).
JJJG
Service of a call in nodes of the [ M t | M | ∞]r -network
is independent of other calls. In order to define the
service process in a constructive way we consider the
Markov chain x(t ) , t ≥ 0 , in the set of states
{1,..., r , r + 1} with local characteristics

EW (0) (t ) = 0 and VarW (0) (t ) = Λ (0) (t ) .
Proof. Convergence of finite-dimensional distributions
of the process W ( n ) (t ) to W (0) (t ) follows from the fact
that for any natural number N and time moments
0 < t1 < ... < t N the joint characteristic function of
ν (t1 ),...,ν (t N ) is equal:

N −1

′ (u ) P(t − u )

(0)

0

the uniform topology to a Wiener process W (0) (t ) with

k =0
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Condition 1 implies that for any 0 < δ < T

The Conditions 1, 2 provide the following result for the
JJJG
service process of calls in the [ M t | M | ∞]r - network.
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Theorem 1. Let for the [ M t | M | ∞]r - network
Conditions 1, 2 take place. At the initial moment of time
t = 0 the network is empty: Qi (0) = 0 , i = 1, 2,..., r .
Then for any finite interval [0, T ] the sequence of

approximate the input flows ν i( n ) (t ) .
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3. SCHEME OF THE PROOF OF THEOREM 1

sup P{ W ( n ) (t2 ) − W ( n ) (t1 ) > ε } ≤

t1 − t2 ≤ h

(0)

−1

uniform topology to the process ξ (1) (t ) + ξ (2) (t ) .
It is easy observed that the limit is a Markov Gaussian
process.
The proof of the Theorem 1 follows from some auxiliary
results. Idea of the proof is contained in the section 3
and additional comments appear at the end of this
section.

(0)

0

(t1 ) > ε } ≤

Condition 1 implies that for any 0 < δ < T

processes ξ ( n ) (t ) , n ≥ 1 , converges in

from (Gikhman and Skorohod 1971, p. 493).
Basing on the Chebyshev inequality we obtain

R (t ) = ∫ [Δ[(d Λ (τ ))′ P(t − τ )] −

t∈[0,T ]

(2)

The Conditions 1, 2 provide the following result for the
JJJG
service process of calls in the [ M t | M | ∞]r - network.
JJJG
Theorem 1. Let for the [ M t | M | ∞]r - network
Conditions 1, 2 take place. At the initial moment of time
t = 0 the network is empty: Qi (0) = 0 , i = 1, 2,..., r .
Then for any finite interval [0, T ] the sequence of

N −1

(t2 ) − W

(n)

h → 0 n →∞ t − t ≤ h
1 2

t

(2)

≤ ε −2 sup [n −1Λ (n(t + h)) − n −1Λ (nt )] .

R ( s, t ) = R ( s ) P(t − s ) , s < t .

stochastic

(n)

lim lim sup P{ W ( n ) (t2 ) − W ( n ) (t1 ) > ε } = 0 (2)

Eξ (2) (t ) = 0 ,

from (Gikhman and Skorohod 1971, p. 493).
Basing on the Chebyshev inequality we obtain

t

(2)

For the process ξ (2) (t )

h → 0 n →∞ t − t ≤ h
1 2

Eξ (2) (t ) = 0 ,

where ( s (1),..., s( N )) ∈ RN , t0 = 0 .
Now in order to prove convergence in uniform topology
it is sufficient to check the following condition:

where Λ (0)′ (t ) = (Λ1(0) (t ),..., Λ (0)
r (t )) ,
P (τ ) = exp{Δ( μ )( P − I )τ } .

and the initial distribution p′(0) = ( p1 (0),..., pr +1 (0)) .

s (m)) − 1]} ,

m = k +1
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If pi (0) = 1 , then we will denote the corresponding
(i )

chain as x (t ) . State " r + 1 " for the chain x(t ) is an
absorbing one. Transient probabilities of x(t )

pij (t ) = P{x(t ) = j / x(0) = i} = P{x (i ) (t ) = j} ,
for i, j = 1, 2,..., r , are elements of the matrix
P (t ) = exp{Δ ( μ )( P − I )t} .

The path of a call from an input to the output moment of
time can be described by the chain x (i ) (t ) , if the call
arrives in the network through the i -th node. An
absorption in the state " r + 1 " is interpreted as the
output of the call from the network.
Let us connect with the chain x (i ) (t ) , t ≥ 0 , the r dimensional
process
of
indicator
type
(i )
(i )
(i )
χ ′ (t ) = ( χ1 (t ),..., χ r (t )) , t ≥ 0 , as follows:

( m′ = (m(1) , m(2) ,..., m( r ) ) ) is different from the service in
JJJG
networks of the [ M t | M | ∞]r -type only by replacement
of the exponential distribution of service time to the
Erlang distribution. According to the model the service
time of a call in the i -th node has such a density
function:

pij (t ) = P{x(t ) = j / x(0) = i} = P{x (i ) (t ) = j} ,

(i )

(3)

for some positive integer m(i ) and real μi > 0 .
The Erlang distribution for the different values of the
parameter m(i ) defines the class of distributions
including the exponential distribution when m( i ) = 1 , as
well as the degenerate distribution as a limit under
m(i ) → ∞ .
The Erlang distribution relates to distributions of phase
type. The distribution of service time of type (3) has
following interpretation. If a call arrives to service at the
i -th node of the network, then the service process is
split into m(i ) service phases (stages), which the call
passes consistently one by one. Starting with the first
phase it occupies each stage during exponentially
distributed time with the parameter μi . It is clear that a
call can not occupy simultaneously two or more phases
of service. Times of occupying phases are independent
random variables.
The idea to introduce additional service phases belongs
to Erlang, who used it for markovisation of the service
process in queueing systems.
Following the idea to simplify the analysis of the
JJJG
[ M t | Em | ∞]r -network we introduce for modeling of the

⎧⎪e j , x (i ) (t ) = j , j = 1, 2,..., r;
(i )
⎪⎩e0 , x (t ) = r + 1;

where e j is an r -dimensional vector with the j -th
component equal to 1, while others are zero, e0 is a zero
r -dimensional vector.
For
arbitrary
positive
integer
and
N
z ′(i ) = ( z1 (i ),..., zr (i )) , i = 1, 2,..., N , z (i ) ≤ 1 , we will
denote the joint generating function of the vectors
χ ( m ) (t1 ),..., χ ( m ) (t N ) ,
0 < t1 < ... < t N ,
as

m = 1, 2,..., r. For

Φ ′ = (Φ ,..., Φ ) the following formula takes place.
Lemma 3. For any N = 1, 2,... and 0 < t1 < ... < t N
(1)

If pi (0) = 1 , then we will denote the corresponding

⎧ μ ( μ t )m −1
i
i
e − μi t , t ≥ 0
⎪⎪
f i (t ) = ⎨ ( m( i ) − 1) !
⎪
t<0
⎪⎩0,

χ (i ) (t ) = ⎨

Φ ( m ) = Φ ( m ) (t1 ,..., t N , z (1),..., z ( N )) ,

is distributed by Erlang law. We will designate such
JJJG
networks by a symbol [ M t | Em | ∞]r .
JJJG
Obviously, service of calls in the [ M t | Em | ∞]r -network

(r )

Φ = 1+
N

+ ∑ P (Δt1 )Δ[ z (1)]...P ( Δti −1 ) Δ[ z (i − 1)]P( Δti )( z (i ) − 1) ,
i =1

where 1 is an r - dimensional vector composed of units,
Δti = ti − ti −1 ( t0 = 0 ), i = 1, 2,..., N .
The proof of Lemma 3 can be obtained by mathematical
induction on the parameter N .
Returning to the Theorem 1 we note that its proof can be
obtained from the lemmas 1-3. Arguments of the proof
use the method of characteristic functions and
representation of the service process under fixed input
flow path as the sum of indicator processes with
necessary calculations.

i -th node operation m(i ) "new" nodes which are multichannel queueing systems of Markov type with the
service rate μi .
Let us renumber all the nodes so that functioning of the
i -th node will be simulated by the "new" nodes with
numbers
i −1

∑

m( j ) + 1 , … ,

j =1

i

∑

m( j ) .

j =1

External flows of calls will arrive only in nodes with
numbers

4. GAUSSIAN APPROXIMATION OF
NETWORK WITH SERVICE TIMES OF
PHASE TYPE

i −1

N ( i ) = ∑ m( j ) + 1 , i = 1, 2,..., r , where m (0) = 0 .
j =1

In real queues and networks of queues there is a typical
situation when service time of a call consists of the
certain number of exponential phases with the same
parameters. It means that the total service time of a call

We denote as ν (t )
r

an

r - dimensional vector,

r = ∑ m ( j ) , with the N ( i ) - th component is equal to
j =1
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is distributed by Erlang law. We will designate such
JJJG
networks by a symbol [ M t | Em | ∞]r .
JJJG
Obviously, service of calls in the [ M t | Em | ∞]r -network
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of the exponential distribution of service time to the
Erlang distribution. According to the model the service
time of a call in the i -th node has such a density
function:
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for some positive integer m(i ) and real μi > 0 .
The Erlang distribution for the different values of the
parameter m(i ) defines the class of distributions
including the exponential distribution when m( i ) = 1 , as
well as the degenerate distribution as a limit under
m(i ) → ∞ .
The Erlang distribution relates to distributions of phase
type. The distribution of service time of type (3) has
following interpretation. If a call arrives to service at the
i -th node of the network, then the service process is
split into m(i ) service phases (stages), which the call
passes consistently one by one. Starting with the first
phase it occupies each stage during exponentially
distributed time with the parameter μi . It is clear that a
call can not occupy simultaneously two or more phases
of service. Times of occupying phases are independent
random variables.
The idea to introduce additional service phases belongs
to Erlang, who used it for markovisation of the service
process in queueing systems.
Following the idea to simplify the analysis of the
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[ M t | Em | ∞]r -network we introduce for modeling of the
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component equal to 1, while others are zero, e0 is a zero
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arbitrary
positive
integer
and
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denote the joint generating function of the vectors
χ ( m ) (t1 ),..., χ ( m ) (t N ) ,
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as
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m = 1, 2,..., r. For

Φ ′ = (Φ ,..., Φ ) the following formula takes place.
Lemma 3. For any N = 1, 2,... and 0 < t1 < ... < t N
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(3)
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Φ = 1+
N

+ ∑ P (Δt1 )Δ[ z (1)]...P ( Δti −1 ) Δ[ z (i − 1)]P( Δti )( z (i ) − 1) ,
i =1

where 1 is an r - dimensional vector composed of units,
Δti = ti − ti −1 ( t0 = 0 ), i = 1, 2,..., N .
The proof of Lemma 3 can be obtained by mathematical
induction on the parameter N .
Returning to the Theorem 1 we note that its proof can be
obtained from the lemmas 1-3. Arguments of the proof
use the method of characteristic functions and
representation of the service process under fixed input
flow path as the sum of indicator processes with
necessary calculations.

i -th node operation m(i ) "new" nodes which are multichannel queueing systems of Markov type with the
service rate μi .
Let us renumber all the nodes so that functioning of the
i -th node will be simulated by the "new" nodes with
numbers
i −1

∑

m( j ) + 1 , … ,

j =1

i

∑

m( j ) .

j =1

External flows of calls will arrive only in nodes with
numbers

4. GAUSSIAN APPROXIMATION OF
NETWORK WITH SERVICE TIMES OF
PHASE TYPE

i −1

N ( i ) = ∑ m( j ) + 1 , i = 1, 2,..., r , where m (0) = 0 .
j =1

In real queues and networks of queues there is a typical
situation when service time of a call consists of the
certain number of exponential phases with the same
parameters. It means that the total service time of a call

We denote as ν (t )
r

an

r - dimensional vector,

r = ∑ m ( j ) , with the N ( i ) - th component is equal to
j =1
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ν i (t ) , i = 1, 2,..., r , and others are equal to zeros.
Taking into account the "old" switching matrix
P = pij

r
i , j =1

into account the Lemma 1, we can write for the process
ν ( n ) (nt ) :

and the servicing algorithm related to the

i = ip
Erlang distribution, the switching matrix P
ij

r
i , j =1

components with the numbers N (i ) , i = 1, 2,..., r , are
independent Wiener processes with EW N(0)( i ) (t ) = 0 and

α , β =1

The block P (i ,i ) for i = 1, 2,..., r has a size m ( i ) × m ( i )
and it is the matrix of this type:

P ( i ,i )

The block

P(i , j )

⎞
⎟
⎟
⎟.
⎟
0 0 ... 1 ⎟
0 0 ... 0 ⎟⎠

1 0 ... 0
0 1 ... 0
.. .. ... ..

VarW N(0)( i ) (t ) = Λ i(0) (t )

(4)

ξˆ( n ) (t ) = n −1/ 2 (Q( n ) (nt ) − qˆ ( n ) (nt )) ,

P (i , j )

qˆ ( n )′ (t ) = (qˆ1( n ) (t ),..., qˆr ( n ) (t )) ,

( j)

0 0 ... 0 ⎞
⎟
... 0 0 ... 0 ⎟
... ... ... ... ... ⎟ .
⎟
... 0 0 ... 0 ⎟
... 0 0 ... 0 ⎟⎠
...

(5)

i (u ) p
q (nt ) = ∑ ∫ d Λ

j =1

j =1

m( j ) + 2 ,… ,

i

∑

i (n)
j

(nt − u ) , j = 1,..., r ,

{

}

r
P ( n ) (τ ) = p ij( n ) (τ ) = exp Δ ( μ ( n ) )( P − I )τ ,
1

μ ( n ) = ( μ1( n ) ,..., μ1( n ) , μ2( n ) ,..., μ2( n ) ,..., μr( n ) ,..., μr( n ) ) ,




m(1)



m( 2)

m( r )

P is a block matrix consisting of r 2 blocks of type (4),

(5), I is an identity matrix of size r × r .
In order to describe a limit for the sequence of random
processes ξˆ( n ) (t ) , as n → ∞ , we introduce two
independent
Gaussian
processes
(i )
(i )
(i )



′
ξ (t ) = (ξ (t ),..., ξ (t )) , i = 1, 2 , by the same way

(i )

i −1

(n)
i

r

1

as it has been done in the previous section.
The process ξ (1) (t ) is determined by mean values

m( j )

Eξ (1) (t ) = 0

j =1

and by correlation matrices

are equal to 1 and others are equal to 0.
JJJG
Heavy traffic regime in the [ M t | Em | ∞]r - network
mean that its parameters depend on some " n " (series
number), the Condition 1 of the previous section takes
place and the following condition is held:
Condition 3. lim nμi( n ) = μi > 0, and parameters m(i ) ,

R (1) (t ) = Eξ (1) (t )ξ (1)′ (t ) − Eξ (1) (t ) Eξ (1)′ (t ) =
t

 (0) (τ )]P (t − τ ) ,
= ∫ P ′(t − τ )Δ[d Λ
0

n →∞

R (1) ( s, t ) = Eξ (1) ( s )ξ (1)′ (t ) − Eξ (1) ( s ) Eξ (1)′ (t ) =
= R (1) ( s ) P (t − s) , s < t ,

i = 1, 2,..., r , do not depend on " n ".
i ( n ) (t ) an r - dimensional vector
Now we denote by Λ

where

whose components with the numbers N (i ) , i = 1, 2,..., r ,
are equal to Λi( n ) (t ) and others are zeros. Then, taken
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r
i , j =1

P ( i ,i )

The block

P(i , j )

⎞
⎟
⎟
⎟.
⎟
0 0 ... 1 ⎟
0 0 ... 0 ⎟⎠

VarW N(0)( i ) (t ) = Λ i(0) (t )

(4)

ξˆ( n ) (t ) = n −1/ 2 (Q( n ) (nt ) − qˆ ( n ) (nt )) ,

P (i , j )

qˆ ( n )′ (t ) = (qˆ1( n ) (t ),..., qˆr ( n ) (t )) ,

( j)

q ( n )′ (nt ) = (q1( n ) (nt ), q2( n ) (nt ),..., qr( n ) (nt )) ,

(5)

r nt

i i (u ) p i ( n ) (nt − u ) , j = 1,..., r ,
q (jn ) (nt ) = ∑ ∫ d Λ
j

1



j =1

j =1

m( j ) + 2 ,… ,

i

∑



m(1)



m( 2)

m( r )

P is a block matrix consisting of r 2 blocks of type (4),

(5), I is an identity matrix of size r × r .
In order to describe a limit for the sequence of random
processes ξˆ( n ) (t ) , as n → ∞ , we introduce two
independent
Gaussian
processes
(i )
(i )
(i )



′
ξ (t ) = (ξ (t ),..., ξ (t )) , i = 1, 2 , by the same way

(i )

i −1

}

μ ( n ) = ( μ1( n ) ,..., μ1( n ) , μ2( n ) ,..., μ2( n ) ,..., μr( n ) ,..., μr( n ) ) ,

r

1

where 1 is an r -dimensional column-vector whose
components with the numbers

∑

{

r
P ( n ) (τ ) = p ij( n ) (τ ) = exp Δ ( μ ( n ) )( P − I )τ ,

(i )
i (t ), i = 1, 2,..., r ,
Qi (t ) = 1 ′ Q

m( j ) + 1 ,

(n)

i =1 0

t ≥ 0 , are service processes of calls in the networks
JJJG
JJJG
[ M t | Em | ∞]r and [ M t | M | ∞]r respectively, then we
can write:

i −1

qˆ (jn ) (nt ) = 1 ( j )′ q ( n ) (nt ) ,

j = 1,..., r ,

0 0 ... 0 ⎞
⎟
... 0 0 ... 0 ⎟
... ... ... ... ... ⎟ .
⎟
... 0 0 ... 0 ⎟
... 0 0 ... 0 ⎟⎠
...

JJJG
Thus, the functioning of the [ M t | Em | ∞]r - network is
JJJG
simulated by the network of the [ M t | M | ∞]r - type but
with larger number of nodes. By construction, if
i (t ) = (Q
i 1 (t ),..., Q
i r (t ))′,
Q(t ) = (Q1 (t ),..., Qr (t ))′ and Q

∑

t ≥0,

where

rectangular matrix of size m × m :
⎛ 0
⎜
⎜ 0
= ⎜ ...
⎜
⎜ 0
⎜p
⎝ ij

while others components are

zeros.
JJJG
Let us consider for the [ M t | Em | ∞]r - network the
normalized service process:

for i, j = 1, 2,..., r , i ≠ j , is the
(i )

n →∞

components with the numbers N (i ) , i = 1, 2,..., r , are
independent Wiener processes with EW N(0)( i ) (t ) = 0 and

The block P (i ,i ) for i = 1, 2,..., r has a size m ( i ) × m ( i )
and it is the matrix of this type:
1 0 ... 0
0 1 ... 0
.. .. ... ..

U

i (0) (t ) is an r - dimensional vector, whose
where W

α , β =1

⎛ 0
⎜
⎜ 0
= ⎜ ..
⎜
⎜ 0
⎜p
⎝ ii

)

(

i ( n ) (t ) = n −1/ 2 ν ( n ) (nt ) − Λ
i ( n ) (nt ) ⇒ W
i (0) (t ) ,
W

for "new" nodes will have block structure and will be
i = P (α , β ) r
.
composed of r 2 blocks P (α , β ) , P

i =1 0

where 1 is an r -dimensional column-vector whose
components with the numbers

∑

r nt

(n)
j

(i )
i (t ), i = 1, 2,..., r ,
Qi (t ) = 1 ′ Q

m( j ) + 1 ,

i = ip
Erlang distribution, the switching matrix P
ij

q ( n )′ (nt ) = (q1( n ) (nt ), q2( n ) (nt ),..., qr( n ) (nt )) ,

t ≥ 0 , are service processes of calls in the networks
JJJG
JJJG
[ M t | Em | ∞]r and [ M t | M | ∞]r respectively, then we
can write:

i −1

qˆ (jn ) (nt ) = 1 ( j )′ q ( n ) (nt ) ,

into account the Lemma 1, we can write for the process
ν ( n ) (nt ) :

and the servicing algorithm related to the

t ≥0,

j = 1,..., r ,

JJJG
Thus, the functioning of the [ M t | Em | ∞]r - network is
JJJG
simulated by the network of the [ M t | M | ∞]r - type but
with larger number of nodes. By construction, if
i (t ) = (Q
i 1 (t ),..., Q
i r (t ))′,
Q(t ) = (Q1 (t ),..., Qr (t ))′ and Q

∑

r
i , j =1

where

rectangular matrix of size m × m :
⎛ 0
⎜
⎜ 0
= ⎜ ...
⎜
⎜ 0
⎜p
⎝ ij

while others components are

P = pij

zeros.
JJJG
Let us consider for the [ M t | Em | ∞]r - network the
normalized service process:

for i, j = 1, 2,..., r , i ≠ j , is the
(i )

n →∞

i (0) (t ) is an r - dimensional vector, whose
where W

for "new" nodes will have block structure and will be
i = P (α , β ) r
.
composed of r 2 blocks P (α , β ) , P

⎛ 0
⎜
⎜ 0
= ⎜ ..
⎜
⎜ 0
⎜p
⎝ ii

)

(

U

i ( n ) (t ) = n −1/ 2 ν ( n ) (nt ) − Λ
i ( n ) (nt ) ⇒ W
i (0) (t ) ,
W

ν i (t ) , i = 1, 2,..., r , and others are equal to zeros.
Taking into account the "old" switching matrix

as it has been done in the previous section.
The process ξ (1) (t ) is determined by mean values

m( j )

Eξ (1) (t ) = 0

j =1

and by correlation matrices

are equal to 1 and others are equal to 0.
JJJG
Heavy traffic regime in the [ M t | Em | ∞]r - network
mean that its parameters depend on some " n " (series
number), the Condition 1 of the previous section takes
place and the following condition is held:
Condition 3. lim nμi( n ) = μi > 0, and parameters m(i ) ,

R (1) (t ) = Eξ (1) (t )ξ (1)′ (t ) − Eξ (1) (t ) Eξ (1)′ (t ) =
t

 (0) (τ )]P (t − τ ) ,
= ∫ P ′(t − τ )Δ[d Λ
0

n →∞

R (1) ( s, t ) = Eξ (1) ( s )ξ (1)′ (t ) − Eξ (1) ( s ) Eξ (1)′ (t ) =
= R (1) ( s ) P (t − s) , s < t ,

i = 1, 2,..., r , do not depend on " n ".
i ( n ) (t ) an r - dimensional vector
Now we denote by Λ

where

whose components with the numbers N (i ) , i = 1, 2,..., r ,
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The service process of calls in the network of this type is
defined as an r -dimensional stochastic process
Q ′(t ) = (Q1 (t ),..., Qr (t )) , where Qi (t ) , i = 1, 2,...r , is the
number of calls in the i -th node at t moment of time.
The path of a call from the input moment of time in the
JJJG
[ M t | GI | ∞]r - network through the i -th node until the
output of it can be described by a semi-Markov process
x(i ) (t ) ∈ {1, 2,..., r , r + 1} . This process is defined by the

 (0)′ (t ) = (Λ (0) (t ), 0,..., 0,..., Λ (0) (t ), 0,..., 0) ,
Λ
1
r
m(1)

m( r )

P (τ ) = exp{Δ( μ )( P − I )τ } ,

μ = ( μ1 ,..., μ1 , μ2 ,..., μ2 ,..., μr ,..., μr ) .




m

(1)



m

( 2)

m

(r )

For the process ξ (2) (t ) we have

following semi-Markov matrix Gij (t )

Eξ (2) (t ) = 0 ,

r +1

1

The service process of calls in the network of this type is
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Q ′(t ) = (Q1 (t ),..., Qr (t )) , where Qi (t ) , i = 1, 2,...r , is the
number of calls in the i -th node at t moment of time.
The path of a call from the input moment of time in the
JJJG
[ M t | GI | ∞]r - network through the i -th node until the
output of it can be described by a semi-Markov process
x(i ) (t ) ∈ {1, 2,..., r , r + 1} . This process is defined by the

 (0)′ (t ) = (Λ (0) (t ), 0,..., 0,..., Λ (0) (t ), 0,..., 0) ,
Λ
1
r
m(1)
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P (τ ) = exp{Δ( μ )( P − I )τ } ,

μ = ( μ1 ,..., μ1 , μ2 ,..., μ2 ,..., μr ,..., μr ) .




m(1)



m( 2)

m( r )

For the process ξ (2) (t ) we have
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the distribution function of residence time in the initial
state “ i ” coincides with the Gi (t ) .
Let us note that the state “ r + 1 ” for the process x (i ) (t )
is an absorbing state. The absorption in the state “ r + 1 ”
is interpreted as the output of call from the network. Let
pij (t ) = P( x(i ) (t ) = j ) transitional
us denote by
probabilities of the semi-Markov process

ξˆ (i ) (t ) = 1 ( j )′ ξ (i ) (t ) ,
j

P (t ) = p ij (t )

j = 1, 2,..., r , i = 1, 2 .
The limit is, of course, a non-Markov Gaussian process
provided that there exists a node in which the Erlang
distribution of service time does not coincide with
exponential one. In this case components of the limit is
the sum of some components of the many-dimensional
Markov process.
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which are uniquely determined by the sequence of
systems of Markov renewal integral equations:
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is

m =1 0

the switching matrix of the network.
We will assume Gi (0+ ) = 0 , i = 1, 2,..., r , which is
always realized in practice. Such a model will be
JJJG
marked by a symbol [ M t | GI | ∞]r .

+ δij1 ...δijk [1 − Gi (tk ) ] ,

k >1.

We will study the service process in a heavy traffic
JJJG
regime. It means that [ M t | GI | ∞]r - network parameters
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and by the initial conditions:
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At last we study the most general case of multi-channel
networks discussed in the paper. In this section we will
suppose that a service time in the i-th node is distributed
in accordance with the distribution function of general
type Gi (t ) , i = 1, 2,..., r .
As above, after service in the i -th node a call arrives in
the j -th node with probability pij and leaves the
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r +1
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In order to make further analysis the following functions
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depend on n (series number) so that in addition to
Condition 1 the following condition is held:
d

the

E ( m ) ( s, t ) = Eij( m ) ( s, t )

Gi( n ) (nt ) ⇒ Gi (t ) , i = 1, 2,...r ,

Condition 4.

where

pijm ( s, t ) = P( x( m ) ( s) = i, x ( m ) (t ) = j ) ,

n →∞

symbol

d

⇒

means

convergence

For the normalized service process ξ (t ), n ≥ 1 , the
following result is true.
JJJG
Theorem 3. Let for the [ M t | GI | ∞]r -network
Conditions 1, 4 take place and at the initial moment of

nt

time t = 0 the network is empty: Q ( n )′ (0) = (0,..., 0) .

0

Then for any finite interval

where

P (t ) = p

(t )

i , j =1

,

x (i , n ) (t ) is a semi-Markov process which is defined as

6. CONCLUSIONS

x (i ) (t ) with replacement of the distribution functions

In this paper for multichannel queueing networks in
heavy traffic regime we develop asymptotic methods of
investigation which are based on the approximation of
jump-type service processes of calls by continuous
Gaussian processes. The networks with the exponential,
the Erlang and GI-type service have been considered.
For each type of queueing networks we prove the
convergence of corresponding service processes in the
uniform topology that can be used to the calculating of
the quality functionals of network operation and to the
solving of optimization problems. For the case with
Erlang-type service it is shown that the network reduces
to Markov queueing network by increasing the
dimension of the phase set. Note that the method of
additional phase introduction is applicable in a case of
more general distribution law of the phase type (for
example, hyper-Erlang type).
The main feature of the limit Gaussian process ξ (t ) is

from Gi (t ) to Gi( n ) (t ) , i = 1, 2,...r .
To describe the limit behavior of the sequence of
stochastic processes ξ ( n ) (t ), n ≥ 1 , we introduce two
independent
Gaussian
processes
( i )′
(i )
(i )
ξ (t ) = ( ξ 1 (t ),..., ξ r (t ) ) , i=1, 2 , as before.
The processes ξ (1) (t ) and ξ (2) (t ) are determined by the
null mean values and by correlation matrices:
R (1) (t ) = Eξ (1) (t )ξ (1)′ (t ) − Eξ (1) (t ) Eξ (1)′ (t ) =
t

(0)

(τ)]P(t − τ) ,

0

R (1) ( s, t ) = Eξ (1) ( s )ξ (1)′ (t ) − Eξ (1) ( s ) Eξ (1)′ (t ) =
t

(0)
∫ P′(s − τ)Δ[dΛ (τ)]P(t − τ),

t

R (2) (t ) = ∫ [Δ[(dΛ (0) (τ))′ P(t − τ)] −
0

P ′(t − τ)Δ[dΛ (τ)]P(t − τ)] ,
(0)

s

the limit ξ (1) (t ) + ξ (2) (t ) will be a non-Markov Gaussian
process. This effect may be interpreted as follows: under
convergence the parameter “ n ” to the infinity we
observe an accumulation of aftereffects in the i -th node,
and the limit Gaussian process loses a Markov property
JJJG
which took place in a case of the [ M t | M | ∞]r networks.
The obtained results allow to solve modeling and
optimization problem for complex systems such as

R (2) ( s, t ) = ∑ ∫ {[Δ( pm ( s − τ)) − pm ( s − τ) pm′ ( s − τ)] ×
m =1 0

× E ( m ) ( s − τ, t − τ)dΛ m (0) (τ)} , s < t ,

where ( dΛ (0) (τ) )′ = ( dΛ1(0) (τ),..., dΛ (0)
r (τ) ) ,

pm′ (t ) = ( p1m (t ),..., prm (t ) ) is the m -th row of the matrix

P(t ) ,
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stochastic processes ξ ( n ) (t ), n ≥ 1 , we introduce two
independent
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(i )
(i )
ξ (t ) = ( ξ 1 (t ),..., ξ r (t ) ) , i=1, 2 , as before.
The processes ξ (1) (t ) and ξ (2) (t ) are determined by the
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t

∫ P′(s − τ)Δ[dΛ

(0)

(τ)]P (t − τ),

the following: ξ (t ) = ξ (1) (t ) + ξ (2) (t ) . The part ξ (1) (t ) of
the limit process is associated with fluctuations of input
flows and ξ (2) (t ) is associated with fluctuations of
service times.
Note also, that if at least for one number “ i ” the
distribution function Gi (t ) is not exponential one, then

0

t

R (2) (t ) = ∫ [Δ[(dΛ (0) (τ))′ P(t − τ)] −
0

P ′(t − τ)Δ[dΛ (0) (τ)]P(t − τ)] ,
r

the sequence of

uniform topology to ξ (1) (t ) + ξ (2) (t ) .
A proof of the Theorem 3 follows from some auxiliary
results similar to the results from the previous section 3.
They are considered in more detail in (Livinska 2013).

p ij( n ) (t ) = P ( x (i , n ) (t ) = j ) ,

∫ P′(t − τ)Δ[dΛ
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tion of these methods in performance analysis of computer and communication systems (Kleinrock 1976).
Performance prediction in communication switching
queues, job processing in computers, etc., are always
influenced by customers behavior, and the provision of
this additional information will be useful in upgrading
the service. This mechanism is called a synchronized or
triggered motion (e.g., Artalejo, 2000; Gelenbe and Label, 1998). For the inverse order discipline, we refer to
(Pechinkin and Svischeva 2004; Pechinkin and Shorgin
2008) as well as (Cascone et al. 2011).
Let us note that in our work is considered, with a certain probability, a LCFS discipline, that is, a customer
can obtain service immediately after his arrival displacing the customer that is in the server.
Works related to discrete-time systems with server interruptions with or without expulsions and vacations can
be found, including those by (Fiems et al. 2002; 2004;
Vinck and Bruneel 2006; Morozov et al. 2011) as well
as (Atencia and Pechinkin 2013; Atencia et al. 2013a;
2013b; Atencia 2014).
In the early times of queueing theoretical applications
in telecommunication systems networks of transmission
lines were modeled using brute force decomposition approximations which are still in use and are considered
as unavoidable in many situations. First steps to overcome the restriction to decomposition approximations
were done around 1950 by coupling classical exponential queues in lines. These were used to model job-shop
like production systems, transportation lines, and complex distribution lines with inventories.

Discrete-time model; Retrials, Markov chain; Sojourn
time; Stochastic decomposition.
ABSTRACT
This paper considers a discrete-time retrial queueing system with displacements. The arriving customers can opt
to go directly to the server obtaining immediately its service or to join the orbit. In the first case, the displaced
customer goes directly to the orbit. The arrivals follow a
geometrical law and the service times are general.
We study the Markov chain underlying the considered
queueing system obtaining the generating function of the
number of customers in the orbit and in the system as
well as the stationary distribution of the time that a customer spends in the server. We derive the stochastic decomposition law and as an application we give bounds
for the proximity between the steady-state distributions
for our queueing system and its corresponding standard
system.
INTRODUCTION
Queueing systems with retrial queues have been widely
used to model many practical problems in telephone
switching systems, telecommunication networks and
computers competing to gain service from a central processing unit. For a detailed review of the main results and
the literature on this topic the reader is referred to (Artalejo and Gómez-Corral 2008). In the context of continuous time systems discrete time Markov chains play
an important role. Defined as embedded chains they provide us with techniques to deal with continuous time single servers or even networks when the system is observed
only at specific time points, e.g., arrival or departure instances. For an introduction see Kleinrock’s monograph,
Volume I, Part III (Kleinrock 1975), and for the applica-
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DESCRIPTION OF THE QUEUEING SYSTEM
We consider a discrete-time queueing system where the
time axis is segmented into a sequence of equal time intervals (called slots). Further, let the time axis be marked
by 0, 1, . . . , m, . . .. It is assumed that all queueing activities (arrivals and departures) take place at the slot boundaries, and therefore they may occur simultaneously.
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the literature on this topic the reader is referred to (Artalejo and Gómez-Corral 2008). In the context of continuous time systems discrete time Markov chains play
an important role. Defined as embedded chains they provide us with techniques to deal with continuous time single servers or even networks when the system is observed
only at specific time points, e.g., arrival or departure instances. For an introduction see Kleinrock’s monograph,
Volume I, Part III (Kleinrock 1975), and for the applica-

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

DESCRIPTION OF THE QUEUEING SYSTEM
We consider a discrete-time queueing system where the
time axis is segmented into a sequence of equal time intervals (called slots). Further, let the time axis be marked
by 0, 1, . . . , m, . . .. It is assumed that all queueing activities (arrivals and departures) take place at the slot boundaries, and therefore they may occur simultaneously.

650

For mathematical convenience, we assume that a potential departure occurs in the interval (m− , m) and a potential arrival occurs in the interval (m, m+ ); that is, the
arrivals occur at the moment immediately after the slot
boundaries and the departures occur at the moment immediately before the slot boundaries.
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arrivals occur at the moment immediately after the slot
boundaries and the departures occur at the moment immediately before the slot boundaries.
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At time m+ the system can be described by the process
(Cm , ξm , Nm ) where Cm denotes the state of the server, 0
or 1 according to whether the server is free or busy and
Nm the number of repeated customers. If Cm = 1, then
ξm represents the remaining service time of the customer
currently being served.
It can be shown that {(Cm , ξm , Nm ) : m ∈ N} provides
a Markovian description of the queueing system under
study, whose states space is
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āϕ0 (rz) + āϕ1,1 (rz) .
z

+ aθ zsi ϕ1 (1, z) −

π0,k

z

xi

651

)si π1,1,k+1 +

j=2
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āϕ0 (rz) + āϕ1,1 (rz) .
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It is assumed that customers arrive according to a geometrical arrival process with rate a, that is, a is the probability that an arrival occurs in a slot. If an arriving customer finds the server idle, he commences his service immediately and abandons the system after service completion. Otherwise, the arriving customer with probability
θ displaces the customer that is currently being served
to the orbit and starts immediately his service, or with
complementary probability θ̄ = 1 − θ joins the orbit. Let
us note that the displaced customer will be served in the
future without taking into account his past service time.
Service times are independent and identically distributed with general distribution {si }∞
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Inserting x = ā + aθ̄ z in the above equation we get

therefore the function F(z) is positive in the interval
[0, 1].
The infinite product in (11) can be rewritten as

and substituting (8) into (7) we finally have

∞

S(x) − S(ā + aθ̄ z)
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×
ϕ0 (z)
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ā
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x − (ā + aθ̄ z)
ax(1 − θ̄ z)(ā + aθ̄ z)
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1. The mean orbit size is given by
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2. The mean system size is given by
0

E[L] = Φ (1) = E[N] + ρ where ρ = 1 − ϕ0 (1).
3. The mean time a customer spends in the system is
given by
E[L]
a

• Special case: When r = 0, G(ri z) = 1, ∀i ≥ 1 and
ϕ0 (z) = ϕ0 (1) we have
Φ(z) =

(ā + az)(1 − θ̄ z)S(ā + aθ̄ z)
π0
(ā + az + āθ z)S(ā + aθ̄ z) − z(ā + aθ̄ z)

Φ(z) =

SOJOURN TIME OF A CUSTOMER IN THE
SERVER
In this section we are going to find the distribution of
the time that a customer spends in the server. Since the
service can be interrupted if a new customer arrives to the
system, the sojourn time in the server consists of separate
time intervals.
We will denote by bk the probability that the sojourn
time of a customer in the server lasts exactly k slots. The
distribution {bk ; k ≥ 0} is given by
= 0

bk

= (ā + aθ̄ )k−1 + ∑ aθ (ā + aθ̄ )i−1 Si+1 bk−i , k ≥ 1.

Theorem 2 The random variable ”system size” (L) can
be decomposed as the sum of two independent random
variables, one of which is the number of customers in
the Geo/G/1/∞ queueing system with optional LCFS
discipline (L0 ) and the other is the number of repeated
customers given that the server is idle (M). That is
L = L0 + M.
As a consequence of the stochastic decomposition law,
we provide a measure of the proximity between the
steady-state distribution of the Geo/G/1/∞ with optional LCFS discipline and the ours.
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ϕ0 (z)
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This property allows to study the system by considering separately the distribution of the system size without vacations and the additional system size due to vacations. Specifically, the stochastic decomposition law establishes that the number of customers in the system can
be decomposed as sum of two independent random variables: one being the number of customers in the corresponding standard system and the other random variable
can have different probabilistic meanings depending on
how the vacation discipline has been defined.
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(ā + az)(1 − θ̄ z)S(ā + aθ̄ z)
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Φ(z) =

SOJOURN TIME OF A CUSTOMER IN THE
SERVER
In this section we are going to find the distribution of
the time that a customer spends in the server. Since the
service can be interrupted if a new customer arrives to the
system, the sojourn time in the server consists of separate
time intervals.
We will denote by bk the probability that the sojourn
time of a customer in the server lasts exactly k slots. The
distribution {bk ; k ≥ 0} is given by
= 0

bk
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where the first fraction corresponds to the probability
generating function of the number of customers in the
Geo/G/1/∞ queueing system with LCFS discipline and
the second fraction is the probability generating function
of the number of blocked customers given that the server
is idle. This result can be summed up in the next theorem.
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Theorem 3 The following inequalities hold

NUMERICAL RESULTS

∞

2(1 − ρ − π0,0 ) ≤

In this section, we present some numerical examples
that describe several performance characteristics of the
queueing model under study. Of course in all the bellow examples, the parametric values are chosen so as to
satisfy the stability condition.
We will concentrate our attention on two important
performance descriptors: the probability that the system
is empty and the mean number of customers in the system where all of them will be plotted versus θ which is
the most characteristic parameter of the system.
We consider the case that the service time distribution
is given by S(x) = 15 x + 45 x2 .
In the Figure 1 the probability that the system is empty
is plotted against the parameter θ . As we expected, ϕ0 (1)
is decreasing as function of θ . The curves which in decreasing order correspond to higher arrival rates show, as
intuition tells us, that for increasing values of the parameter a the probability of an empty system decreases.
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1−ρ
Proof 1 The proof is based on the decomposition’s law
property of the total number of customers in the system. In terms of distributions, this property means that
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∑ | P[L = j] − P[L0 = j] |

j=0

The effect of the parameter θ on E[L] is showed in
Figure 2. We have presented three curves which correspond to a = 0.3, 0.35, 0.4. The curves show, as it to be
expected, that E[L] increases with increasing values of θ
and that they increase more rapidly as the arrival rate a
increases.

between the distributions of the variables L and L0 diminishes when r goes toward 0.
Let us note that the interest of the former theorem is to
provide lower and upper estimates between these distributions.
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In this paper we analyze a discrete-time retrial queueing
system in which an arriving customer can decide, with
a certain probability, to go directly to the server displacing the customer that is currently being served or to join
the orbit. We analyze the principal characteristics of the
model, such as, the size of the system, the sojourn time
of a customer in the server and the stochastic decomposition law. As an application of the stochastic decomposition we study the proximity between the steady-state
distributions for the Geo/G/1/∞ with optional service
and our queueing system.
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ABSTRACT
In this paper we apply regenerative method to estimate the
required effective bandwidth (EB) of a station in an acyclic
communication network. Earlier this problem for a tandem
network has been addresses in [1]. We give a brief introduction
to the EB theory and then discuss basic statistical methods
for the EB estimation. For a queueing network described
by a regenerative process we construct the estimator which
gives an upper bound of predetermined QoS requirement.
Simulation results show that an overestimation of a QoS
parameter obtained by this method is acceptable to calculate
workload-based EB for the nodes being components of highlyreliable communication systems.
INTRODUCTION
In this paper, we investigate the accuracy of the regenerative
EB estimator of a node (station) being a component of a
communication (or computer) network. It is assumed that
the basic process describing the network is regenerative or
quasi-regenerative. Similar problem for a tandem queueing
network has been earlier addressed in [1]. The analysis of
regenerative input to a node is natural because the regenerative input, passing a network with no bottleneck (saturated)
stations, remains regenerative [9]. By this reason, each station
of the network can be analyzed as an isolated station with
regenerative input. Simulation a tandem network presented
in [1] has demonstrated that regeneration-based EB estimation can be effectively applied in highly reliable systems,
because, in the most of cases, obtained overestimation of
turns out to be insignificant. In this paper, we generalize
this approach to study more complicated network. We show
that, in this setting, regeneration-based estimator of the EB
(that is server capacity C) also ensures QoS requirement
while keeping a moderate overestimation of C. In the modern
complex networks, simulation based on classical regeneration
(occurring when an arrival meets an empty system) seems
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difficult to be realized by the rarity (or impossibility ) of such
regenerations. As a result, simulation time to estimate required
parameter (for instance, C) with a given accuracy becomes
unacceptable. In this regard, an approximation, called quasiregeneration, can be used in which case (quasi)regenerations
of the basic process happen much more often. Although
(quasi)regenerations allow a dependence between regeneration
cycles, but this dependence turns out to be negligible in
practice. A key aspect of this research is to reveal a suitable
regenerative structure of the basic process. In a classic setting,
capacity C of a system (the average work served in unit
of time) is assumed to be known and equal 1. However, in
practice an inverse problem appears: calculate the capacity C
which assures a given QoS requirement. Namely this required
capacity C, as a rule, is called effective bandwidth (EB).
(The paper [7] can be recommended as the best introduction
to the EB theory.) Stationary waiting time W , stationary
loss probability, stationary overflow probability, etc., can be
considered as QoS parameters. In this paper, the overflow
probability of the stationary workload is the QoS parameter.
We show that the regeneration-based simulation is applicable
to estimate, in a highly-reliable acyclic network, the EB of
a node with a regenerative input, and it is an important
contribution of the paper. Another contribution of the work
is that, to calculate corresponding estimates, we apply the
so-called quasi-regenerations (instead of more rare classical
regenerations). It allows to speed-up simulation.
The paper is organized as follows. First we give a brief
introduction to the EB theory. Then two basic methods, batch
means and regenerative, are discussed. In the following Section, regenerative structure of an acyclic network is described
with focus of construction of quasi-regenerations. Finally, in
the last Section, we present simulation results which illustrate
the quantity of the overestimation caused by this method. We
note that the networks under consideration can be treated as
fragments of a general acyclic communication network.
WORKLOAD-BASED EFFECTIVE BANDWIDTH
We show in brief the EB calculation and estimation in
the simplest case, when the input process has independent
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ABSTRACT
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communication network. Earlier this problem for a tandem
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identically distributed (i.i.d.) increments. The QoS requirement
can be formulated as follows: find server capacity C such that
the stationary overflow probability PB satisfies inequality
PB := P(W > B) ≤ Γ,

batch-mean method is often used to estimate Λ(θ), see [12],
[13]. To apply this method, for a fixed B, the following blocks
jB−1
X

Xj =

(1)

vi ,

j ≥ 1,

identically distributed (i.i.d.) increments. The QoS requirement
can be formulated as follows: find server capacity C such that
the stationary overflow probability PB satisfies inequality
PB := P(W > B) ≤ Γ,

batch-mean method is often used to estimate Λ(θ), see [12],
[13]. To apply this method, for a fixed B, the following blocks

(1)

i=(j−1)B

where Γ is a given QoS requirement, W is the stationary
workload and B is a given constant (level of the workload
or the buffer size). Thus, (1) means that the probability the
stationary workload W in a finite buffer system exceeds given
threshold B is upper bounded by a constant Γ. We will
consider a slotted time scale, and let vi be a workload arrived
in the system in time interval [i, i − 1), i = 0, 1, . . . Denote
Λn (θ) =

Pn−1
1
ln Eeθ i=0 vi , n ≥ 1,
n

where free parameter θ > 0. Moreover we assume that there
exists θ0 > 0 such that, for all θ ∈ (0, θ0 ), there exists a finite
limit
lim Λn (θ) =: Λ(θ).

(3)

n→∞

This limit Λ(θ) is called (scaling) limit logarithmic moment
generating function of the input process [7], [8]. In general,
the sequence {vi } is assumed to be stationary and satisfying
some mixing conditions. But in the i.i.d. setting, it is enough
to assume solely [2], [8] that
Eeθv < ∞,

(4)

where v denotes a generic element of the i.i.d. sequence {vi }.
(Throughout the paper we suppress serial index to denote a
generic element of an i.i.d. sequence.) The Large Deviation
Principle (LDP) for the stationary workload W states that
1
lim ln P(W > x) = −θ∗ .
x→∞ x

and thus, as k → ∞,
1
1
Λk (θ, B) := ln
B k

θ∗ = − ln Γ/b > 0.

Λ(θ∗ )
.
θ∗

(7)

βk+1 −1

Xk :=

1
k

eθvi ,

(8)

i=0

vi , k ≥ 0, β0 := 0,

i=βk

are i.i.d. blocks (with generic element X). It allows to construct the following regenerative estimator of function Λ(θ)
[3], [14]:
Λk (θ∗ ) :=

k
1 X θ∗ Xi
k
ln
e
, k ≥ 1.
βk k i=1

(11)

The main moment assumptions are: Eβ 2 < ∞ and there exists
θ0 > 0 such that EeθX < ∞, θ ∈ (0, θ0 ). Since, by renewal
theory, k/βk → 1/Eβ, then it follows that w.p.1,
ln Eeθ
Λk (θ ) →
Eβ

θv

Λk (θ) := ln

X

∗

For the i.i.d. {vi }, function Λ(θ) = ln Ee can be found
analytically for some distributions of v. However, in a general
case, simulation is required to estimate Λ(θ). To this end, the
standard sample mean estimator is constructed,

(10)

are i.i.d. (with generic regeneration period length β). Hence,

ESTIMATION METHODS

k−1
X

i=1

ln EeθX
→
:= Λ(θ, B),
B

(v0 , . . . , vβ1 −1 ), . . . , (vβk−1 , . . . , vβk −1 ), . . .

(6)

Finally, EB C can be found as follows (see, for instance, [8]):

e

θXi

where X denotes generic block. Thus Λk (θ, B) is strongly
consistent estimate of Λ(θ, B), and the estimate of the EB
based on k blocks is then defined as
Λk (θ∗ , B)
Ck (B) =
(θ∗ = − ln Γ/b).
(9)
θ∗
However, as experiments show [11], this method underestimates the EB value, and can not guarantee the basic QoS
requirement (1). This is unacceptable if we deal with highlyreliable communication systems.
Assume the input sequence {vi } is regenerative with regeneration points {βn }, that is the random elements

(5)

(Exact conditions for the LDP to be hold can be found in [5],
[6].) Then relations (5) and (1) give the following expression
for the desired parameter θ∗ ,

C :=

k
1 X θXi
e
= EeθX ,
k→∞ k
i=1

lim

(2)

∗

X

∗

=: Λ(θ ), k → ∞.

(12)

∗

Λk (θ∗ )
ln Eeθ X
→
.
θ∗
θ∗ Eβ

(13)

Indeed, as simulation shows, the term at the right of (13) is a
lower bound of the unknown C, that is

which is strongly consistent, that is, with probability 1 (w.p.1),
Λk (θ) → Λ(θ), k → ∞. If {vi } are dependent, then the
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:= U ≥ C.
θ∗ Eβ
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are constructed, which (for B large enough) are assumed to
be i.i.d. Then, by Strong Law of Large Numbers, w.p.1,

θv

It is expected that the desired capacity C can be obtained as
the limit
Ck (θ∗ ) :=
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are constructed, which (for B large enough) are assumed to
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∗

ln Eeθ X
:= U ≥ C.
θ∗ Eβ

(14)

The inequality (14) is a serious advantage if we evaluate the
EB of the components of highly-reliable systems. We suggest
that the obtained overestimation of C is caused by random
length blocks. Now can illustrate the latter statement assuming
i.i.d. variables {vi } which are independent of the period length
β. In this case, by the property of conditional expectation,


∗
∗ Pβ
∗
ln Eeθ X = ln E E(eθ i=1 vi |β) = ln E[Eeθ v ]β ,
and then, by the Jensen’s inequality,
θ∗ v β

U=

θ∗ v β

θ∗ v

ln E[Ee ]
E ln[Ee ]
ln Ee
≥
=
∗
∗
θ Eβ
θ Eβ
θ∗

= C.

SIMULATION RESULTS
In this section we present simulation results. We have
simulated tandem network (Fig.1) and a fragment of an acyclic
network (Fig.4). First we construct estimate (13). Then we
evaluate the overestimation when this estimate is used as
the required EB of the last station M . We stress that an
overestimation caused by regenerative estimate (13) has been
established in previous works for isolated stations and tandem
networks [1]. In this paper we develop these experiments to
cover a wider class of the networks.

The inequality (14) is a serious advantage if we evaluate the
EB of the components of highly-reliable systems. We suggest
that the obtained overestimation of C is caused by random
length blocks. Now can illustrate the latter statement assuming
i.i.d. variables {vi } which are independent of the period length
β. In this case, by the property of conditional expectation,
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and then, by the Jensen’s inequality,
∗

U=

(15)
Experiment 1: tandem network

From a practical point of view, implementation of the proposed
regenerative estimator crucially depends on the magnitude of
the overestimation. We study this problem in the last section.

∗

ln E[Eeθ v ]β
E ln[Eeθ v ]β
ln Eeθ
≥
=
θ∗ Eβ
θ∗ Eβ
θ∗

∗

v

= C.

(15)
Experiment 1: tandem network

QUASI-REGENERATION

QUASI-REGENERATION

To use estimator (12), we need to construct regenerations
{βn }. For a general acyclic network it can done as in [10].
Note, however, that it is a rather complicated construction.
In this research instead we focus on the so-called
quasi-regenerations. Unlike classical regeneration, quasiregeneration allows a dependence between adjacent regeneration cycles and, as a rule, are more frequent and easier
to identify in simulation. (We note that the estimation based
on quasi-regeneration gives, as a rule, a high accuracy in an
acceptable simulation time [1], [3].) Being an approximation,
quasi-regeneration can be defined by various ways. Below
we illustrate it for an acyclic queueing network with M
single-server stations and with renewal input to station 1, with
arrival instants {tn , n ≥ 1}. We restrict our analysis by the
networks where station M is the last one, see Figures 1,2.
(i)
Assume that the network is initially empty, and denote tn
(1)
the arrival instant of customer n to station i (so tn = tn ).
(i)
Also denote zn the instant customer n leaves station i. We
(i)
(i)
define tn = ∞, zn = 0 if customer n does not visit station
i. For a fixed n, denote
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Also denote zn the instant customer n leaves station i. We
(i)
(i)
define tn = ∞, zn = 0 if customer n does not visit station
i. For a fixed n, denote

(i)

Tn := max max zk .
1≤i≤M k<n

(16)

Thus, there are no customers k < n in the system after instant
Tn . Denote R(n) the set of stations visited by customer n
(i)
until he leaves the network, and denote Wn his waiting time
at station i. We call customer n quasi-regenerative, if
(M )

Wn(i) = 0, i ∈ R(n) and min tk
k>n

)
> t(M
> Tn .
n

(17)

For a tandem network, we need only the 1st condition in (17),
(i)
which becomes Wn = 0, i = 1, . . . , M , see also [1]. By
conditions (17), regenerative customer n crosses the network
(along the route R(n)) with no collisions with other customers.
Moreover, he arrives at the (empty) target station M before any
customer k > n and after the instant Tn when all customers
k < n leave the network. (Note that some customers k < n
can be in the network while customer n crosses the network.)
Arrival of a regenerative customer in an empty station M
generates quasi-regenerative cycle of the input.

Fig. 1. Tandem network

It is assumed that service time Sj in station j is exponential
with parameter µj = 1, j = 1, . . . , M − 1. We consider
Poisson input to station 1, with parameter λ = 0.4. For station
M we take QoS parameter Γ = 10−5 (in all experiments) and
the threshold B = 20, implying θ∗ = 0.58 (see (6)). The
following dependent data {vi } (at station M ) are considered,
(18)

where the i.i.d. variables {ηi } are uniformly distributed over
interval [−vi−1 /2; vi−1 /2] (to avoid negative values), and
β is the generic (quasi)regenerative period. We calculate the
sample mean D̂ of the cycle length, the cycle length variance
V arD̂ and the regenerative estimate Ĉ of the EB C. For
each Ĉ, we evaluate the overflow frequency ratio Γ̂, and then
find the overestimation ∆ which is defined by the following
condition: capacity (1 − ∆)Ĉ gives the overflow frequency
ratio Γ̂∆ (estimate of the overflow probability) such that
Γ̂∆ ≈ Γ = 10−5 . Table 1 presents simulation results (based on
k = 1000 cycles) for the tandem networks with M stations.
(Indeed we give tight bounds of ∆.) In particular, if, for
M = 4, we use estimate Ck (θ∗ ) := Ĉ = 0.15 as the EB,
then the overflow frequency ratio Γ̂ equals 4.76 · 10−6 and is
less than Γ = 10−5 . This overestimation becomes negligible
when capacity equals (1−∆)Ĉ = 0.85Ĉ. Moreover, when the
number of stations M increases, then V arD̂ increases as well
(see Fig.2). Note that similar results for a tandem network
with another dependence between {vi } have been presented
in [1]. Moreover Table 2 shows for M = 5 stations that D̂,
V arD̂ and ∆ increase together with the input rate λ, and it
is an expected result.
Table 3 demonstrates the relation between λ, M and V arD̂.
It indicates that the variance V arD̂ can be stabilized by an
appropriate choose of M and λ. However, in general, sample
mean D̂ (and ∆) increases together with M and λ.
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TABLE I
TANDEM NETWORK , Γ = 10−5
M
3
3
4
4
5
5
6
6

V arD̂
11.7
11.7
12.8
12.8
15.3
15.3
19.8
19.8

Ĉ
0.14
0.14
0.15
0.15
0.19
0.19
0.225
0.225

Γ̂
3.18 · 10−6
3.18 · 10−6
4.76 · 10−6
4.76 · 10−6
9.51 · 10−8
9.51 · 10−8
8.29 · 10−9
8.29 · 10−9

∆
0.06
0.09
0.12
0.15
0.13
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p1 = 0.6, and station 3 with probability q1 := 1 − p1 =
0.4. Leaving station 2, customers leave the network with
probability p2 = 0.2, and join station 4 with probability
q2 = 1 − p2 = 0.8. Values of Γ are given in Table 4. It
is assumed that service times Sj are exponential with rate
µj = 1, j = 1, 2, 3, the input is Poisson with rate λ = 0.3,
the overflow threshold B = 20 and variables {vi } (in station
M ) satisfy relation (18). It is required to find capacity C
(EB) of station 4. Table 4 demonstrates the approximate
values for overestimation ∆ for this network. Note that the
identification of (quasi)regenerative cycles in this network
is more complicated than that in the tandem network, see
conditions (17). For each Ĉ, we calculate ∆ and the estimate
Γ̂∆ of the overflow probability. In particular, Table 4 shows
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TABLE III
TANDEM NETWORK , Γ = 10−5
λ
0.2
0.2
0.25
0.25
0.3
0.3
0.35
0.35

M
7
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6
6
5
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4
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D̂
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3.94
3.94
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4.30
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8.69
8.69
8.81
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Ĉ
1.56
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TABLE IV
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2.50 ·10−5
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Fig. 5. Acyclic network, Ĉ = 3.73: Γ̂ vs. Ĉi with Γ = 10−4 .

TABLE V
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ACYCLIC NETWORK

that in all cases ∆ ≈ 0.15 − 0.2.
In another experiment we consider the same acyclic network and switch (alternately) light-tailed Weibull distributions
F (x) = 1 − e−0.3x and F (x) = 1 − e−0.9x (of variables {vi })
at the beginning of each cycle. The results of estimation are
given in Table 5 and on Figures 5,6. In particular, such a model
is motivated by the pooling systems, where server, after an
empty period, starts to serve another type of customers.
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As Table 5 shows, in all cases overestimation ∆ ≈ 0.16 −
0.17. Moreover, Figures 5, 6 show, for given Γ̂ and estimated
Ĉ, the dependence between different values Ĉi ≤ Ĉ and the
corresponding values of the overflow probability estimations
Γ̂i . It is worth mentioning that, as Figures 5,6 show, the
estimate of the overflow probability grows extremely quickly
as soon as EB becomes less than (1 − ∆)Ĉ. It indicates again
that the overestimation caused by the regenerative estimate is
’minimal’ and acceptable for highly-reliable systems.
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In this paper, we apply regenerative estimator to calculate
the EB of a station in a tandem network and in a more general
acyclic communication network. Simulation confirms that this
estimator overestimates the requirement QoS guarantee Γ,
however in general it is acceptable for the evaluation of the
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Fig. 6. Acyclic network, Ĉ = 4.06: Γ̂ vs. Ĉi with Γ = 10−5 .
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EB of the elements of highly-reliable networks. Instead of
rare classical regenerations, we apply more frequent quasiregenerations, and it accelerates simulation time needed to
estimate the EB with a given accuracy.

stability analysis of queueing processes, rare event simulation,
Gaussian queues, long-range dependent network processes,
retrial systems.

EB of the elements of highly-reliable networks. Instead of
rare classical regenerations, we apply more frequent quasiregenerations, and it accelerates simulation time needed to
estimate the EB with a given accuracy.
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ABSTRACT:
LTE or the Long Term Evolution is the biggest jump on
the evolution path from 3G towards 4G, whereby data
rates are 10x those of 3G using an all packet network.
LTE-advanced is a 4G recognized mobile technology
satisfying the IMT-Advanced of the ITU, which will
provide peak data rates in the order of 1 Gbps on the
downlink and 500 Mbps on the uplink. In this work,
performance evaluation of one LTE cell with three types
of service (i.e. content download, video streaming and
Voice over LTE (VoLTE)) will be investigated via model
using MOSEL-2 language. The LTE cell will be divided
into three zones according to LTE-Advanced modulation
scheme, which can be quadrature phase-shift keying
(QPSK), 16-phase quadrature amplitude modulation
(16QAM), or 64-state quadrature amplitude modulation
(64QAM) depending on the speed needs. The related
performance measures of interest will be studied such as:
blocking of the cell, utilization, the average bit rate per
cell, throughput, aggregate average bit rate per cell to all
zones as well as the aggregate average bit rate per service
in each zone. The suggested model and the investigated
performance measures of this research work can be useful
to the planning department of mobile operators as it may
provide an easy way of comparing service deployment
scenarios.

1.

Performance Evaluation of Downlink LTE-Advanced CELL by MOSEL-2
Language

INTRODUCTION

1.1 LTE-Advanced
Long Term Evolution (LTE) Advanced is a mobile
communication standard. It was formally submitted as a
candidate 4G system to ITU-T in late 2009. It was
approved by the ITU as meeting the requirements of
the IMT-Advanced standard, and was finalized by 3GPP
in March 2011 (Parkval 2008; 3GPP spec. 2015). It is
standardized by the 3rd Generation Partnership Project
(3GPP) as a major enhancement of the LTE standard.
Telecommunications is a key input factor in economic
growth. A forecast that total telecommunications revenue
will grow from $2.1 trillion in 2012 to $2.7 trillion in
2017 at a CAGR (Compound Annual Growth Rate) of 5.3
percent (The 2014 Telecommunications Industry Review

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

growing segments in wireless. It is expected that mobile
data traffic will grow at a CAGR of 66 percent between
2012 and 2017, reaching 11.2 Exabyte's per month by
2017. Three times faster than fixed IP traffic (Cisco 2013).
Toward the end of year 2015, it is expected ( Cisco 2013)
that traffic from wireless devices will exceed traffic from
wired devices.
A number of options are available today for broadband
bandwidth delivery. These are either wired or wireless.
The wired part includes options like the digital subscriber
line (DSL) and hybrid fiber/coax (HFC). Wireless is
empowered by the trend that wireless services are
growing at a much higher rate in comparison to wireline
services. Next generation technologies and networking
infrastructure are driven by increased demand for
bandwidth due to the billions of multimedia and other
applications. Although wireless systems have existed for
more than 100 years by now, their actual use in
networking is a recent one. The first public, nonproprietary wireless standard was the IEEE 802.11 of the
2 Mbps WiFi, a wireless local area network standard; that
was later upgraded to 11 Mbps of IEEE 802.11b in 1999.
New entries started to show up very rapidly after that
aiming at providing broadband high-speed data rates to
mobile users over the wireless channel. Two paths of
progress appeared; one followed up the IEEE path
whereby many new technologies showed up on this path;
at first the 802 standard of the wireless LAN was boosted
by the IEEE 802.11 a/g with data rates up to 54 Mbps
and IEEE 802.11n with data rates up to 108 Mbps. Then a
series of standards, IEEE 802.16 series, for metropolitan
area networks started in 2000 which experimented with a
number of parameters; from which the IEEE 802.16e
forms the reference for the nowadays' WiMax Release 1.0
and 1.5. This was officially recognized as a 3G
technology (ITU 2007). The latest one in the series is
IEEE 802.16m, which was standardized in March 2011,
and soon adopted as WiMax Release 2.0. It offers many
folds higher data rates than release 1.0 and it is considered
a 4G technology (ITU 2010). The second path, which
originated from the mobile telecommunications industry
path of development, was led by 3GPP and 3GPP2
organizations. Mobile technology, from its pre-cellular
times in 1940s through its cellular and recent generations
of the first analog and second digital generation, aimed
mainly at serving voice calls. Second generation, in
addition, offered very low rate data service of 9.6Kbps,
which, in addition to being at a low rate, was a form of
voice. This is because data and voice were provided using
a circuit-switched network, and the data itself was
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zones as well as the aggregate average bit rate per service
in each zone. The suggested model and the investigated
performance measures of this research work can be useful
to the planning department of mobile operators as it may
provide an easy way of comparing service deployment
scenarios.

1.

INTRODUCTION

1.1 LTE-Advanced
Long Term Evolution (LTE) Advanced is a mobile
communication standard. It was formally submitted as a
candidate 4G system to ITU-T in late 2009. It was
approved by the ITU as meeting the requirements of
the IMT-Advanced standard, and was finalized by 3GPP
in March 2011 (Parkval 2008; 3GPP spec. 2015). It is
standardized by the 3rd Generation Partnership Project
(3GPP) as a major enhancement of the LTE standard.
Telecommunications is a key input factor in economic
growth. A forecast that total telecommunications revenue
will grow from $2.1 trillion in 2012 to $2.7 trillion in
2017 at a CAGR (Compound Annual Growth Rate) of 5.3
percent (The 2014 Telecommunications Industry Review
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growing segments in wireless. It is expected that mobile
data traffic will grow at a CAGR of 66 percent between
2012 and 2017, reaching 11.2 Exabyte's per month by
2017. Three times faster than fixed IP traffic (Cisco 2013).
Toward the end of year 2015, it is expected ( Cisco 2013)
that traffic from wireless devices will exceed traffic from
wired devices.
A number of options are available today for broadband
bandwidth delivery. These are either wired or wireless.
The wired part includes options like the digital subscriber
line (DSL) and hybrid fiber/coax (HFC). Wireless is
empowered by the trend that wireless services are
growing at a much higher rate in comparison to wireline
services. Next generation technologies and networking
infrastructure are driven by increased demand for
bandwidth due to the billions of multimedia and other
applications. Although wireless systems have existed for
more than 100 years by now, their actual use in
networking is a recent one. The first public, nonproprietary wireless standard was the IEEE 802.11 of the
2 Mbps WiFi, a wireless local area network standard; that
was later upgraded to 11 Mbps of IEEE 802.11b in 1999.
New entries started to show up very rapidly after that
aiming at providing broadband high-speed data rates to
mobile users over the wireless channel. Two paths of
progress appeared; one followed up the IEEE path
whereby many new technologies showed up on this path;
at first the 802 standard of the wireless LAN was boosted
by the IEEE 802.11 a/g with data rates up to 54 Mbps
and IEEE 802.11n with data rates up to 108 Mbps. Then a
series of standards, IEEE 802.16 series, for metropolitan
area networks started in 2000 which experimented with a
number of parameters; from which the IEEE 802.16e
forms the reference for the nowadays' WiMax Release 1.0
and 1.5. This was officially recognized as a 3G
technology (ITU 2007). The latest one in the series is
IEEE 802.16m, which was standardized in March 2011,
and soon adopted as WiMax Release 2.0. It offers many
folds higher data rates than release 1.0 and it is considered
a 4G technology (ITU 2010). The second path, which
originated from the mobile telecommunications industry
path of development, was led by 3GPP and 3GPP2
organizations. Mobile technology, from its pre-cellular
times in 1940s through its cellular and recent generations
of the first analog and second digital generation, aimed
mainly at serving voice calls. Second generation, in
addition, offered very low rate data service of 9.6Kbps,
which, in addition to being at a low rate, was a form of
voice. This is because data and voice were provided using
a circuit-switched network, and the data itself was
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converted to voice tones in order to be transmitted on the
circuit-switched mobile network. The first real try to
provide data was the addition of a packet part to the core
network on the second generation GSM to provide packet
switched data services in addition to the circuit switched
voice services. This was called GPRS or the Generalized
Packet Radio Service, which provided data at rates
typically 144 Kbps, and more up to 384 Kbps when
combined with some other enhancements to produce what
is called EDGE, or the Enhanced Development for Global
Evolution. The IMT2000 initiative of the ITU aimed at
higher data rates and other features of a new (3G) mobile
technology generation. The UMTS, or the Universal
Mobile Telecommunication Service of the third
generation partnership project (3GPP), and the
CDMA2000 (of the 3GPP2 organization in the US) were
the two main technologies that came satisfying the 3G
requirements. They aimed at 2Mbp peak data rates. 3G
technologies were also both circuit switched and packet
switched. Enhancements to 3G UMTS were the HSDPA,
High Speed Downlink Packet Access, and HSUPA, the
High Speed Uplink Packet Access, where they provide up
to 1.8-7.2 Mbps on the downlink and 5.8 Mbps on the
uplink. Similar enhancement was also provided to
CDMA2000, the CDMA2000 for data evolution 1xEVDO and 1xEV-DV for data and voice evolution.
1.2 Related Work
LTE is being adopted around the world as the primary
cell-phone communications service (Louis 2013). The next
phase of LTE standards is called LTE-Advanced and is
being deployed by Third Generation Partnership Project
(3GPP). Performance evaluation of such systems is
important, and it has been intensively studied in the
literature (Wu 2012;Rezaei 2012; Rosa 2010; Passas 2014;
Bechir 2014). In (Wu 2012), the performance of indoor and
outdoor LTE network is compared at 700 MHz. The
purpose of the study was to determine the performance of
indoor and outdoor LTE MIMO and compare the
throughput with other key performance indicators of LTE
with respect to the correlation. Performance analysis of
LTE and mobile WiMAX are studied and analyzed in
(Rezaei 2012) for different antenna diversity in both
downlink and uplink for TDD and FDD scenarios with
respect to the physical layer maximum throughput. It has
been found that with the same configuration, LTE
outperforms Mobile WiMax. In (Rosa 2010) the focus was
on the performance evaluation of uplink LTE with bursty
data traffic under different power control strategies.
Simulation results demonstrate that in low load conditions
applying no power control (PC), can provide significant
gains compared to full compensation PC. The gain is
achieved both in terms of average and percentile user
throughput performance.
In
(Passas
2014),
an efficient scheme for cell planning by employing
spectrum sensing techniques in LTE-A is proposed for the
downlink channel. The center frequency inside the
operating
band
is
appropriately
selected
towards maximizing the quality of the end user

experience.
Performance evaluation of
downlink LTE system for orthogonal frequency division
multiple accesses (OFDMA) under LTE parameters is
carried out in (Bechir 2014) under different schemes of
configurations. It is shown that LTE performance is
increased when the system is adapted to the state of the
transmission channel.

2.

MODELLING

2.1 Modelling Assumptions
1. We assume a single LTE cell with maximum bit rate
which is based on the used modulation technique in
LTE and the maximum number of users in the cell.
2. Regarding the technical aspects of LTE. LTE uses the
popular orthogonal frequency division multiplex
(OFDM) modulation scheme. It provides the essential
spectral efficiency to achieve high data rates but also
permits multiple users to share a common channel.
OFDM is also a modulation format that is very
suitable for carrying high data rates - one of the key
requirements for LTE. Within the OFDM signal it is
possible to choose between three types of modulation
for the LTE signal (LTE Modulation 2015):
1. QPSK (= 4QAM) 2 bits per symbol
2. 16QAM 4 bits per symbol
3. 64QAM 6 bits per symbol
According to this, the modulation on each can be
quadrature
phase shift keying (QPSK), 16-phase
quadrature amplitude modulation (16QAM) or 64-phase
quadrature amplitude modulation (64QAM) depending
on the speed needs (Louis 2013).
3. According to the modulation, in LTE, 3 zones are
assumed in this analysis (Figure 1). In this model, we
are more concerned with the arrival to each zone
rather than the area of the zone as the area of the zone
depends on the demographical distribution of users
over the area served by the cell (Zreikat 2013).
Therefore, we assume that the arrival rate to the cell is
Poisson arrival with inter-arrival time λ and
proportional to the areas of the zones (αi . λ, i = 1,...,
Zonei), density of the users and the modulation
schemes used in each zone.

663

Zone3
Zone2
Zone1

Zone 1: QPSK
2 bits/symbol
Zone 2: 16 QAM 4 bits/symbol
Zone 3: 64 QAM 6 bits/symbol
Figure 1: LTE adaptive modulation zones.
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2.2 QoS services and applications in LTE (QoS
LTE 2013, 3GPP Spec. (Rel. 13), 2015)
1.

2.

3.

Content download: this technology is used to
download different applications; such as movies,
music and pictures where considerable amount of
bandwidth is needed to satisfy this service. Therefore,
in this technology TCP protocol should be used to
check the transmitted packets and to retransmit any
lost packets. The ratio of this type of service is
considered in the analysis to be 60% of the total ratio.
Voice over LTE (VoLTE): this technology is used to
deliver voice over IP over LTE network, which
usually requires low bandwidth. Therefore, this type
of service must be given high priority over another
service with low latency. For example, the emergency
call (i.e. 911) is listed below this type of service. The
ratio of this type of service is considered in the
analysis to be 10% of the total ratio.
Video Streaming: this technology is used to deliver
real time on-demand video with voice service.
Therefore, the network has to satisfy higher bandwidth
to satisfy the quality of service of the network.
YouTube is one example of such service. The ratio of
this type of service is considered in the analysis to be
30% of the total ratio.
2.3 Performance Measures

The performance measures are generated using the
provided solver by MOSEL-2 language (i.e. Continuous
Timed Markov Chain, CTMC). The following
performance measures are considered and generated in
the analysis:
1. Blocking Probability: is defined as the probability to
reject the call when the bit rate of the call is below the
minimum assumed bit rate of the cell.
2. Utilization: is defined as the mean total bit rate
divided by the maximum cell capacity.
3. Average bitrate of the cell: is defined as the mean total
bit rate in the cell divided by the average session
duration.
4. Throughput: is defined as the mean total bit rate of the
cell.
5. Aggregate bit rate of the cell: is defined as the mean
total bit rate to all services in the cell.
6. Aggregate bit rate per service: is defined as the mean
number of jobs in each service multiplied by the
average bit rate of the zone where the service is
requested.

3. NUMERICAL SOLUTION BY MOSEL-2
LANGUAGE
The suggested model is solved numerically using
MOSEL-2 language. MOSEL-2 is the modeling
specification and evaluation language which has the
capability to model different types of complex systems,

such as computer, communication and production systems
and evaluate their performance in an efficient way. The
old version MOSEL (MOSEL 2003; AL-Begain 2001) was
implemented with all the necessary components to
describe any system, generate the state space, derive the
stochastic process and find the numerical solution of such
systems in an efficient way if this system is described
graphically by using either Petri Net or queuing theory
models. Based on the above, the new version of MOSEL
(i.e. MOSEL-2) (Wuechner 2003), is also implemented
using the above characteristics in addition to the
possibility by MOSEL-2 to handle both exponential and
non-exponential
inter-arrival
and
service
time
distributions. There was an extensive use of the old
version of MOSEL (i.e. MOSEL) and the new version of
MOSEL (i.e. MOSEL-2) in the literature in various
applications (Zreikat 2012). Most applications of the old
version of MOSEL were in performance modeling and
evaluation of queueing networks. Afterward, the old
version of mosel has been extensively using for modeling
of 2G and the 3G of mobile networks. Recently, the new
version of MOSEL (MOSEL-2) has been using to model
the 4G of mobile networks and beyond (i.e. WiFi,
WiMAX). Moreover, performance evaluation of LTE is
investigated in this paper, and the suggested model has
been solved numerically using MOSEL-2 language. The
associated Intermediate Graphical Language (IGL) with
MOSEL-2 is used to prepare the given results. This userfriendly package is used to prepare the figures in a very
nice way with the help of its friendly environment.
The basic elements of MOSEL-2 model are nodes and
rules. However, MOSEL-2 specification can be divided
into six main parts:
1. The optional constant definition part, which
includes constant definition, parameter definition, and the
enumeration definition.
2. The node definition part, which contains the
definition of the nodes.
3. The optional function and condition part.
4. The rule part, which contains MOSEL-2 rules.
5. The optional result part. This part contains the
computation of the performance measures results.
6. The optional picture part. The graphs of the
computed performance measures are created in this part.
The reliability modeling and evaluation process by
MOSEL-2 language is described in Figure 2. There are
six main steps that can be summarized as follows:
 Step 1. The real world system is described by the
user via generating a high-level system description
using the syntax of MOSEL-2 language.
 Step 2 & 3: MOSEL-2 translates the model
description into a specific tool, and the appropriate
tool (MOSES, SPNP or TimeNET) is invoked by
MOSEL-2. This can be done by given an option in
the command line. The MOSEL-2 environment is
called from a shell using the following command
line syntax:
>mosel2 options
input-file.mos
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The parameter input file is the name of MOSEL-2 file (for
example filename.mos), which has the suffix ".mos". This
MOSEL-2 file is read in, parsed and checked for errors.
The options are prefixed by a dash" –" followed by a
single letter like "-o". Also, multiple options can follow s
single dash, like "-Ts", which has the same meanings as "T -s". To see the list and description of all command
options of MOSEL-2, call MOSEL-2 with option "-h" as:
>mosel2 -h
The option "-s" causes MOSEL-2 to start the selected
tool, to read the results and create the result file and if the
input file contains picture definitions, an igl file will also
be generated, which will contain all the figures specified
in the picture part of the file in a nice way.
 Steps 4 & 5: The appropriate tool processes its input
file in one of the two following ways (this can be
done with different command line options in
MOSEL-2):
o Numerical analysis: out of the static model
description, the whole state space of the model
is generated by the tool according to the
semantic rules of its modeling formalism. This
semantic model is mapped onto a stochastic
process. The stochastic process is solved by
one of the standard numerical solution
algorithms, which are part of the tool.
o simulation: the model is evaluated by the tool
without building the whole state space, using
discrete event simulation.
The results of the numerical analysis or discrete event
simulation are saved in a file with a tool specific
structure.


4.

Step 6: The MOSEL-2 environment parses the tool
specific output and generates a textual result file
(i.e., filename.res) which contains the values of the
performance and reliability measures according to
the user description in the optional "RESULT" part
of the program. Additionally, if the optional
"PICTURE" part is specified, then the graphical
representations of the results are generated by IGL
utility in a file "filename.igl".

when high bit rate is gained. Of course, this higher bit rate
can be achieved only in zone one where the bandwidth of
the cell is high; this situation can be seen in Figure 4.
Looking at Figure 5, one can notice that the average bit
rate of the cell is high when the load is small and getting
worse when the load is high.

Figure 2: Modeling and Evaluation process in MOSEL-2
This situation can be explained by the fact that the small
load (say 0.42 Mbit/s) is usually provided at the border of
the cell (zone 3) where the resources of the cell is not
broadly shared compared to the inner zone (zone1).

NUMERICAL RESULTS
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4.

The numerical results are generated using MOSEL-2
language and with the help of the Intermediate Graphical
Language (IGL), which is associated with the MOSEL-2
package. Eleven figures are generated in the analysis. The
x-axis in all figures is labeled with the total offered bit
rate (Mbit/s) which is considered to be from 0.42 to 37.6
Mbit/s, while the y-axis represents the required
performance measures. The first Figure in the analysis is
Figure 3. It shows the blocking probability in the cell. It
can be seen from this figure that when high bit rate is
required for the service, the probability of blocking this
service increases especially when the bit rate of the call is
less than the minimum required bit rate in the cell. On the
other hand, the utilization of the cell is getting better

Figure 3: blocking against total offered bit rate

The throughput of the cell in Figure 6 is getting higher
when the total offered bit rate increases. At 4.2 Mbit/s
load, the total throughput of the cell is 2 Mbit/s while at
37.6 Mbit/s load the throughput is increased to 6 Mbit/s.
Of course, the later throughput can only be achieved in
ideal conditions and most probably when the requested
service is initiated at the inner zone of the cell. This fact is
demonstrated in Figure 7 where the aggregate bit rate is
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service is initiated at the inner zone of the cell. This fact is
demonstrated in Figure 7 where the aggregate bit rate is
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given in the cell to the three zones. One can notice from
this figure that higher aggregate bit rate can be achieved
at the inner zone (zone 1). However, less aggregate bit
rate can be achieved in zone 2, and the worse result is at
zone 3.

that the traffic distribution of 60% ratio for content
download has negative effect on the Aggregate ABR in
all zones, while 30% ratio for video streaming gives
better Aggregate ABR or even 10% ratio for VoLTE
gives the best result for Aggregate ABR in all zones.
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Figure 8 demonstrates the three types of service over zone
1 (the inner zone). For example, at 25 Mbit/s offered bit
rate, VoLTE achieves higher aggregate bit rate (i.e. 2.5
Mbit/s), while video streaming service achieves 2.0
Mbit/s and the content download service achieves 1.4
Mbit/s. Similar behavior can be noticed in zone 2 with the
same offered bit rate (i.e. 25 Mbit/s) in Figure 9 but at this
time VoLTE achieves only 1.2 Mbit/s, video streaming
achieves only 1 Mbit/s whereas the content download
only achieves 0.60 Mbit/s. The numerical results shows

An amazing behavior can be noticed in Figure 10 where
the aggregate bit rate is demonstrated at zone 3. In this
figure, the aggregate bit rate increases when the offered
load is increased but when the offered load becomes 8.4
Mbit/s, the aggregate bit rate drops and continues to
decrease even at higher offered bit rate. This behavior can
be explained as: Firstly, most cell resources are shared at
the cell border (i.e. zone 3). Therefore, not many users
can have enough resources to achieve the required
service.
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Figure 10: aggregate ABR/service in zone 3 against total offered
bit rate.

Figure 12: aggregate ABR for video streaming service in all
zones against total offered bit rate

Figure 11: aggregate ABR for content download service in all
zones against total offered bit rate

Secondly, most of the available resources in the border
zone will be given to the high priority service (i.e.
VoLTE). Therefore, some portion of the requests will be
blocked, and some other portion will make handover to
the border cells. Figures 11, 12 and 13 demonstrate the
aggregate bit rate for each type of service in all zones.
Content download service is shown in Figure 11, video
streaming in Figure 12 and VoLTE is shown in Figure 13.
It is shown from Figure 11 that higher aggregate bit rate is
achieved for the content download service or video
streaming service or VoLTE service only at zone 1 and
the lowest aggregate bit rate is at zone 3. The same
behavior is shown in Figure 12 where the video streaming
is given. Again, the video streaming service has high
quality at zone 1 (i.e. inner zone). Besides, VoLTE has
the same situation at Figure 13.This behavior can be
explained by the fact that the people who are close to the
base station are happy, and they can enjoy the QoS of the
cell or even the network. As people move away from the
base station, the quality of the service becomes bad and
even worse at the cell border.

5. CONCLUSIONS AND FUTURE WORK
Performance evaluation of one LTE cell with three types
of service (i.e. content download, video streaming, and
VoLTE) has been investigated in this paper, and the

Figure 13: aggregate ABR for VoLTE service in all zones
against total offered bit rate

suggested model is solved numerically using MOSEL-2
language. The LTE cell is divided into three zones
according to LTE-Advanced modulation scheme;
quadrature phase-shift keying (QPSK), 16-phase
quadrature amplitude modulation (16QAM) or 64-state
quadrature amplitude modulation (64QAM) depending on
the speed needs. Interesting performance measures are
investigated in the analysis such as: blocking of the cell,
utilization, the average bit rate per cell, Throughput,
Aggregate average bit rate per cell to all zones as well as
the aggregate average bit rate per service in each zone.
The outcome of this research work is useful for the
planning department of mobile operators because it
provides them with a methodology and tools that allow
fast first prediction of key performance measures that give
easy way of comparing service deployment scenarios and
allow the best utilization of the existing and new
technologies anywhere and on move. This work can be
extended in the future to multi-cell scenario in different
propagation environments. Moreover, no mobility is
considered in the analysis. Therefore, it is possible to
introduce a mobility model in an extended research work.

667

Figure 10: aggregate ABR/service in zone 3 against total offered
bit rate.

Figure 12: aggregate ABR for video streaming service in all
zones against total offered bit rate

Figure 11: aggregate ABR for content download service in all
zones against total offered bit rate

Secondly, most of the available resources in the border
zone will be given to the high priority service (i.e.
VoLTE). Therefore, some portion of the requests will be
blocked, and some other portion will make handover to
the border cells. Figures 11, 12 and 13 demonstrate the
aggregate bit rate for each type of service in all zones.
Content download service is shown in Figure 11, video
streaming in Figure 12 and VoLTE is shown in Figure 13.
It is shown from Figure 11 that higher aggregate bit rate is
achieved for the content download service or video
streaming service or VoLTE service only at zone 1 and
the lowest aggregate bit rate is at zone 3. The same
behavior is shown in Figure 12 where the video streaming
is given. Again, the video streaming service has high
quality at zone 1 (i.e. inner zone). Besides, VoLTE has
the same situation at Figure 13.This behavior can be
explained by the fact that the people who are close to the
base station are happy, and they can enjoy the QoS of the
cell or even the network. As people move away from the
base station, the quality of the service becomes bad and
even worse at the cell border.

5. CONCLUSIONS AND FUTURE WORK
Performance evaluation of one LTE cell with three types
of service (i.e. content download, video streaming, and
VoLTE) has been investigated in this paper, and the

Figure 13: aggregate ABR for VoLTE service in all zones
against total offered bit rate

suggested model is solved numerically using MOSEL-2
language. The LTE cell is divided into three zones
according to LTE-Advanced modulation scheme;
quadrature phase-shift keying (QPSK), 16-phase
quadrature amplitude modulation (16QAM) or 64-state
quadrature amplitude modulation (64QAM) depending on
the speed needs. Interesting performance measures are
investigated in the analysis such as: blocking of the cell,
utilization, the average bit rate per cell, Throughput,
Aggregate average bit rate per cell to all zones as well as
the aggregate average bit rate per service in each zone.
The outcome of this research work is useful for the
planning department of mobile operators because it
provides them with a methodology and tools that allow
fast first prediction of key performance measures that give
easy way of comparing service deployment scenarios and
allow the best utilization of the existing and new
technologies anywhere and on move. This work can be
extended in the future to multi-cell scenario in different
propagation environments. Moreover, no mobility is
considered in the analysis. Therefore, it is possible to
introduce a mobility model in an extended research work.

667

REFERENCES
Parkvall S. , E. Dahlman, A. Furuskär et al; Ericsson, R. Syputa,
Maravedis;. 2008. ITU global standard for international
mobile
telecommunications
´IMT-Advanced´; LTE
Advanced - Evolving LTE towards IMT-Advanced;
Vehicular Technology Conference, VTC 2008-Fall. IEEE
68th, 21-24 Sept. 2008, pp. 1 – 5.
3GPP specification: Requirements for further advancements for
E-UTRA
(LTE
Advanced).2105.Available
at:
http://www.3gpp.org/DynaReport/36913.htm.
Retrieved 10/2/2015.
The 2014 Telecommunications Industry Review (January 2014):
An Anthology of Market Facts and Forecasts 2011-2016,
Available at: http://insight-corp.com/reports/review14.asp,.
Cisco Visual Networking Index (May, 29, 2013): Forecast and
Methodology,2012-2017.
Available
at:
http://www.cisco.com/en/US/solutions/collateral/ns341/ns52
5/ns537/ns705/ns827/white_paper_c11481360_ns827_Networking_Solutions_White_Paper.html,.
Retrieved Feb. 8, 2015.
ITU Defines the future for Mobile Communication (October 19,
2007):Avaliable
at:http://www.itu.int/newsroom/press_releases/2007/30.html
, ITU press release. Retrieved Feb. 10, 2015.
ITU World RadioCommunication Seminar (December 6, 2010):
http://www.itu.int/net/pressoffice/press_releases/2010/48.as
px, ITU press release.. Retrieved January 10, 2015.
Louis E. F. 2013. An Introduction to LTE-Advanced: The real
4G,
February,
11,
2013.
Available
at
:http://electronicdesign.com/4g/introduction-lte-advancedreal-4g. Retrieved 5/1/2015.
Wu C., K. R. Baker. 2012. Comparison of LTE Performance
Indicators and Throughput in Indoor and Outdoor Scenarios
at 700 MHz, IEEE Vehicular Technology Conference
(VTC2012), , Quebec City, QC, 3-6 Sept. 2012, pp. 1-5.
Rezaei F., M. Hempel, H. Sherif 2012. A comprehensive
performance analysis of LTE and Mobile WiMAX,
published in 8th International conference in Wireless
Communications and Mobile Computing (IWCMC), 27-31
Aug. 2012, Limassol, pp. 939-944.
Rosa C., K. I. Pedersen 2010. performance aspects of LTE
uplink with variable load and bursty data traffic, published
in IEEE 21st International Symposium on Personal Indoor
and Mobile Radio Communications (PIMRC), 26-30 Sept.
2010, Istanbul, pp. 1871-1875.
Passas V., N. Makris, S. Keranidis, T. Korakis, L. Tassiulas
2014. Towards the efficient performance of LTE-A systems:
Implementing a cell planning framework based on cognitive
sensing, published in 1st International Workshop on
Cognitive Cellular Systems (CCS), 2-4 Sept. 2014,
Germany, pp. 1-5.
Bechir N.; M. Nasreddine; E. Messaoud; A. Mahmoud, .2014.
performance evaluation of downlink LTE system, published
in IEEE 1st
International Conference on Advanced
Technologies for Signal and Image Processing (ATSIP),
Sousse, 17-19 March, 2014 , pp. 492 – 496.
LTE Modulation:Available at (2015): http://www.radioelectronics.com/info/cellulartelecomms/lte-long-termevolution/lte-ofdm-ofdma-scfdma.php.(Accessed:
24/1/2015).
Zreikat A. I., I. Al-Dmour and K. AL-Begain. 2013.
Performance Model of a WIMAX 2.0 All-IP 4G
System",Wireless Personal Communications, Springer
(USA), Vol. 72, No. 1, pp. 191-210. DOI 10.1007/s11277013-1008-0.

Quality of service over LTE (2013): Available at:
http://www.lsi.com/downloads/Public/Communication%20P
rocessors/Axxia%20Communication%20Processor/LSI-WPQoS_Over_LTE_Networks.pdf. Retrieved: 27/1/2015.
3GPP Specification (Release 13): The Mobile Broadband
Standard.2015.
Available
at:
http://www.3gpp.org/technologies/keywords-acronyms/97lte-advanced. Retrieved 15/3/2015.
MOSEL
Home
Page
(2003).
Available
at:
https://www4.cs.fau.de/Projects/MOSEL/
(Retrieved
13/2/2015).
AL-Begain K., G. Bolch, and H. Herold. 2001. Practical
Performance Modeling, Application of MOSEL language,
Kluwer Academic Publisher, p. 410.
Wuechner P. 2003. performance modelling of mobile networks
using MOSEL-2, M.Sc. Thesis, Department of computer
science, University of Erlangen, Germany.
Zreikat A. I. (May 29 to June 1, 2012): Application of MOSEL2 language in performance and modeling of cellular wireless
networks, published in Proceedings of ECMS 2012, the 26th
annual conference of the European Council for Modelling
and Simulation, Koblenz Campus of Koblenz-Landau
University, Germany, pp. 222-228. (DOI: 10.7148/20120222-0226).

AUTHOR BIOGRAPHIES
AYMEN I. ZREIKAT is a full
professor
at
the
Information
Technology Department, Mu’tah
University, Jordan. He has obtained
his B.Sc. in Computer Science from
Yarmouk University, Jordan in 1990
and
MSc.
in
Science
of
Computational Engineering from
University of Erlangen, Germany in
2000. Afterwards, he has obtained his
Ph.D. from Bradford University, UK
in 2003. In January, 2001, he has joined the Performance
Modeling and Engineering Research Group at the Computing
Department of Bradford University, UK. His area of research is
in Performance Evaluation and Resource Management of
Wireless Mobile Networks. He has published two books, set of
Journal and Conference papers in this field and he is responsible
for reviewing a set of papers in this area of research in a very
reputable Journals and Proceedings. Prof. Zreikat is teaching
some important courses for both undergraduate and graduate
students. Furthermore, he has obtained many grants for research
projects nationally and internationally. Additionally, he is
supervising research students in Jordan and abroad. Prof. Zreikat
is a member of some national and international coordinating
committees; such as: the coordinating committee for the
management of Queen Rania Al-Abdullah center for
Educational Technology, Jordan, April 2009. Since May, 2009,
He is a member of committee for Higher Education
Accreditation Commission, Jordan. He is also member of the
editorial board of the international Journal of software
engineering and its applications (IJSEIA), Korea, 2012. Besides,
he is a member of international organizations; such as MOSEL
team. His e-mail address is: siayzrei@yahoo.com.

668

REFERENCES
Parkvall S. , E. Dahlman, A. Furuskär et al; Ericsson, R. Syputa,
Maravedis;. 2008. ITU global standard for international
mobile
telecommunications
´IMT-Advanced´; LTE
Advanced - Evolving LTE towards IMT-Advanced;
Vehicular Technology Conference, VTC 2008-Fall. IEEE
68th, 21-24 Sept. 2008, pp. 1 – 5.
3GPP specification: Requirements for further advancements for
E-UTRA
(LTE
Advanced).2105.Available
at:
http://www.3gpp.org/DynaReport/36913.htm.
Retrieved 10/2/2015.
The 2014 Telecommunications Industry Review (January 2014):
An Anthology of Market Facts and Forecasts 2011-2016,
Available at: http://insight-corp.com/reports/review14.asp,.
Cisco Visual Networking Index (May, 29, 2013): Forecast and
Methodology,2012-2017.
Available
at:
http://www.cisco.com/en/US/solutions/collateral/ns341/ns52
5/ns537/ns705/ns827/white_paper_c11481360_ns827_Networking_Solutions_White_Paper.html,.
Retrieved Feb. 8, 2015.
ITU Defines the future for Mobile Communication (October 19,
2007):Avaliable
at:http://www.itu.int/newsroom/press_releases/2007/30.html
, ITU press release. Retrieved Feb. 10, 2015.
ITU World RadioCommunication Seminar (December 6, 2010):
http://www.itu.int/net/pressoffice/press_releases/2010/48.as
px, ITU press release.. Retrieved January 10, 2015.
Louis E. F. 2013. An Introduction to LTE-Advanced: The real
4G,
February,
11,
2013.
Available
at
:http://electronicdesign.com/4g/introduction-lte-advancedreal-4g. Retrieved 5/1/2015.
Wu C., K. R. Baker. 2012. Comparison of LTE Performance
Indicators and Throughput in Indoor and Outdoor Scenarios
at 700 MHz, IEEE Vehicular Technology Conference
(VTC2012), , Quebec City, QC, 3-6 Sept. 2012, pp. 1-5.
Rezaei F., M. Hempel, H. Sherif 2012. A comprehensive
performance analysis of LTE and Mobile WiMAX,
published in 8th International conference in Wireless
Communications and Mobile Computing (IWCMC), 27-31
Aug. 2012, Limassol, pp. 939-944.
Rosa C., K. I. Pedersen 2010. performance aspects of LTE
uplink with variable load and bursty data traffic, published
in IEEE 21st International Symposium on Personal Indoor
and Mobile Radio Communications (PIMRC), 26-30 Sept.
2010, Istanbul, pp. 1871-1875.
Passas V., N. Makris, S. Keranidis, T. Korakis, L. Tassiulas
2014. Towards the efficient performance of LTE-A systems:
Implementing a cell planning framework based on cognitive
sensing, published in 1st International Workshop on
Cognitive Cellular Systems (CCS), 2-4 Sept. 2014,
Germany, pp. 1-5.
Bechir N.; M. Nasreddine; E. Messaoud; A. Mahmoud, .2014.
performance evaluation of downlink LTE system, published
in IEEE 1st
International Conference on Advanced
Technologies for Signal and Image Processing (ATSIP),
Sousse, 17-19 March, 2014 , pp. 492 – 496.
LTE Modulation:Available at (2015): http://www.radioelectronics.com/info/cellulartelecomms/lte-long-termevolution/lte-ofdm-ofdma-scfdma.php.(Accessed:
24/1/2015).
Zreikat A. I., I. Al-Dmour and K. AL-Begain. 2013.
Performance Model of a WIMAX 2.0 All-IP 4G
System",Wireless Personal Communications, Springer
(USA), Vol. 72, No. 1, pp. 191-210. DOI 10.1007/s11277013-1008-0.

Quality of service over LTE (2013): Available at:
http://www.lsi.com/downloads/Public/Communication%20P
rocessors/Axxia%20Communication%20Processor/LSI-WPQoS_Over_LTE_Networks.pdf. Retrieved: 27/1/2015.
3GPP Specification (Release 13): The Mobile Broadband
Standard.2015.
Available
at:
http://www.3gpp.org/technologies/keywords-acronyms/97lte-advanced. Retrieved 15/3/2015.
MOSEL
Home
Page
(2003).
Available
at:
https://www4.cs.fau.de/Projects/MOSEL/
(Retrieved
13/2/2015).
AL-Begain K., G. Bolch, and H. Herold. 2001. Practical
Performance Modeling, Application of MOSEL language,
Kluwer Academic Publisher, p. 410.
Wuechner P. 2003. performance modelling of mobile networks
using MOSEL-2, M.Sc. Thesis, Department of computer
science, University of Erlangen, Germany.
Zreikat A. I. (May 29 to June 1, 2012): Application of MOSEL2 language in performance and modeling of cellular wireless
networks, published in Proceedings of ECMS 2012, the 26th
annual conference of the European Council for Modelling
and Simulation, Koblenz Campus of Koblenz-Landau
University, Germany, pp. 222-228. (DOI: 10.7148/20120222-0226).

AUTHOR BIOGRAPHIES
AYMEN I. ZREIKAT is a full
professor
at
the
Information
Technology Department, Mu’tah
University, Jordan. He has obtained
his B.Sc. in Computer Science from
Yarmouk University, Jordan in 1990
and
MSc.
in
Science
of
Computational Engineering from
University of Erlangen, Germany in
2000. Afterwards, he has obtained his
Ph.D. from Bradford University, UK
in 2003. In January, 2001, he has joined the Performance
Modeling and Engineering Research Group at the Computing
Department of Bradford University, UK. His area of research is
in Performance Evaluation and Resource Management of
Wireless Mobile Networks. He has published two books, set of
Journal and Conference papers in this field and he is responsible
for reviewing a set of papers in this area of research in a very
reputable Journals and Proceedings. Prof. Zreikat is teaching
some important courses for both undergraduate and graduate
students. Furthermore, he has obtained many grants for research
projects nationally and internationally. Additionally, he is
supervising research students in Jordan and abroad. Prof. Zreikat
is a member of some national and international coordinating
committees; such as: the coordinating committee for the
management of Queen Rania Al-Abdullah center for
Educational Technology, Jordan, April 2009. Since May, 2009,
He is a member of committee for Higher Education
Accreditation Commission, Jordan. He is also member of the
editorial board of the international Journal of software
engineering and its applications (IJSEIA), Korea, 2012. Besides,
he is a member of international organizations; such as MOSEL
team. His e-mail address is: siayzrei@yahoo.com.

668

ANALYTICAL MODELING OF RATE-BASED OVERLOAD CONTROL
WITH TOKEN BUCKET TRAFFIC SHAPING ON CLIENT SIDE
Konstantin Samouylov
Yulia Gaidamaka
Pavel Abaev
Margarita Talanova
Department of Applied Informatics and Probability Theory
Peoples’ Friendship University of Russia
Mikluho-Maklaya str., 6
Moscow 117198, Russia
E-mail: {ksam, ygaidamaka, pabaev,
mtalanova}@sci.pfu.edu.ru

beneficial for overload control in next generation
networks.
Note that in hysteretic mechanism parameters that are
subject to estimation are those, which define hysteric
threshold position.
It is known that overload conditions that arise
occasionally in signaling networks lead to severe loss of
service quality, which eventually affects network
operators and/or service providers.
There are many research papers that deal with
analysis of systems with different overload control
mechanisms, including hysteretic policy (Abaev and
etc. 2012). In this paper system under consideration is
SIP proxy server.
At present, two overload control schemes have been
proposed by IETF SIP overload control workgroup –
one with flow sifting on the sender side (LBOC, Lossbased overload control) documented in (RFC 7339
2014) and one with restricting the flow rate of signaling
messages (RBOC, Rate-based overload control)
described in (RFC 7415 2015). However, only the basic
principles were described in SOCs' documents and
methods for calculation of the control parameters were
not specified. The control parameters can be determined
based on analysis of mathematical models or as the
results of simulation modeling.
Different approaches for control parameters
estimation of LBOC scheme are proposed in (Abaev
and etc. 2012). The same problem for RBOC scheme is
still uninvestigated. In this paper, we propose the
simulation model for RBOC schema with hysteretic
algorithm at the server side, which is used to define
trigger point for sending control information.

KEYWORDS
SIP, overload control, rate-based scheme, Monte-Carlo
method, simulation, MMPP.
ABSTRACT
Providing multimedia services to users assumes perfect
quality of transfer and modern processing equipment
that involves need of development of new methods of
the analysis and forecasting of functioning of a
communication network. In the paper we investigate the
problem of the overload that occurs on a SIP (Session
Initiation Protocol) server. SIP overload mitigation is
based on RBOC (Rate-based overload control) schema,
which was designed by IETF SIP overload control
workgroup. The aim of RBOC schema is to restrict
signaling message flow rate from the client side towards
the server side. Hysteretic overload control algorithm is
used to define trigger point for sending control
information by the server to the client. Token bucket
algorithm is applied to restrict the number of the tokens
that the server grants the client. Simulation model for
estimation main performance metrics is developed.
Traffic with different type of distribution is used for
investigation the behavior of the system with tandem
servers. The optimization problem for maximization of
processor utilization of SIP server on the dependence of
threshold values and the number of token is formulated.

INTRODUCTION
The problem of overload control in SIP signaling
networks gives rise to many questions which attract
researchers from theoretical and practical point
of view. Any mechanism that is claimed to settle this
problem down demands estimation of control
parameters on which its performance is greatly
dependent. This research is motivated by the idea that
hysteretic control which is successfully deployed and
used in SS7 networks may also be applicable and

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

Oleg Pavlotsky
Department of communication networks and
commutation systems
Moscow Technical University of
Communication and Informatics
Aviamotornaya ul., 8а
111024, Moscow, Russia
Emil: oleg.pavlotsky@yandex.ru

This paper is organized as follows. We analyze IETF
experience for SIP-signaling overload control problem
solutions. Then we investigate overload control
techniques, which are implemented on the server and
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This paper is organized as follows. We analyze IETF
experience for SIP-signaling overload control problem
solutions. Then we investigate overload control
techniques, which are implemented on the server and
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control information to SE periodically depending on RE
load changes.
These schemes are based on the idea of feedback
control loop between all neighboring SIP servers that
directly exchange traffic. Each loop controls only two
entities. The Actuator is located on the sending entity
and throttles the traffic if necessary. The receiving
entity has the Monitor, which measures the current
server load.
The four Via header parameters (‘oc’, ‘oc-algo’, ‘ocvalidity’ and ‘oc-seq’) are introduced in (RFC7339
2014) to transfer the control information between two
adjacent entities.
Four Via header parameters are defined in (RFC7339
2014) and are summarized below:
 ‘oc’: Used by clients in SIP requests to indicate
support for overload control per (RFC7339
2014) and by servers to indicate the load
reduction amount in the loss-based algorithm
and the maximum rate, in messages per
second, for the rate-based algorithm described
here.
 ‘oc-algo’: Used by clients in SIP requests to
advertise
supported
overload
control
algorithms and by servers to notify clients of
the algorithm in effect. Supported values are
“loss” (default) and “rate” (optional).
 ‘oc-validity’: Used by servers in SIP responses
to indicate an interval of time (in milliseconds)
that the load reduction should be in effect. A
value of 0 is reserved for the server to stop
overload control. A non-zero value is required
in all other cases.
 ‘oc-seq’: A sequence number associated with
the ‘oc’ parameter.
The problem of estimation the value of these parameters
is beyond of the document.

the client side for RBOC scheme. And finally, we
introduce the simulation model and numerical example.
RATE-BASED OVERLOAD CONTROL
APPROACH OVERVIEW
SIP Call Flow Overview
SIP is a request/response-based protocol. User agents
(UAs), which take the role of a user agent client (UAC)
or user agent server (UAS) for a request/response pair
represent end users. A UAC creates a SIP request and
sends it to a UAS. On its way, a SIP request typically
traverses one or more SIP proxy servers. The main
purpose of a SIP server is to route a request one hop
closer to its destination. Responses trace back the path
the request has taken.
The UAC sends an INVITE request to the UAS to
initiate a SIP session as shown in Fig. 1. Each server on
the path confirms the reception of this request by
returning a 100 Trying response to the previous hop.
Instead of forwarding a request, a SIP server can reject
it if it is unwilling or unable to forward the request.
Once the request is received by the UAS, it typically
responds with a 180 Ringing response to indicate that
the called user is being alerted and a 200 OK response
when the user has accepted the session. After the 200
OK is received by the UAC, it sends an ACK request to
complete the three way handshake of an INVITE
transaction. The INVITE request is the only SIP request
that uses a three way handshake. Sessions can be
terminated at any time by sending a BYE request, which
is confirmed with a 200 OK response.

Figures 1: SIP basic call flow
Explicit Overload Control Scheme
The basic idea of RBOC scheme is that receiving
entity (RE) informs sending Entity (SE) about the
maximum message rate which RE would like to receive
from SE within a specified period of time. RE sends the
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sever overload state. The system during operation
changes its state depending on the total number of
messages n present in it. Choose arbitrary numbers L
and H such that 0  L  H  R , where R is the buffer
capacity. When the system starts to work it is empty,
n  0 , and as long as the total number of messages in
the system remains below H  1 , system is considered
to be in normal state, s  0 .
When total number of messages exceeds H  1 for
the first time, the system changes its state to overload,
s  1 , and RE informs SE that traffic load should be
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moment t  0 , tk is the moments of arrival of the k-th,
k  1 , message, LCT  t  is the last confirmed time

before moment t , n  t  is the number of the latest
message accepted before the moment t . These variables
satisfy the following relations:
n  t   sup k : tk  t , X  tk     ,
k 1

LCT  t   tn t  ,
X  t   X  LCT  t    t  LCT  t   .
Note that the value  is configured on the client side
and chosen depending on the amount of the client's
memory and its' processor performance.

Default Algorithm on the Client Side
In the case of RBOC scheme the default Leaky
Bucket algorithm (RFC 7415 2015) is proposed to use
on the client side to deliver SIP requests at a rate
specified in the ‘oc’ value with tolerance parameter  .
The Leaky Bucket algorithm can be viewed as a finite
capacity bucket whose real-valued content drains out at
a continuous rate of 1 unit of content per time unit and
whose content increases by the increment T for each
forwarded SIP request. Parameter T is computed as the
inverse of the rate specified in the ‘oc’ value,
namely T  1 'oc' .

SIMULATION MODEL
We model SIP server as a single server queuing
system with the finite capacity buffer. Two thresholds
L and H are introduced in the buffer. SIP client
modeled as a single server with unlimited capacity
buffer sends messages to server while free tokens are
available. The scheme of the simulation model of
messages processing by a SIP-server is shown in Fig. 3.

It is assumed that the client tries to put some content
into the bucket at random times (time of a message
arrival). If at that moment the bucket capacity does not
exceed the value  , the incoming content (incoming
message) is added to the bucket and increases the
volume of content in the bucket by T . If at that moment
the amount of content of the bucket more than  , the
incoming content (message) is not added to the bucket.
The random process of changes of the bucket's
content is shown in Fig.2.
X t 
T 



H

L

Figures 3: Simulation model of SIP server with RBOC
schema and hysteretic algorithm
All represented in Fig. 3 modules correspond to
recommendation (RFC6357 2011), thus the Source of
messages and the Actuator belong to SIP client, the
Processor with the buffer and the Monitor – to the
overloaded downstream SIP server. The Control
Function is realized on both SIP-servers, however, in
this case, only the downstream SIP server carries out
actions by the Control Function, and the Control
Function instance on the upstream SIP-server simply
passes along feedback. For throttling message flow
from the client to the server, we use token bucket
algorithm, which shares the same idea as Leaky Bucket.
In simulation model, the RTT, which affects the transfer
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Figures 2: Dynamic changes of process X  t 
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Let X  t   0 is the value of the bucket's content at the

reduced: it stays in it as long as the number of messages
remains between L and R  1 . Being in overload state,
RE's system waits till the number of messages drops
down below L after which it changes its state back to
normal and informs SE about changes, or exceeds R  1
after which it changes its state to blocking, s  2 , and
ask SE for temporary suspension of sending SIP
requests. When the total number of messages drops
down below H  1 , system's state changes back to
overload, and RE informs SE that the process of
sending of messages can be resumed with the current
limitations.
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denote the burstiness coefficient.

message delay between the client and server, is taken
into account. The simulation model operates as follows.
The Source generates messages with the defined
distribution of time intervals between adjacent
messages. The messages consistently arrive in the
Processor buffer. The Monitor measures the queue
length in the buffer and when the H buffer occupancy
is increasing and crosses the threshold the Monitor
detects overload and reports about the situation to the
Control Function. The Control Function instance on the
server side specifies a number of tokens that will be
passed to the client side. In addition, the Control
Function also specifies the time interval of token
validity. Each token can be used once for granting
capability to send message from the client to the server.
Operating time of the simulation model is limited to
number T of generated messages.
The simulation model operates to the following rules.
 Input parameters: L , H , R , RTT and traffic
profile parameters.
 The client generates a message at the moment
tk  0 , the interval
tk 1  tk , k  1 is



infinitesimal operator




 

The simulation tool represents the event-driven
application [17] realized in C ++ using Microsoft Visual
Studio 2012 shell. Each component of the system (SIP
processor, Monitor, Control Function, Source and
Actuator) is realized as an independent object. An event
in this model corresponds to the arriving a message in
the buffer or to the changing the system state.
The interface of the simulation tool is presented in
Fig. 4.

exponential or MMPP distributed. The
messages are stored in the buffer and sent to
the server if token is available.
The Monitor fixes buffer occupancy Q  tk  in



the system at the moment tk just before

generating a new message.
 The Control Function according hysteretic
policy provides some number of free tokens,
M , and passes them to the client.
 The transmission delay between the client and
server sides is equal to RTT/2.
Two types of traffic generators are implemented by
default – exponential and MMPP2 distributions (Fischer
1993). Exponential distribution is described by the

generating a new message.
 The Control Function according hysteretic
policy provides some number of free tokens,
M , and passes them to the client.
 The transmission delay between the client and
server sides is equal to RTT/2.
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default – exponential and MMPP2 distributions (Fischer
1993). Exponential distribution is described by the

The buffer occupancy, number of tokens and system
state dynamic changes are shown in Fig. 5. In Fig. 6 is
shown the dependence of mean waiting time and
utilization of the processor on burstiness coefficient  .

mean arrival rate  1 , and MMPP2 distribution is
parametrized

by

intensity

matrix

0 0 


0  

infinitesimal operator

parametrized
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Buffer occupancy

Buffer occupancy
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Figure 5: Buffer occupancy dynamic for MMPP2 input flow

Parameter 

Figure 6: Dependence of mean waiting time on
parameter 
The graph shows that with the increase of variable 
the mean waiting time decreases.
The number of messages processed depends on
process utilization. This means that the performance of
the server can be evaluated through process utilization.
The following optimization problem should be solved to
estimate the number of tokens that are passed from the
server to the client and the value of the thresholds, L
and H :
UTIL  L, H , M ,    max
R1: M min  M  M max ,
R 2 : Bserver  B ,

where Bserver is the blocking probability.
SUMMARY
In this paper, we give an overview of the SIP protocol
and basic 503 mechanisms shortcomings. RBOC
simulation model based on Monte-Carlo method was
designed. For further study the optimization problem is
to be solved and the influence of the burstiness
coefficient is to be investigated.
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specifically, in the basic overload control mechanism
(mechanism 503). In 2009, Rosenberg, one of the
protocol designers, demonstrated in (RFC 5390) the
protocols' main shortcomings concerning overload
prevention and formulated the main requirements
toward the future of overload control mechanism. In
mid-2010, the SOC working group was created within
the IETF Committee. Its work aims at creating overload
prevention mechanisms. The first result of their work
was the document (RFC 6357 2011), which was
permanently accepted in August 2011. The document
provides a discussion of the available types of overload
control mechanisms – local, hop-by-hop, and end-toend, a classification of SIP networks, and presents the
overall architecture of overload-control systems. The
SOC group's work focuses on developing two hop-byhop schemes for overload control as this type of
mechanisms has a number of indisputable advantages
over the other two types (RFC 7339 2014). At present,
two overload control schemes have been proposed –
one with flow sifting on the sender side (LBOC, Lossbased overload control) documented in (RFC 7339
2014) and one with restricting the flow rate of signaling
messages (RBOC, Rate-based overload control)
described in (RFC 7415 2015). However, only the basic
principles were described in SOCs' documents and
methods for calculation of the control parameters were
not specified. The control parameters can be determined
based on analysis of mathematical models or as the
results of simulation modeling. Some approaches for
estimating overload control mechanisms and its control
parameters are proposed in (Abaev and etc. 2012,
Abdelal and etc. 2010, Azhari 2012). As the processes
going on in the SIP networks are difficult to describe
mathematically and depend on a large number of
different factors, the task needs to be solved through the
creation of a simulator.
Network dimensioning and scalability is one of the
key objectives for Telecommunication Carriers that
offer VoIP to their customers. SIP network simulator

KEYWORDS
SIP, overload control, loss-based scheme, FSM,
simulation.
ABSTRACT
The rapid development of services provided on SIP
networks not only define the necessity of creating new
equipment and standards but also requires the
development of new methods and programming
software tools for modeling and analyzing the
effectiveness of the overload control mechanisms in
SIP-server networks. The modeling process utilizes
mathematical and simulation models as well as
simulators. Only simulators or simulation tools make it
possible to solve problems related to the analysis and
optimization of the control parameters. The most
appropriate modeler is the simulators reflecting the
protocols and functions, which are fully or partially
built into the original system.
At present, there are no simulators for modeling the
work of SIP servers in overload conditions with an
application of mechanisms, which are currently under
development by IETF SIP Overload Control
workgroup. Simulation tool that supports the main SIP
RFCs such as RFC 3261 are proposed in the paper. The
architecture of SIP node is developed, and numerical
example is presented.
INTRODUCTION
SIP is an application-layer signaling protocol for
creating, modifying, and terminating sessions with one
or more participants. In November 2000, SIP was
accepted as a 3GPP signaling protocol and main
protocol of the IMS architecture. In 2002,
recommendation (RFC 3261 2002), which determines
the current protocol form, was accepted.
The rapid development of the market for services
based on the SIP protocol and the growing user needs
have revealed a number of shortcomings in the protocol,
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that uses a three way handshake. Sessions can be
terminated at any time by sending a BYE request, which
is confirmed with a 200 OK response.

allows sketching out network environment and making
up your own SIP solution to see how it works. Rich
statistics that are collected will provide us with the
capability to estimate and analyze the real metrics of
SIP network solution efficiency. Different overload
control algorithms can be compared for various SIP
traffic profiles.
There are many commercial general-purpose
simulation tools such as Anylogic or Mathlab Simulink
with a graphical editor, customizable block libraries,
and solvers for modeling and simulating dynamic
systems. SIP protocol modeling with such tools in
accordance with main RFCs and with implementation of
overload control schemas is not a trivial task.
Furthermore, the only way to estimate delays that are
contributed by network layer is a SIP simulator, which
uses TCP/IP stack.
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Figures 1: SIP basic call flow
This paper is organized as follows. We analyze IETF
experience for SIP-signaling overload control problem
solutions. Then we investigate overload control
techniques, which are implemented on the server and
the client side. And finally, we introduce the
architecture of the SIP simulation tool for modeling
different overload control techniques.

Basic 503 mechanism
The SIP protocol provides a basic overload control
mechanism through the 503 (Service Unavailable)
response code. SIP servers that are unable to forward a
request due to temporary overload can reject the request
with a 503 response. The overloaded server can insert a
Retry-After header into the 503 response, which defines
the number of seconds during which this server is not
available for receiving any further requests from the
upstream neighbor. A server that receives a 503
response from a downstream neighbor stops forwarding
requests to this neighbor for the specified amount of
time and starts again after this time is over. Without a
Retry-After header, a 503 response only affects the
current request and all other requests can still be
forwarded to this downstream neighbor. A server that
has received a 503 response can try to resend the
request to an alternate server, if one is available. A
server does not forward 503 responses toward the UA
and converts them to 500 Server Internal Error
responses instead.
Note that RFC 3261 provides, in the case of overload
the recipient to discard incoming messages without
notifying the sender.
A SIP server overload occurs if a SIP server does not
have sufficient resources to process all incoming SIP
messages. Several reasons, including Poor Capacity
Planning, Component Failures, Avalanche Restart or
Flash Crowds and the list of the problems that arise as a
result of the 503 mechanism are presented in (RFC5390
2008).

SIP CALL FLOW AND OVERLOAD CONTROL
PROBLEM OVERVIEW
SIP Call Flow Overview
SIP is a request/response-based protocol. User agents
(UAs), which take the role of a user agent client (UAC)
or user agent server (UAS) for a request/response pair
represent end users. A UAC creates a SIP request and
sends it to a UAS. On its way, a SIP request typically
traverses one or more SIP proxy servers. The main
purpose of a SIP server is to route a request one hop
closer to its destination. Responses trace back the path
the request has taken.
The UAC sends an INVITE request to the UAS to
initiate a SIP session as shown in Fig. 1. Each server on
the path confirms the reception of this request by
returning a 100 Trying response to the previous hop.
Instead of forwarding a request, a SIP server can reject
it if it is unwilling or unable to forward the request.
Once the request is received by the UAS, it typically
responds with a 180 Ringing response to indicate that
the called user is being alerted and a 200 OK response
when the user has accepted the session. After the 200
OK is received by the UAC, it sends an ACK request to
complete the three way handshake of an INVITE
transaction. The INVITE request is the only SIP request
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RE by specified in the request amount of the total
number of messages. RBOC scheme operates in the
following way: RE informs SE about the maximum
message rate which RE would like to receive from SE
within a specified period of time. RE sends the control
information to SE periodically depending on RE load
changes.
Both of these schemes are based on the idea of
feedback control loop between all neighboring SIP
servers that directly exchange traffic. Each loop controls
only two entities. The Actuator is located on the sending
entity and throttles the traffic if necessary. The
receiving entity has the Monitor, which measures the
current server load.
The four Via header parameters (‘oc’, ‘oc-algo’, ‘ocvalidity’ and ‘oc-seq’) are introduced in (RFC 7339
2014) to transfer the control information between two
adjacent entities.
The integer parameter ‘oc’ consisting of 10 digits and
its value defines what percentage of the total number of
SIP requests are subject to reduction at the SE when the
loss-based scheme is used. Analogously, when the ratebased scheme is used it indicates that the client should
send SIP requests at a rate of ‘oc’-value SIP requests or
fewer per second. ‘oc-algo’ parameter defines the scope
of algorithms supported by SE, e.g. ‘oc-algo’=”loss”,
“rate”. `Parameter ‘oc-validity’ contains a value that
indicates an interval of time (measured in milliseconds)
that the load reduction specified in the value of the oc’
parameter should be in effect, its default value is
500 ms. Parameter ‘oc-sequence’ is the sequence
number associated with the ‘oc’ parameter, timestamps
usually use as its value.
The message format with the control information, the
procedures of choice overload control algorithm, and
the behavior of client and server using overload control
mechanism are described in detail in (RFC 7339 2014).
However, these documents remains open the following
questions that need further research:
 Criteria determining the choice of moments for
sending messages with control information
from SE to RE;
 Rule for choosing the value of ‘oc’ parameter;
 Rule for choosing the value of ‘oc-validity’
parameter.
To address these problems we have developed SIP
simulation tool that provide with the capability to
collect rich statistics of server to server SIP messaging.

Load Amplification. The supplementary result of the
503 mechanism is the tendency to amplify the load
during periods of overload significantly, thus causing
further aggravation of the problem and bringing the
collapse of the network closer.
Underutilization. RFC 3261 does not cover how the
503 message recipient should react. In fact, there are
some network configurations where it is not possible to
clearly identify the sender of the message if the sender
knows only a domain name of the cluster of receivers.
Therefore, the sender may slow down the load to the
entire cluster of servers with no overloaded servers, but
not to the actual server in overload.
The Off/On Retry-After Problem. When the sender is
balancing requests between a small number of the
receivers, the 503 mechanism with Retry-After becomes
noneffective because of its all-or-nothing technique.
The 503 mechanism with Retry-After tends to cause
highly oscillatory behavior under even mild overload.
Ambiguous Usages. The standards do not clearly
determine when the server must send the message with
the code 503, and because of various implementations,
the message 503 is used to indicate different states.
Rosenberg formulated 23 requirements to overload
control mechanisms in (RFC5390 2008); mechanisms
matching them will be able to predict and to avoid or
quickly to cope with an overload on the server.
Explicit Overload Control Scheme
The problem domain of SIP overload control can be
split into overload control between a user agent and a
SIP server and overload control between SIP servers.
The first document (RFC 6357 2011) developed by
SOC, contains the overload control mechanism
classification with local, hop-by-hop and end-to-end
schemes, and the following network topologies for
“server-server” interoperation – load balancer, multiple
sources and mesh.
Current work of the group is focused on the
development of two hop-by-hop overload control
schemes – Loss-based overload control and Rate-based
overload control. The choice in favor of hop-by-hop
mechanism was made because of the advantages over
the other two mechanisms: the solutions implemented
hop-by-hop scheme have better scalability and the
scheme requires a SIP entity to aggregate overload
status values of SIP servers only that each server
communicates with.
The basic idea of LBOC scheme is that the sending
entity (SE) reduces the number of messages on
receiving entity’s (RE) request that will be send to the
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As a criterion determining the choice of moments for
sending messages with control information from SE to
RE we propose to use hysteretic control technique
(Abaev and ec. 2012). The system during operation
changes its state depending on the total number of
messages n present in it.
Choose arbitrary numbers L and H such that
0  L  H  B , where B is the buffer capacity. When
the system starts to work it is empty, n  0 , and as long
as the total number of messages in the system remains
below H  1 , system is considered to be in normal
state, s  0 .
When total number of messages exceeds H  1 for
the first time, the system changes its state to overload,
s  1 , and RE informs SE that traffic load should be
reduced: it stays in it as long as the number of messages
remains between L and B  1 . Being in overload state,
RE's system waits till the number of messages drops
down below L after which it changes its state back to
normal and informs SE about changes, or exceeds B  1
after which it changes its state to blocking, s  2 , and
ask SE for temporary suspension of sending SIP
requests. When the total number of messages drops
down below H  1 , system's state changes back to
overload, and RE informs SE that the process of
sending of messages can be resumed with the current
limitations.

messages with probability q1 

q  N1  N 2   q2 N 2
N1

if

necessary to get an overall reduction of the ‘oc’ value.
To affect the reduction rate with probability q2 from
the non-priority messages, the client draws a random
number between 1 and 100 for the request picked from
the first category. If the random number is less than or
equal to converted value of the ‘oc’ parameter, the
request is not forwarded; otherwise the request is
forwarded. Recalculation of probabilities is performed
periodically every 5-10 seconds by getting the value of
the counters N1 and N 2 .
SIP NETWORK SIMULATOR
Below we will describe the simulation approach and
the design of SIP node.
Figure 2 illustrates the steps a packet takes as it
moves from the device driver through the Linux kernel
to the SIP layer and back to the device driver. Based on
this figure, there are three distinct entities involved in
processing a SIP packet. The first one of them is Kernel
Network Stack, which provides the procedure of
receiving of packets.
Control
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SIP Processor

SIP Processor

SIP Processor

SIP Processor
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Level 7 Queue

Level 7 Queue
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Default Algorithm on the Client Side for LBOC case
In the case of LBOC scheme, the default algorithm for
throttling incoming to the server traffic is used on the
client side. The idea of the algorithm presented in (RFC
7339 2014) is to sift the client's outgoing flow. Let us
consider the example of the implementation of the
algorithm.
The client maintains two types of requests – the
priority and non-priority. Prioritization of messages is
done in accordance with local policies applicable to
each SIP-server. In situations where the client has to sift
the outgoing flow, it first reduces non-priority
messages, and then if the buffer contains only priority
messages and further reduction is still needed, the client
reduces the priority messages.
Under overload condition, the client converts the
value of the ‘oc’= q parameter to a value that it applies
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device, it arrives at the device driver and is transferred
to a ring buffer in kernel space. The packet then
undergoes processing within the Linux kernel stack
before it is handed to the application – SIP layer.
Application Layer provides SIP Packet Processing
procedures. The SIP layer has a blocking loop waiting
for packets to arrive on the socket. Processing at the SIP
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As a criterion determining the choice of moments for
sending messages with control information from SE to
RE we propose to use hysteretic control technique
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0  L  H  B , where B is the buffer capacity. When
the system starts to work it is empty, n  0 , and as long
as the total number of messages in the system remains
below H  1 , system is considered to be in normal
state, s  0 .
When total number of messages exceeds H  1 for
the first time, the system changes its state to overload,
s  1 , and RE informs SE that traffic load should be
reduced: it stays in it as long as the number of messages
remains between L and B  1 . Being in overload state,
RE's system waits till the number of messages drops
down below L after which it changes its state back to
normal and informs SE about changes, or exceeds B  1
after which it changes its state to blocking, s  2 , and
ask SE for temporary suspension of sending SIP
requests. When the total number of messages drops
down below H  1 , system's state changes back to
overload, and RE informs SE that the process of
sending of messages can be resumed with the current
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The main objective of SIP network simulator is to
provide means for the simulation of end-to-end SIP
connectivity over TCP/IP transport. To this aim, SIP
node model supports SIP INVITE and non-INVITE
transaction model, which is implemented in Statechart
and State Java classes. Class Transition provide the
functionality for changing states of SIP transactions.
The UML Java class diagram of SIP node is shown Fig.
4.
Numerical example
The network topology that we modeled consists of
UAC, UAS and two SIP proxies. SIP nodes functioned
as a single server model with finite capacity buffer. We
did not implement any special local policy at the client
side to prioritize of dropping of messages. We set the
value of thresholds L  44 and H  55 , and dropping
probability q  0.3 (Abaev and etc. 2012). The
dependence of number of successful sessions on input
load is shown in Fig. 5.

Figure 5: Session success rate
700

Session Setup Delay

600

100 Trying (3)
Invite(1)
Invite (2)

Invite (4)

ACK (10)

ACK (11)

(9)

(5)

LBOC overload control

300

Invite (2)

Invite (4)

0,5

1

1,5

2

2,5

ACK (10)

ACK (11)

With the increase of input load, session success rate
gradually decreases in the case of LBOC overload
control and decreases dramatically in the case of 503
mechanism. For sessions that successfully established
we calculated mean session setup delay, which
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layer consists of two parts: one that is common to all
messages and one that is message dependent.
During the common part, the message is parsed, it is
classified as a SIP request or response, and then certain
operations are performed. Since the proxy operates in
stateful mode, a lookup is performed to determine if the
SIP transaction is already present. If not, a new
transaction is created, otherwise the existing transaction
is returned and the SIP message-specific processing
phase begins. Once the forwarding, reply or relay
decision has been made, a send buffer is created with
the updated data for the SIP header, and the packet is
sent to the transport layer.
The next layer Kernel Network Stack provides Packet
Sending procedures. Once a packet completes
processing at the SIP layer, it is passed on to the kernel
for forwarding to the UAC/UAS.
First, for parsing, the text based SIP messages are
syntactically analyzed, broken down into parts, and
converted into internal representations. Second, the
newly created internal message representations have to
be analyzed to infer on their later processing. For a SIP
proxy server this means that it has to determine the
messages destination and forward them towards there.
For a UAS it means extracting the content of the
message, probably displaying something to the user and
creating and sending responses. Each of the two parts of
processing a SIP message in a proxy server uses a
specific amount of processing time. We assumed that
parsing of a message always takes approximately the
same amount of processing time, which independent of
its type and content.
SIP session state chart according SIP call flow
described above in SIP overview paragraph is shown in
Fig. 3.
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SUMMARY AND FUTHER STUDY
In this paper, we give an overview of the SIP protocol
and basic 503 mechanisms shortcomings. The
architecture of SIP network node is proposed and a
testbed with implemented at server side hysteretic
overload control was constructed. The numeric example
illustrates some benefits of LBOC overload control
mechanism against basic 503 mechanisms.
For further study RBOC schema is to be implemented
in the simulator and a comparative analysis of both
schemas will be done for different traffic profiles.
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P2P principles. By developing our simulator we believe
it could be applied not only to plan new application
tools, but also to be used by providers (support team) to
reach required QoS and QoE parameters of P2P
networking (Shen et al. 2010, Adamu et al. 2010).
This paper focuses on data exchange process between
peers in P2P streaming network. During the playback
process each user – peer – keeps downloading pieces of
a media stream – chunks – from a source-server or other
peers, caching them in his own buffer to provide a
steady and continuous video playback. Each user shares
recently downloaded chunks with other users.
Modelling of buffering mechanism for P2P streaming
network takes into account data transfer delays named
lags and collisions – situations when a user cannot
download data from another user because the latter does
not have sufficient upload capability (Zhao and Shen,
2011). The mathematical model is based on a discrete
Markov chain and has been fully described in previous
papers (Adamu et al. 2011; Gaidamaka et al. 2013,
2014). The model covers data exchange process
between peers and a source-server, peers’ behavior
while they are connected to P2P network, download
strategy, etc. As a result of the mathematical approach,
the exact expressions of performance measurements
were obtained. Further we use simulation model
(Gaidamaka and Vasiliev 2014) to find the probability
of playback continuity and the probability of collisions.
As a simulation approach presents good results and high
accuracy of estimation, in this paper we continue our
developing the simulator. The advantages of our P2P
Streaming Network Simulator over similar software
(Naicken et al. 2007, 2013) is the ability to deal with

KEYWORDS
P2P network, streaming, buffer’s occupancy, simulator,
Markov chain model
ABSTRACT
The rapid development of P2P technologies and
appearing scope of applications involving it will help to
solve a lot of optimization problems and improve the
QoS for data delivery services. This paper is an
extension of previous papers devoted to modelling P2P
media streaming service and describes the design and
simulation software architecture of P2P streaming
network with buffering mechanism for a single media
stream. We consider mathematical model in the form of
discrete Markov chain taking into account the so-called
lag – the time delay of data transfer between peers,
download strategies and possible peer groups according
to distances between them. Program algorithm is
presented using UML activity diagram and the
simulation results are shown.
INTRODUCTION
The popularity and breadth of P2P applications of have
been growing recently as predicted (Basharin et al.
2013). Among ordinary file sharing services a lot of
other applications appear, such as P2P browsers, P2P
instant messaging, P2P media streaming, video-ondemand, and even payment systems, e.g. Bitcoin
currency. Distributed data and memory allocation, high
scalability, and other advantages encourage investors to
focus on new projects and start-ups which are based on

Proceedings 29th European Conference on Modelling and
Simulation ©ECMS Valeri M. Mladenov, Petia Georgieva,
Grisha Spasov, Galidiya Petrova (Editors)
ISBN: 978-0-9932440-0-1 / ISBN: 978-0-9932440-1-8 (CD)

682

DESIGN AND SOFTWARE ARCHITECTURE
OF BUFFERING MECHANISM
FOR PEER-TO-PEER STREAMING NETWORK SIMULATION
Sergey Ya. Shorgin
Federal Research Center “Computer Science and
Control”, Russian Academy of Sciences
Vavilova, 44-1,
119333, Moscow, Russia
Email: sshorgin@ipiran.ru

Yuliya V. Gaidamaka
Andrey K. Samuylov
Ekaterina G. Medvedeva
Ivan Yu. Vasiliev
Pavel O. Abaev
Applied Probability and Informatics Department
Peoples’ Friendship University of Russia
Miklukho-Maklaya str., 6,
117198, Moscow, Russia
Email: ygaidamaka@sci.pfu.edu.ru
aksamuylov@gmail.com
egmedvedeva@sci.pfu.edu.ru
iuvasiliev@gmail.com
pabaev@sci.pfu.edu.ru

P2P principles. By developing our simulator we believe
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networking (Shen et al. 2010, Adamu et al. 2010).
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peers, caching them in his own buffer to provide a
steady and continuous video playback. Each user shares
recently downloaded chunks with other users.
Modelling of buffering mechanism for P2P streaming
network takes into account data transfer delays named
lags and collisions – situations when a user cannot
download data from another user because the latter does
not have sufficient upload capability (Zhao and Shen,
2011). The mathematical model is based on a discrete
Markov chain and has been fully described in previous
papers (Adamu et al. 2011; Gaidamaka et al. 2013,
2014). The model covers data exchange process
between peers and a source-server, peers’ behavior
while they are connected to P2P network, download
strategy, etc. As a result of the mathematical approach,
the exact expressions of performance measurements
were obtained. Further we use simulation model
(Gaidamaka and Vasiliev 2014) to find the probability
of playback continuity and the probability of collisions.
As a simulation approach presents good results and high
accuracy of estimation, in this paper we continue our
developing the simulator. The advantages of our P2P
Streaming Network Simulator over similar software
(Naicken et al. 2007, 2013) is the ability to deal with
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ABSTRACT
The rapid development of P2P technologies and
appearing scope of applications involving it will help to
solve a lot of optimization problems and improve the
QoS for data delivery services. This paper is an
extension of previous papers devoted to modelling P2P
media streaming service and describes the design and
simulation software architecture of P2P streaming
network with buffering mechanism for a single media
stream. We consider mathematical model in the form of
discrete Markov chain taking into account the so-called
lag – the time delay of data transfer between peers,
download strategies and possible peer groups according
to distances between them. Program algorithm is
presented using UML activity diagram and the
simulation results are shown.
INTRODUCTION
The popularity and breadth of P2P applications of have
been growing recently as predicted (Basharin et al.
2013). Among ordinary file sharing services a lot of
other applications appear, such as P2P browsers, P2P
instant messaging, P2P media streaming, video-ondemand, and even payment systems, e.g. Bitcoin
currency. Distributed data and memory allocation, high
scalability, and other advantages encourage investors to
focus on new projects and start-ups which are based on
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lags and collisions, and graphical user interface. Chunk
download strategy can be chosen as well among the
most frequently used such as Latest First (LF) or
Greedy (Gr) (Gaidamaka and Samuylov 2013).
This paper is organized as follows. First, we mention
briefly the mathematical model which we use to analyze
data transfer process between peers’ buffers and show
the expression for the probability of playback
continuity. Further, the detailed simulation model and
UML activity diagrams – as intermediate level to final
software creation – along with algorithm are described.
Finally we present the P2P Streaming Network
Simulator, describe how it works, and illustrate some
numerical examples.
MATHEMATICAL
MODELLING
PERFORMANCE CHARACTERICTICS

form a state space Х  0,1

. Let’s denote for
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In this section we consider the mathematical model of
buffering mechanism in P2P streaming networks. In
previous papers the detailed description has been
published, so here we outline only the key points.
To build a strict mathematical model we need to make
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transmitting one media stream and N users (peers) each
with buffer of M  1 positions (Gaidamaka et al. 2014).
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the position to download a chunk according to

transmitting one media stream and N users (peers) each
with buffer of M  1 positions (Gaidamaka et al. 2014).

the set of h -user buffer positions holding the chunks,
that are missing in n -user’s buffer. Then the index of
the position to download a chunk according to

Here lag   lag 1 , ..., lag  N   is a vector of the data

download strategy   LF,Gr is defined as

Here lag   lag 1 , ..., lag  N   is a vector of the data

download strategy   LF,Gr is defined as

transmission delays between the server and each user,

m  X, x  n  , x  h  , lag  n  , lag  h   

transmission delays between the server and each user,

m  X, x  n  , x  h  , lag  n  , lag  h   

d   d 1 , ..., d  N   and u   u 1 , ..., u  N   are

min M  X, x  n  , x  h  , lag  n  , lag  h   ,

 =LF;


max M  X, x  n  , x  h  , lag  n  , lag  h   ,

 =Gr.


vectors of the download and upload rates for each user,
and  is the chunk download strategy. Each user can
choose one target user among its neighbors in order to
download the missing chunk. The number of users
inside the network is constant and there are no out- or
incoming users. If one user is chosen as a target user by
several users, the collision appears. During the discrete
time interval, called a time slot, a chunk is retrieved
and/or viewed by a single user. A peer’s buffer
0-position stores the rarest chunk downloaded from the
server, and the others m -positions [1,…,M] are
involved in peer-to-peer data exchange. Download
strategy  is used in case when the target user has
more than one chunk available for retrieving.
A matrix X  (x(n))n1, N represents the state of the

d   d 1 , ..., d  N   and u   u 1 , ..., u  N   are

(3)

We denote shifting operator Sx(n) of vector x(n) that
reflect the playback process after each time slot begins,
so if at the instant tl  0 buffer state is

x(n)  ( x0 (n),..., xM (n)) , then at the instant tl  0 it
shifts to Sx(n)  (0, x0 (n),..., xM-1 (n)) .
Denote X ( l ) the network state at the instant tl  0 . Then

X  : X
(l )

state

(l )
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, l  0 presents a Markov chain on the
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with

the

absolute

probabilities  (l )  X   P X ( l )  X . The probability

system, where x  n    x0  n  , x1  n  ,..., xM  n   is the

(l )
distribution   X and analytical expressions for

buffer state of n -user: xm (n)  1 if m-position of buffer

transition probability matrix were obtained in (Adamu
et al. 2010).

is occupied with a chunk, m  0,1, ..., M , and vice
versa. All possible matrices X  Х with xm ( n)  0,1
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P2PSim, PlanetLab, PeerSim, GPS, PlanetSim,
RealPeer, and PeerThing. Most of them are written in
Java software language and with GPL or LGPL license.
That means everybody can use it free of charge with no
limits or restrictions. All of them are based on discreteevent driven architecture for structured or unstructured
networks. P2PSim, GPS, and PeerThing are poorly
scalable: they are not able to support more than 3000
nodes, while PeerSim, PlanetSim, RealPeer support 106
ones. The simulators are provided with GUI (graphical
user interface), except PeerSim and RealPeer where a
user is supposed to have recourse to console and thirdparty software. The simulator proposed in this paper has
its own GUI with no need for third-party software
usage. Our simulator is available as an open source with
no license and based on discrete-event model that is
developed in this paper.
P2P Streaming Network Simulator gives an opportunity
to collect rich statistics, such as chunk availability for a
specified group (i.e. the probability that the buffer
position of a peer is occupied with the correct chunk),
the probability of chunk download to a certain buffer
position, probability of collisions, probability of
continuous playback, start-up latency, etc. The
simulation results are presented in both text and
graphical formats. Unlike our simulator, P2PSim
produces restrained statistics in text format only,
PlanetSim has no mechanism to gather statistics, but
visualizer is available, and RealPeer has poor statistics
in text format output. PeerSim and RealPeer provide
neither debugging facilities nor GUI while P2P
Streaming Network Simulator has GUI for both input
and output. This tool is rather scalable, for example, the
number of peers can be raised up to 106, and P2PSim,
PeerThing, and GPS support at most 2000-3000. One of
the key properties of the developed simulator is
availability to configure P2P streaming network in userfriendly way by dividing peers in up to three groups and
assigning
groups’
sizes
with
corresponding
characteristics. Besides, it is possible to configure
different modelling scenarios by composing groups of
neighbors in two ways according to Rule 1 or to Rule 2
described below.
Usually simulators are based on the underlying network
architecture. For example, P2PSim simulator is based
on graphs, PeerSim has no modelled network and uses
query-cycle architecture. Other simulators have their
own properties: GPS is not supported by developers any
more, that is why GPS can’t be used for modeling
modern network characteristics and protocols.
PeerThing is hardly extensible and it supports only
limited set of topologies. The key characteristic of P2P
Streaming Network Simulator’s interface is an

Performance Measures

Before the playback continuity and collision
probabilities are obtained some additional function must
be defined. Assume
N

q  n, m, X,     I m  x(n), x(h)   m , X  Х
h 1
hn

the number of users who can upload a chunk from mposition of their buffers to n-user according to download
strategy  in the state X  Х . The probability that
during the l-th time slot n-user will successfully
download the chunk to his buffer’s m-position is
denoted by Q  (n, m,  ) :
l

Ql   n, m,   

1
  (l )  X  q  n, m, X,   ,
N  1 XХ

Ql   n,0,    0, m  1, M, N  2 .

p0(l )  n, m, 

Assume

and

p1(l )  n, m, 

are

the

probabilities that m-position of n-user’s buffer is empty
and occupied respectively at the l-th time slot. Then, we
use the recursive relation to find all buffer state
probabilities:

p1(l )  n,0,   1 N ,
p1(l 1)  n, m  1,   
 p1(l )  n, m,    p0(l )  n, m,   Ql   n, m,   , m  0,1,...,M 1 .

Assuming that there is equilibrium state of the Markov
chain X

(l )



we denote the probability that m-position

of n-user’s buffer is occupied
p1  n, m,    lim p1( l )  n, m,   ,
l 

(4)

the probability that m-position of n-user’s buffer is
empty
p0  n, m,    lim p0( l )  n, m,   ,
l 

and Qn  n, m,    lim Q

l 

l 

 n, m ,   .

Hence, the probability of playback continuity PV  n, 
of n-user is defined as

PV  n,   p1  n, M ,  .
Let C

(l )

 h

(5)

be the number of users, which chose h-user

as a target user at the l-th time slot. Then the probability
of collision for h-user PC (h) can be obtained with
formula:



PC  h   lim P C
l 

(l )

 h   u  h  ,

h  1,..., N .(6)

P2P STREAMING NETWORK SIMULATION
Simulators Overview

Before developing the tool, we studied a lot of
simulators that are available at the moment, such as
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opportunity to choose one of the five download
strategies described below: RF (Rarest First) strategy,
when chosen chunk to download is the rarest chunk in
the network, Gr (Greedy) – when chosen chunk to
download is the most popular chunk. LF (Latest First)
and PF (Primary First) are simplified versions of the
first two strategies when it selects the closest chunk to
the begin/end to the buffer. Mi (Mixture) download
strategy is a mix of two strategies – LF and Gr are used
together.

if h ≠ n and h ∉ B n then
B(n) = B(n) ∪ h
i=i+1
end if
until i < b/3
i=0
repeat
Select new h‐peer randomly
such that lag(h) = lag2
if h ≠ n and h ∉ B n then
B(n) = B(n) ∪ h
i=i+1
end if
until i < b/3
i=0
repeat
Select new h‐peer randomly
such that lag(h) = lag3
if h ≠ n and h ∉ B n then
B(n) = B(n) ∪ h
i=i+1
end if
until i < b/3
end for

Simulation Algorithm

In this section we give detailed description of simulation
process. The blocks “Input data” and “Initialize objects”
comprise a data input of the number of users, the size of
buffers, download and upload capabilities, download
strategy and forming of initial objects of modelling –
the matrix X and the vectors lag , d and u .
The model of data exchange process provides users with
different playback lag, so we assume that each user can
be assigned to one of 3 groups according to the
specified lags: lag1, lag2, lag3. The selection of peers to
form for each user its group of neighbors is performed
in the block “Form groups of neighbors”. Since the
model of data exchange process provides users with
different playback lag, so we assume that each user can
be assigned to one of 3 groups according to the
specified lags: lag1, lag2, lag3. The group of neighbors
for each peer has the constant size b . There are two
possible ways to form the group of neighbors according
to Rule 1 or Rule 2. The Rule 1 means that every peer
has equal number of neighbors from each of the three
groups. The Rule 2 algorithm divides users into
different group of peers, those has different correlation
of neighbors with different lag numbers. According to
the Rule 2 peers with lag1 have 3b/6 neighbors with
lag1, 2b/6 neighbor’s with lag2 and b/6 with lag3. Peers
with lag2 have b/4 neighbor’s with lag1, 2b/4 neighbors
with lag2 and b/4 with lag3. Peers with lag3 have b/6
neighbors with lag1, 2b/6 neighbors with lag2 and 3b/6
with lag3.
The algorithm below represents Rule 1. To divide users
with Rule 2 it’s needed to change number of peers and
their neighbors. Rule 2 implies that a peer has a half of
neighbors from its own group, and other half is
allocated between another groups of peers.

The block “Peers interaction and statistic collection”
interpreted as peers’ interaction during the chunk
exchanging process and loading it to buffers we present
separately. Pseudocode of selecting neighbors process
and buffer’s shift while playback starts are also
presented below. Figure 1 shows the actions between
server and users during the l -th time slot in the interval

tl , tl 1  .

1) At the instant tl for all users the shift of the buffer
content takes place:
a) Chunk in buffer M-position if present will be sent for
playback;
b) All other chunks in other buffer positions will be
shifted one position to the right, i.e., towards the end of
the buffer;
c) Buffer 0-position is emptied.
2) At the instant tl  0 server chooses one user
randomly and uploads a chunk for the current time slot
to its buffer 0-position. If server has chosen i-user, then

x0  i   1 at the instant tl 1  0 .
3) Each user (n-user), not chosen by the server,
randomly chooses one of his neighbors (i.e. h-user).
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3) Each user (n-user), not chosen by the server,
randomly chooses one of his neighbors (i.e. h-user).

a) If C (l )  h   u  h  (case “no collision”), then n-user
Algorithm 1. Neighbors selection algorithm (Rule 1)
for all n peer such that n ≤ N do
i=0
repeat
Select new h‐peer randomly
such that lag(h) = lag1

tries to download to its empty buffer’s position from
h-user one of the missing chunks according to formula
(3) with download strategy  ;
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b) If C (l )  h   u  h  (case “collision”), then h–user

and the probability of chunk availability in m–position
in the network
T
N
1
p1  m  
x (l )  n, m  . (8)

N T  Ts  1 l Ts n 1

chooses u (h) users from C (l )  h  users randomly and
each of chosen users tries to download to its empty
buffer’s position one of the missing chunks from h-user
according to formula (3) with download strategy  .
The other C (l )  h   u(h)

Simulator’s User Interface
The P2P Streaming Network Simulator is built up
through free development environments of Microsoft
Visual Studio 2010 Express using C++. The simulator is
written for Windows 7, 8, 8.1, 10 x64, x86 and MAC
OS X 10.0-10.10. Note that mathematical model
described above is developed for a P2P streaming
network with only one server transmitting one video
stream. Lag values lag1 , lag 2 , lag3 and its distribution
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Servers select peers

lag1  lag2  lag3  M  1
Select next n‐peer
randomly
Select a target h‐peer
from n‐peer's group
of neighbours

[No]

to guarantee every couple of peers has buffers crossing
 lag ( n ),lag ( h )

M
  . It’s necessary to input the total
modeling time T and the instant of time Ts to start
statistic’s collection, 0  Ts  T .
The GUI has 4 buttons:
1) “Russian” button to switch on language to Russian.
2) “Help” button calls for useful information and
references.
3) “Clear” button clears all the fields.
4) “Start” button launches simulation. If the button
clicked the input data cannot be edited. A progress bar
starts.
Download strategy corresponds to chunk policy loading
into buffer’s position. The menu “Download strategy”
consists of list " LF "," RF "," Gr "," PF "," Mi " .

[Yes]

[Is n‐peer selected by server?]
[No]

[С(h)<u(h)?]

Collect collisions
statistics

[Yes]
[No]

[Is there anything
to download?]
[Yes]

Select chunks to download in
accordance with a download strategy

Download chunks at the
buffers' positions

Collect statistics

Start data loading

[Are all the peers
involved in data
sharing process?]

[No]

To illustrate how P2P Streaming Network Simulator
works we use the initial values given in (Naicken et al.
2007, 2013): N  300 total user in the network, buffer
size of M  40 positions, number of neighbors for each
user b=60 and download strategy δ=LF. We select
T  1000000 as a total modelling time, and we start to
collect statistics from Ts  50000 time slot.
We study several numerical examples to compare
Rule 1 and Rule 2 varying differences in playback lag
values between the three groups. It’s shown that in case
of smaller differences in lag values difference in key
performance measures of P2P-network between Rule 1
and Rule 2 is weak and not crucial.

Increment time

Figure 1: Peer’s interaction
During simulation for each n-user we collect the
availability of a chunk in each buffer’s position and at
the end of the experiment we calculate the probability of
chunk availability in m–position, m  0, M , for n-user
p1  n, m  

Select a target h‐peer
from n‐peer's group
of neighbours

T
1
x ( l )  n, m  ,

T  Ts  1 l Ts

(7)
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Figure 2: Buffer occupancy probability (left) and probability of loading in m–position (right)
The bigger differences of lags are, the more they affect
the QoE, e.g. the probability of playback continuity. It
must be noticed that in real P2P streaming networks the
playback lags are rather high. It’s shown that Rule 2 is
more efficient for each user in case of high lag values.
We also simulate the case when users of Group 1 and
Group 3 due to lags difference have no buffer maps
confluence (no common buffers positions), and have to
load chunks from the users of Group 2. In this case we
got the highest probability of playback continuity for
users of Group 2, because they have a wider choice of
chunks to download from all the three groups. Opposite,
users of Group 1 have the smallest probability of
playback continuity, as they mostly have to exchange
chunks only inside their own group. To illustrate this
conclusion Figure 2 shows the buffer occupancy
probability (on the left) and the probability of loading a
specific chunk (on the right) for lags values of 0, 20, 40
for Group 1, Group 2 and Group 3 respectively.
Comparing the values of p  n,40 for each group we can

Basing on simulation results, most of which are not
represented in this paper, an important conclusion could
be made. If two users have buffer map confluence, then
the user with higher lag value will have higher
performance characteristics. Lack of buffer map
confluence corresponds to a worse level of QoE
parameters. Rather simple Rule 1 is not enough for a
high level continuous playback.

SUMMARY AND FURTHER STUDY
Studies have shown that the main performance
measures of streaming P2P-network, such as the
probability of continuous playback and start-up latency,
are significantly affected by three strategies: a neighbors
selection strategy - to form groups of neighbors for each
peer, a peer selection strategy – to select a peer from a
corresponding group to avoid collisions, and a
download strategy – to select a chunk within selected
peer’s buffer (Romero et al. 2012). The mathematical
models either don’t take into account all these
parameters (Adamu et al. 2010, 2011, Gaidamaka and
Samuylov 2013) or allow analysis only for small
networks because of high computational complexity of
the task (Gaidamaka et al. 2013, 2014). Therefore, the
goal of our further research is the formalization of
multicriteria optimization problem in order to maximize
probability of continuous playback and minimize startup latency subject to restrictions on lags, peers’
upload/download rates, as well as improving developed
P2P Streaming Network Simulator so that it allows to
solve the optimization problem.
Notes and Comments. This work was supported in part
by the Russian Foundation for Basic Research (research
projects 14-07-00090, 15-07-03051, 15-05-03608).

see the advantage of Rule 2 with regards to continuous
playback.
Preparing the graph on Figure 3 for mean buffer
occupancy for the randomly selected n-user of each of
three groups we use the following formula:
T M
1
   X(l )  n, m 
T  Ts  1 l Ts m 0
To simulate this numerical example the same initial
values are chosen, except lags: lag1  0 , lag 2  10 , and
lag2  20 . It is shown that mean buffer occupancyof
Group 3 is higher than of Group 2. Users of Group 1
have the smallest mean buffer occupancy. The same
tendency is confirmed by Figure 3 where the buffer
occupancy probability is shown.

M  n 

Figure 3: Mean buffer occupancy of randomly selected
users from Group 1, Group 2 and Group 3
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communication standards, while the volume of traffic
generated in 4G networks will have exceeded 50% of
the total traffic generated in mobile networks.
LTE-Advanced technology that underlies 4G networks
allows increasing the bit rate and efficiency of data
transfer, reducing operators’ costs, and improving the
quality of service (QoS). In accordance with the
recommendations (TS 36.300, TS 23.401, TS 23.203)
of 3GPP consortium (3rd Generation Partnership
Project), which standardizes LTE networks, 9 types of
services are specified in LTE networks (Table 1). The
services differ from each other in priority level and
requirements for QoS expressed as constraints on the
delay and data bit rate.
All services are divided into two types depending on the
network resource requirements: services with
guaranteed bit rate (GBR), i.e. real-time services, e.g.,
voice or video telephony, real time gaming; services
without guaranteed bit rate (non-GBR), e.g., e-mail,
web browsing, interactive games.
Increasing or decreasing bit rate from the minimum
value (GBR) to the maximum one (maximum bit rate,
MBR) does not affect the value of mean data transfer
time for GBR services. While varying bit rate results in
changing the mean data transfer time for Non-GBR
services.
One of the most important and actual problems in the
planning and development of LTE networks is the
optimal configuration of a radio access network
including optimal radio resource management which
includes the following tasks: radio bearer control, radio
admission control (RAC), connection mobility control,
dynamic resource allocation, and inter-cell interference
coordination. One of the tasks is RAC the main purpose
of which is to form RAC schemes while taking into
account the limited frequency range of mobile networks
and different requirements for QoS parameters.

KEYWORDS
LTE, radio admission control, non-real time service,
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simulation model, blocking probability, data transfer
time.
ABSTRACT
In 4th generation LTE (Long Term Evolution) and
LTE-Advanced networks, there are 9 types of services,
which have different service priorities and generated
traffics. Depending on the combination of services with
different priorities, about 200 radio admission control
schemes could be developed. However, international
standards have no recommendations for the construction
and analysis of methods for such schemes. Thereby, a
need for admission control schemes development and
selecting the most effective ones arises. The article
proposes a scheme based on the bit rate degradation of
non-real time services in proportion to the individual
thresholds chosen in accordance with the network or
consumer devices characteristics. A complex approach
for analysing the model performance measures –
blocking probability, mean data transfer time – is
proposed. It is based on queuing theory via the
development of a Markov model of the admission
control scheme and on verifying the obtained results via
simulation allowing arbitrary arrival process and file
sizes. The results obtained in this paper could be used
by mobile operators for 4th and 5th generation network
planning to evaluate the quality of service level.
INTRODUCTION
Telecommunication companies from different countries
are currently making the transition to the next stage of
mobile communication development, namely, the
transition to 4th generation (4G) mobile networks
(Cisco Systems 2014), which allow to transfer data at
rates exceeding 100 Mbps for mobile users (speed of
motion is 10 km/h to 120 km/h) and 1 Gbps for
stationary users (speed of motion is up to 10 km/h).
However, according to Cisco Systems analysts (Cisco
Systems 2014) by 2018 only 15% of all consumer
devices will be capable of supporting 4G
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Table 1: Characteristics of LTE Service Types
(TS 23.203)
QCI

Resource
type

1
2
3

Priority
level
2
4

GBR

3

4

5

5

1

6

6

7

7

8

9

NonGBR

8

9

the technical characteristics of the base station and radio
access network, but also on the characteristics of
consumer devices resulting in different values of MBR
(the so-called individual thresholds of bit rate) (Bonald
and Virtamo 2005). However, unlike the previously
known teletraffic theory models with the discriminatory
processor sharing (DPS) (Yashkov 1992), for this
model a threshold of the maximum number of
transferred files is introduced (Bonald and Tran 2007),
which is necessary to guarantee data transfer time. Our
RAC scheme is constructed in the way that in case of
the network congestion the bit rate reduction is carried
out in proportion to individual thresholds of bit rates,
i.e. service degradation, which is also called partial preemption, takes place (Khabazian et al. 2012).
The paper is organized as follows. We propose a
functional model of the LTE network cell with
individual thresholds of the file transfer bit rate and a
threshold of the number of transferred files. Then, we
propose a corresponding mathematical model with the
assumption of the exponential distribution of file sizes
and Poisson arrival process. We propose a simulation
model of the described RAC scheme which takes into
account arbitrary arrival process and file sizes. We
analyse the model performance measures such as
blocking probability adnd mean data transfer time.

Example services
Conversational voice
Conversational video
(live streaming)
Real time gaming
Non-conversational video
(buffered streaming)
IMS signalling
Video (buffered
streaming), TCP-based
(e.g., WWW, e-mail, chat,
FTP, P2P file sharing,
progressive video, etc.)
(for multimedia priority
services subscribers)
Voice, video
(live streaming),
interactive gaming
Video
for
(buffered
premium
streaming), subscribers
TCP-based
(e.g.,
WWW,
e-mail,
for nonchat, FTP,
privileged
P2P file
subscribers
sharing,
progressive
video, etc.)

Table 1: Characteristics of LTE Service Types
(TS 23.203)
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type

1
2
3

Priority
level
2
4

GBR

3

4

5

5

1

6
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7

7

8

NonGBR

8

OBJECT TO SIMULATE
We consider the LTE network cell with a total capacity
C Mpbs and two types of files. Note that the time
between arrives of first and second type files are
random variables with arbitrary distribution function
A  x  and parameters 1 and 2 respectively. The
main difference between different types of files is their
sizes, which affects the mean transfer time. In this case,
the sizes of the first and second type files are also
random variables with an arbitrary distribution function
B  x  and the mean values 1 and  2 MB. The file

Simulation and mathematical modelling are used for
research and analysis of RAC schemes. Mathematical
teletraffic and queuing theories are the instruments of
mathematical modelling (Basharin et al. 2013),
(Basharin et al. 2009). In accordance with the
mathematical teletraffic theory, GBR services generate
streaming traffic (Gudkova and Plaksina 2010)
characterized by a fixed bit rate and transfer time, nonGBR services generate elastic traffic (Bonald and Tran
2007) which is characterized by a fixed file size and
variable transfer time.
To ensure the required QoS, mobile operators need to
develop various RAC schemes (Qian et al. 2009),
(Khabazian et al. 2012), (Chowdhury et al. 2013),
(Gudkova and Samouylov 2012), (Samouylov and
Gudkova 2013), (Borodakiy et al. 2014) and choose the
most effective ones. Due to the fact that the proportion
of data (non-GBR) traffic is a sufficiently large part of
the total traffic generated by different services (Cisco
Systems 2014), in this article we propose a model of
RAC scheme with two non-GBR services generating
elastic traffic. Mathematical and simulation modelling is
performed for analysing model performance measures.
Note that the file fransfer bit rate depends not only on

transfer time is influenced by technical characteristics of
networks, specifications used by consumer devices,
which do not necessarily support the 4G LTE standard.
All these factors limit the MBR for first and second
types files – d1 and d 2 Mpbs. We assume d1  d 2 .
Therefore, to determine the values of individual
thresholds of bit rate required for numerical experiment,
we divide all the subscribers into two categories,
namely for 3G and 4G networks, i.e. we assume that the
first type files are transferred in accordance with 4G
technology, and the second type files are transferred in
accordance with 3G technology as d1  d 2 . 2G network
connections in this case is not taken into account.
Admission control is organized as follows: depending
on the cell load the file transfer bit rate can dynamically
vary from MBR to GBR sufficient for the compliance
with the transfer time requirements, i.e. the bit rate
depends on the number of transferred files of the first
n1 and second n2 types. To determine the minimum
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11
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9
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7
d2
11

7
d2
9
d2

When k -type file arrives three situations are possible:
- if the file finds the cell having greater than or equal
to d k Mbps free, then the file will be accepted at bit
rate d k Mbps;
- if the file finds the cell having less than d k Mbps
free and number of transferred files less than N ,
then the file will be accepted at bit rate
C
dk 
Mbps;
n1d1  n2 d 2
- otherwise the file will be blocked without any aftereffect on the corresponding Poisson process arrival
rate.
We explain the principle of the file bit rate degradation
mechanism proportional to the individual thresholds by
an example (Figure 1). Let be C  7 Mpbs, N  6 ,
d1  3 Mpbs, and d 2  2 Mpbs. We assume that one
first type file and one second type file are transferred at
MBR at the initial moment of time t0 in the system, i.e.
n1  1 and n2  1 , and then 5 out of 7 Mbps are
occupied. At the time t1 , a second type file arrives and
since the number of free Mbps is 2, the file is accepted
at MBR after that the number of free Mbps is 0, and the
number of transferred files is n1  n2  3 . Sometime
later, at t2 one more second type file arrives, it is
accepted as the number of files does not exceed N , but
it cannot be transferred at MBR and the bit rate
degradation mechanism is applied. This degradation is
performed in accordance with degradation factor
7
g 1,3 
 0.778
proportional
to
the
1 3  3  2
individual thresholds – the bit rates become equal to
d1 g 1,3  2.333 Mpbs for the first type files and
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Figure 1: Degradation Mechanism
The main performance measures of the model are:
blocking probabilities B1 and B2 for the first and
second type files, respectively; mean degradation factor
g ; mean transfer time T1 and T2 for the first and
second types files, respectively. We note that the
blocking probabilities for the first and the second type
files are the probabilities of being in states  n1 , n2  ,
where n1  n2  N , and consequently B1  B2 .
MATHEMATICAL MODEL

Thus, the RAC scheme with individual thresholds of
file transfer bit rates and a threshold control has been
described in the previous section. Further the simulation
modelling will be held but beforehand we are going to
construct a mathematical model on the assumption that
arrival process are Poisson and file sizes are
exponentially distributed. The process representing the
system states is described by the systems of equilibrium
equations (2)

p  n1 , n2    1  2  1n1  n2  N 

 n1
 
n
   d1  2  d 2   1n1d1  n2 d 2  C
2
 1
 
 
C

1n1d1  n2 d 2  C 
n1d1  n2 d 2
 

d 2 g 1,3  1.556 Mpbs for the second type files.
Further, at the time t3 and t4 , there are similar
situations – a second type files arrive, they are accepted
with bit rates degraded in proportion to the individual
thresholds, namely, at the time t3 the degradation factor

 p  n1  1, n2   1 1n1  0

 p  n1 , n2  1  2 1n2  0

 n 1 
  p  n1  1, n2    1   d1 1 n1  1 d1  n2 d 2  C
 1 


Cd1

1 n1  1 d1  n2 d 2  C  

 n1  1 d1  n2 d 2


is equal to g 1, 4   0.636 , at the time t4 it is

g 1,5   0.538 .
At the last considered moment of time t5 , a second type
file arrives, but since the number of transferred files at
t4 has reached the threshold value 6, the file will be
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(2)

blocked without any after-effect on the corresponding
Poisson process arrival rate.

requirements needed to transfer files, we introduce the
threshold value N of the total number of transferred
files. To realize the service degradation mechanism we
introduce the degradation factor, which is defined by
the formula
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(2)

more files are in the cell, the less the degradation factor
is. This degradation factor varying influences on the
files transfer conditions, therefore, the current bit rates,
remaining file sizes, and estimated time of file transfer
completion.
The main element of the event-driven simulation tool is
the queue of events containing the information about
the file arrivals (Figure 2.C) and file transfer
completions (Figure 2.D). At the initial moment of time
(Figure 2.B), two files – of the first and second types –
are generated and then they enter the queue. Their
current bit rates are initially set to be MBR. Then the
cycle selecting from the queue the event with minimum
time.

 n 1 
 p  n1 , n2  1   2
  d 2 1n1d1   n2  1 d 2  C
 2 
  
Cd 2

1n1d1   n2  1 d 2  C   

n1d1   n2  1 d 2
  
1n1  n2  N  , n2  0, , N  n1 , n1  0,, N ,

where 1 – indicator function.
Having found the probability distribution p  n1 , n2  one
could compute performance measures of model, which
have been defined above, namely:
- blocking probability

where 1 – indicator function.
Having found the probability distribution p  n1 , n2  one
could compute performance measures of model, which
have been defined above, namely:
- blocking probability

N

N

B1  B2  B   p  n1 , N  n1 ,

mean degradation factor
g    g  n1 , n2   p  n1 , n2 ,
n1  0 n2  0

mean data transfer time
N N  n1

  n1  p  n1 , n2 

T1 

n1 1 n2  0

1 1  B 

,

N N  n2



T2 

 n2  p  n1 , n2 

n2 1 n1  0

.

2 1  B 
It could be simply proved that the process representing
the system states is not a reversible Markov process and
it is possible to determine the system probability
distribution and the performance measures only by
means of numerical methods for solving systems of
equilibrium equations.

Table 2: Input Data

SIMULATION TOOL

Thereby, the mathematical model given in the previous
section describes the system we are going to simulate
but it has two simplifications: the first one is the
Poisson arriving process and the second one is
exponential file sizes. To enhance the capabilities of our
complex we use a simulation tool that considers various
laws of the arriving process and file sizes as well.
Simulation tool is a discrete event simulator written in
JavaScript.
Figure 2 illustrates the simulation tool classes as well as
basic steps of the simulation algorithm. The simulation
model consists of the following classes: simulator, cell,
and file (see Figure 2.A). Each of them has fixed and
variable attributes. Fixed attributes are equal to the
model parameters whereas variable attributes are
changing during the simulation process. Namely,
dynamic changing of the number of files results in the
corresponding changing of the degradation factor. The

2015
2018

d2
4 Mbps
5 Mbps

Figure 3 ilistrates blocking probability (A), mean
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