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Extended Abstract 

 What is computation with information described in natural language? Here are simple 
examples. I am planning to drive from Berkeley to Santa Barbara, with stopover for lunch in 
Monterey. It is about 10 am. It will probably take me about two hours to get to Monterey and 
about an hour to have lunch. From Monterey, it will probably take me about five hours to get 
to Santa Barbara. What is the probability that I will arrive in Santa Barbara before about six 
pm? Another simple example: A box contains about twenty balls of various sizes. Most are 
large. What is the number of small balls? What is the probability that a ball drawn at random 
is neither small nor large? Another example: A function, f, from reals to reals is described as: 
If X is small then Y is small; if X is medium then Y is large; if X is large then Y is small. What 
is the maximum of f? Another example: Usually the temperature is not very low, and usually 
the temperature is not very high. What is the average temperature? Another example: Usually 
most United Airlines flights from San Francisco leave on time. What is the probability that 
my flight will be delayed? 

 Computation with information described in natural language, or NL-computation for 
short, is a problem of intrinsic importance because much of human knowledge is described in 
natural language. It is safe to predict that as we move further into the age of machine 
intelligence and mechanized decision-making, NL-computation will grow in visibility and 
importance. 

Computation with information described in natural language cannot be dealt with 
through the use of machinery of natural language processing. The problem is semantic 
imprecision of natural languages. More specifically, a natural language is basically a system 
for describing perceptions. Perceptions are intrinsically imprecise, reflecting the bounded 
ability of sensory organs, and ultimately the brain, to resolve detail and store information. 
Semantic imprecision of natural languages is a concomitant of imprecision of perceptions. 

 Our approach to NL-computation centers on what is referred to as generalized-
constraint-based computation, or GC-computation for short. A generalized constraint is 
expressed as X isr R, where X is the constrained variable, R is a constraining relation and r is 
an indexical variable which defines the way in which R constrains X. The principal constraints 
are possibilistic, veristic, probabilistic, usuality, random set, fuzzy graph and group. 
Generalized constraints may be combined, qualified, propagated, and counter propagated, 
generating what is called the Generalized Constraint Language, GCL. The key underlying 
idea is that information conveyed by a proposition may be represented as a generalized 
constraint, that is, as an element of GCL. 

  



 In our approach, NL-computation involves two modules: (a) Precisiation module; and 
(b) Computation module. The meaning of an element of a natural language, NL, is precisiated 
through translation into GCL and is expressed as a generalized constraint. An object of 
precisiation, p, is referred to as precisiend, and the result of precisiation, p*, is called a 
precisiand. Usually, a precisiend is a proposition or a concept. A precisiend may have many 
precisiands. Definition is a form of precisiation. A precisiand may be viewed as a model of 
meaning. The degree to which the intension (attribute-based meaning) of p* approximates to 
that of p is referred to as cointension. A precisiand, p*, is cointensive if its cointension with p 
is high, that is, if p* is a good model of meaning of p. 

 The Computation module serves to deduce an answer to a query, q. The first step is 
precisiation of q, with precisiated query, q*, expressed as a function of n variables u1, …, un. 
The second step involves precisiation of query-relevant information, leading to a precisiand 
which is expressed as a generalized constraint on u1, …, un. The third step involves an 
application of the extension principle, which has the effect of propagating the generalized 
constraint on u1, …, un to a generalized constraint on the precisiated query, q*. Finally, the 
constrained q* is interpreted as the answer to the query and is retranslated into natural 
language. 

 The generalized-constraint-based computational approach to NL-computation opens 
the door to a wide-ranging enlargement of the role of natural languages in scientific theories. 
Particularly important application areas are decision-making with information described in 
natural language, economics, risk assessment, qualitative systems analysis, search, question-
answering and theories of evidence.  
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ABSTRACT 

Bond graphs have established themselves as a reliable 
tool for modeling physical systems. Yet, they are highly 
abstract due to their domain independence. Wrapping 
techniques allow the modeler to preserve the better 
of two worlds: the flexibility and reliability of bond 
graphs on the one hand, and the intuitive appeal and 
familiarity offered by a domain-specific modeling 
methodology on the other. The talk introduces a new 
multi-bond graph library for Dymola that includes a 
partial re-implementation of Dymola’s standard multi-
body systems library using wrapped multi-bond graphs. 
 
INTRODUCTION 

In the early days of modeling and simulation (M&S), 
the systems that scientists and engineers were dealing 
with were so simple that the focus of  M&S research 
was primarily on simulation.  It didn’t matter, what 
modeling formalisms were being used, as any 
formalism was good enough for the task at hand. 
In later years, “fancy” (in terms of then available 
technology) M&S environments, like ACSL, were used 
to describe simple systems, where modeling 
methodology really didn’t matter much, whereas models 
of more complex systems, e.g. aircraft or missiles, were 
consistently coded in low-level languages, like Fortran 
or C, because the more advanced M&S environments of 
those days were incapable of producing sufficiently 
efficient simulation run-time code. 
In parallel, specialized codes were developed to capture 
models of particular application domains, e.g. Spice for 
electronic circuits or Adams for multi-body systems.  
These codes enabled the modeler to describe systems 
within the given domain efficiently and effectively, 
while guaranteeing an optimized execution speed of the 
resulting simulation code, but these tools were limited 
to a specific domain only.  Especially, mechatronic 
systems that reach into multiple energy domains could 
not be handled using such tools. 
M&S environments that enable modelers to capture 
arbitrarily complex physical systems in an object-
oriented fashion, yet generate simulation run-time code 

that is as efficient as if not more efficient than the best 
manually coded spaghetti Fortran or C programs of the 
past in terms of execution time are of a more recent 
vintage.  One such environment is Dymola (Dynasim 
2006). 
The Dymola M&S environment consists essentially of 
four separate programs.  At the top layer, Dymola offers 
a graphical user interface (GUI) that enables the 
modeler to assign icons to component models and store 
these component models with their graphical 
representations in model libraries.  More complex 
models can be graphically composed in a diagram 
window by dragging and dropping models from 
libraries into the diagram window and interconnecting 
them graphically on the screen.  New icons can then be 
assigned to the composed models, enabling modelers to 
create hierarchically composed models.  The Dymola 
modeling paradigm is thus closed under composition. 
At the next lower level, Dymola offers a model 
compiler that extracts the equations from the individual 
component models, performs significant symbolic 
preprocessing on the resulting set of equations, e.g. to 
automatically reduce the perturbation index of a 
structurally constrained model.  At the end, the model 
compiler generates a simulation run-time program 
coded in C. 
At the next lower level, Dymola offers a simulation run-
time environment that contains an appropriate set of 
numerical integration algorithms for simulating the 
previously generated simulation code. 
Finally, Dymola offers a graphical postprocessor for 
viewing and animating simulation results. 
 
THE BOND GRAPH LIBRARY 

Bond graphs are a graphical modeling technique, 
enabling a modeler to describe physical systems 
stretching over multiple energy domains in a unified 
framework (Karnopp et al. 2006).  Hence bond graphs 
are ideally suited for modeling mechatronic systems. 
Bond graphs model the power flow through a physical 
system.  Since the concepts of power and energy are 
domain independent, bond graphs can be used to model 
systems from any domain that subscribes to the concept 
of energy conservation, i.e., all physical domains. 
Bond graphs are object oriented, since bond graphs of 
subsystems can be connected to each other 
topologically to form a correct model of a composed 



 

 

system, and because it is possible to lump detailed bond 
graphs of subsystems together to form new bond graph 
elements that are hierarchically composed (Cellier 
1990).  Hence it should be possible to implement the 
bond graph modeling paradigm within Dymola. 
A first version of a bond graph library for Dymola was 
released in 1991 (Cellier 1991).  However at that time, 
Dymola did not offer a GUI yet.  Consequently, that 
version of the bond graph library was purely 
alphanumerical.  A fully graphical version of the bond 
graph library was released in 2003 (Cellier and McBride 
2003, Cellier and Nebot 2005). 
 
THE MULTI-BOND GRAPH LIBRARY 

Although bond graphs can be used to describe any and 
all physical systems, they are not equally convenient for 
all energy domains.  For example, bond graphs of 
mechanical multi-body systems operating in three-
dimensional space will be difficult to compose and even 
harder to read, because each independently moving 
body has six degrees of freedom, as it can translate in 
three directions and rotate around three axes.  Yet, the 
equations governing these six motions are essentially 
the same. 
Consequently, it makes sense to offer a vectorial 
version of a bond graph: 
 

 
 

Figure 1: Grouping Individual Bonds to Multi-bonds 
 
These vector bonds are called multi-bonds.  Figure 1 
shows a multi-bond of length three, as it might, for 
example, be used to describe a multi-body operating in 
a two-dimensional space. 
Each regular bond carries two variables, an effort 
variable, e, and a flow variable, f.  The power flowing 
through the bond is the product of effort and flow: 
 

  P = e·f               (1) 
 
In the multi-bond version, effort and flow are vectors, 
and the multiplication operator denotes the inner 
product of these two vectors. 
Clearly, the multi-bond graph library (Zimmer 2006) 
can also be used to describe regular bond graphs.  To 
this end, the user simply needs to employ vectors of 
length 1.  The default length of all vector bonds can be 
set by parameter assignment in the “world model.”  Yet, 

the regular bond graph library is still being offered, as 
multi-bonds are unnecessarily bulky for describing 
regular bonds, and as hardly any of the examples 
provided with the regular bond graph library have been 
copied over to the multi-bond graph library. 
Multi-bond graphs are well suited for describing simple 
mechanical multi-body systems.  For example, let us 
look at the multi-bond graph representation of a planar 
pendulum: 
 

 
 
Figure 2: Multibond Graph Model of Planar Pendulum 

 
The pendulum consists of a two-dimensional revolute 
joint and a mass-less bar translating the motion of the 
joint to the mass connected to the end of the bar. 
In a mechanical bond graph, the effort variables 
represent forces and torques, whereas the flow variables 
represent velocities or angular velocities.  The product 
of either force times velocity or torque times angular 
velocity represents mechanical power. 
The joint itself does not move in a translation.  Its linear 
velocity is zero, and consequently, we need a vector 
source of flow, Sf, of dimension two.  The joint is free 
to rotate, i.e., it doesn’t experience any torque.  Hence 
we need a source of effort, Se, of dimension one.  The 
two vectors are merged to a single vector of dimension 
three, whereby the first two components represent the 
linear translations in x and y directions, whereas the 
third component represents the rotation around the z 
axis. 
The mass-less bar that converts the motion of the joint 
to the motion of the mass is represented by a (multi-
port) transformer, TF. The transformation matrix is 
modulated by the angle of the revolute joint, which is 
measured by a sensor element, Dq. 
The mass itself is represented by the 1-junction.  In a 1-
junction, the flow variables are equal, whereas the effort 
variables add up to zero.  Hence the 1-junction 
represents the d’Alembert principle applied to the mass.  



 

 

 
Figure 3: Multi-bond Graph Model of a Bicycle 

 
The forces acting on the mass are the inertial force, I,  
and the gravitational force, which can be represented by 
another source of effort, Se, pulling in the negative y 
direction. 
The notation may look unfamiliar at first, but with a bit 
of experience, it becomes easily readable and 
understandable. 
Let us now proceed with modeling a more complex 
multi-body system: a bicycle consisting of a frame, two 
wheels, the handlebars, and a driver.  The multi-bond 
graph model is shown in Figure 3.  A similar model had 
been presented in the Ph.D. dissertation of Bos (Bos 
1986), although at that time, the graphical 
representation was drawn by hand and translated 
manually into corresponding equations.  In contrast, our 
own model represents a perfectly executable code. 
Let us refrain from trying to explain how this model 
works.  The model is clearly too big to fit easily on a 
single screen.  Furthermore, the sheer generality of the 
bond graph approach to modeling is also its downfall.  
In order to be general, bond graphs cannot conveniently 
be made specific as well.  In a bicycle, we can easily 
identify objects, such as wheels and handlebars, but not 
effort sources or modulated transformers.  Bond graphs 
offer a low-level interface, that is more readable than an 
equation-based interface, but not readable enough for 
modeling complex systems. 
 
THE STANDARD MULTI-BODY LIBRARY 

Dymola offers a standard multi-body systems (MBS) 
library, developed at the German Aerospace Center in 
Oberpfaffenhofen (Otter et al. 2003).  Using this library, 
multi-body systems can be easily and conveniently 
composed out of blocks that carry an intuitive meaning. 
Figure 4 shows a six degree of freedom (DoF) robot 
arm. 

 

 
 

Figure 4: Six degree of freedom robot arm 
 
The robot arm exhibits seven bodies that are connected 
by six revolute joints.  Each of the joints is controlled 
by a controller.  Together they determine the motion of 
the robot arm. 
The corresponding Dymola model is shown in Figure 5: 



 

 

 
 

Figure 5: Dymola model of a six DoF robot arm 
 
The model is perfectly understandable.  The lower-most 
body, i.e., the base, is connected to the inertial system, 
which in the MBS library also assumes the role of the 
world model.  It determines the world coordinate 
system, defines the gravity field, and sets up default 
animation parameters. 
The model represents an abstracted version of the 
system topology, and is easily understandable.  The 
MBS library is easy to use.  It can even be used by 
modelers without any deeper understanding of MBS 
dynamics. 
The occasional modeler will, however, be in deep 
problems, whenever and as soon as a model is not 
simulating correctly.  It will be an almost hopeless 
undertaking to try figuring out what went wrong. 
The reason is that the step from the component models 
of Figure 5 to the next lower hierarchical level in the 
model hierarchy is huge.  Bodies and joints are modeled 
in terms of matrix equations directly, which are difficult 
to understand.  In order to obtain efficiently executing 
simulation code, suitable coordinate transformations are 
taking place inside the code that make the code even 
more cryptic. 
 

WRAPPING BOND-GRAPH MODELS 

The previously introduced multi-bond graph library 
contains a modified MBS library that, from the outside, 
looks very similar to the MBS library offered as part of 
the standard Dymola installation. 
Let us revisit the bicycle example to demonstrate, how 
the modified MBS library works.  Figure 6 depicts the 
bicycle model coded in the modified MBS library. 
 

 
 

Figure 6: Dymola model of a bicycle 
 
The model is perfectly understandable.  At the right 
bottom of the graph, the rear wheel is depicted.  It is 
connected to the frame of the bicycle by a revolute 
joint.  At a certain distance from the center of the rear 
wheel sits the driver, who, together with the rear part of 
the frame, weighs 85 kg.  Also at a fixed distance from 
the center of the rear wheel are the handlebars. They are 
connected to the frame by a second revolute joint, and 
have a mass of 4 kg. Finally, a third revolute joint 
connects the front wheel to the handlebars. 
Let us examine the model of the rear wheel.  It is shown 
in Figure 7: 
 

 
 

Figure 7: Dymola model of a wheel 
 
 



 

 

The model consists of the inertia of the wheel together 
with a joint connecting the wheel to the road. 
The overall bicycle model contains a closed kinematic 
loop from the road through the rear wheel, the frame, 
and the front wheel back to the road.  Closed kinematic 
loops cause problems, because they introduce additional 
constraints, thereby reducing the number of degrees of 
freedom of the model. 
In older versions of the MBS library, the modeler had to 
manually break closed kinematic loops by introducing 
so-called cut joints (Otter 2000).  Cut joints are regular 
joints that, however, do not define integrators 
connecting the accelerations with the velocities and 
with the positions, thereby avoiding the creation of 
redundant equations. 
In the mean time, algorithms were built into both the 
standard and the modified MBS libraries that are 
capable of automatically breaking most kinematic loops 
(Otter et al. 2003). 
What is the advantage of the modified MBS library over 
the standard one?  To answer that question, let us 
examine the model of the wheel joint.  It is shown in 
Figure 8. 
 

 
 

Figure 8: Multi-bond graph model of a wheel joint 
 
The internal description of the wheel joint is a multi-
bond graph.  The corresponding model of the standard 
vehicle dynamics library (Andreasson 2003) would 
have shown a rather unholy mess of matrix equations 
instead. 
Although the multi-bond graph may require some 
explanation, use of the multi-bond graph library has 
enabled us to subdivide the step from the wheel model 
down to the equation model by introducing an 
additional graphical layer in between the two. 
Multi-bond graphs have been wrapped inside most of 
the MBS component models of the modified MBS 
library with the purpose of making these models better 
understandable and more easily maintainable. 

Let us analyze the wrapper model that converts the 
bondgraphic connectors to mechanical connectors and 
vice-versa.  It is shown in Figure 9. 
 

 
 

Figure 9: Wrapper icon of the modified MBS library 
 

In the modified MBS library, the three-dimensional 
mechanical bond vectors of length six are subdivided 
into two subvectors of length three each, one used to 
describe the translational motions, the other used for the 
rotational motions. 
The reason for this separation is simple.  We prefer to 
resolve translational motions in the inertial frame, 
whereas rotational motions are resolved in body-fixed 
coordinates.  This minimizes the number of coordinate 
transformations needed in the description of three-
dimensional mechanical systems. 
The bond-graphic connectors use thus either forces or 
torques as effort variables, and either velocities or 
angular velocities as flow variables.  The standard MBS 
library, on the other hand, uses positions and angles as 
potential (effort) variables, and forces and torques as 
flow variables. 
In a mechanical system, it is important to transmit the 
positional variables between neighboring bodies, as 
they allow the formulation of holonomic constraints, 
i.e., constraints that prevent bodies from transgressing 
each other. 
In order to be compatible with the bond graph 
methodology, the mechanical connectors of the 
modified MBS library have been augmented by the 
translational velocity vector1, i.e., the connectors of the 
standard and modified MBS libraries are incompatible 
with each other, and component models from the two 
libraries cannot be arbitrarily mixed. 
On the bond graph side, the positions and angles are 
made available as two additional connectors that enable 
the formulation of holonomic constraints on the bond 
graph. 
Figure 10 shows the internal description of the wrapper 
model.  This model is formulated at the equation level. 

                                                           
1 The rotational velocity vector is contained in the 
connectors of the standard MBS library as well. 



 

 

 
 
Figure 10: Wrapper model of the modified MBS library 
 
The translational effort, e, multiplied by the directional 
variable, d, which assumes a value of –1 at the 
beginning of a bond and a value of +1 at the end of a 
bond, is set equal to the mechanical force, f. Similarly, 
the rotational effort multiplied by the directional 
variable is set equal to the mechanical torque, t.  The 
translational flow vector, f, is set equal to the 
mechanical velocity vector, v, and the rotational flow 
vector is set equal to the mechanical angular velocity 
vector, w.  Finally, the mechanical position vector, x, 
and the mechanical angular position vector, R, are made 
available as x and R through separate connectors also on 
the bond-graphic side. 
We are now ready to discuss the multi-bond graph 
model of Figure 8.  The 0-junction represents the 
position of the center of the wheel.  The rotation of the 
wheel results in a translation at the contact point of the 
wheel with the road.  The translation at the contact point 
is calculated from the rotation by means of a 
transformer.  The second transformer further to the left 
in Figure 8 converts the contact point back to the center 
of the wheel. 
The position of the center of the wheel is thus 
determined twice, yet the two values must obviously be 
the same.  If there were only one wheel, there wouldn’t 
be a problem.  The bicyclist moves the wheel, i.e., 
causes a rotation, which in turn can then be used to 
compute the translation of the bicycle forward.  Yet, 
since there are two wheels, we face a closed kinematic 
loop.  This generates surplus equations that need to be 
removed again.  The MBS library is supposed to take 
care of this automatically. 
Yet, there is a second problem.  The weight of the 
bicycle would make the bicycle sink into the road.  Yet, 
this cannot be.  The distance of the center of the wheel 
to the contact point with the road must always be equal 
to the radius of the wheel.  Hence there is a holonomic 
constraint.  The holonomic constraint is satisfied by a 
reaction force that compensates for the force that wants 
to drive the bicycle into the road. 
Bond graphs have notoriously a hard time with 
holonomic constraints, as they don’t operate on 
positions at all.  They only deal with forces and 
velocities.  Consequently, rather than formulating a 
holonomic constraint, we calculate the reaction force 

that keeps the bicycle on the road.  This is done using 
the effort source, Se, at the top of Figure 7. 
 
GRAPHICAL VS. EQUATION MODELING 

Evidently, the bottom layer component models of any 
system description must be coded using equations.  The 
graphical models can only serve to describe the 
topology of a system, whereas the basic physical 
properties must be captured using equations. 
Using wrapped multi-bond graphs, we were able to ban 
the equations almost entirely down to the level of the 
bond-graphic components, i.e., the transformers, 
resistors, capacitors, inductors, etc. These models can 
be created once and for all, and they are flexible enough 
to capture the basic properties of essentially all physical 
systems. 
At the next higher level in the modeling hierarchy, i.e., 
the level, where bodies, joints, and force elements are 
being described, there is relatively little need for 
additional equations.  Almost all of these elements can 
be mapped onto a corresponding multi-bond graph, 
which enhances both the readability and the 
maintainability of these models. 
Additional equations are needed to describe the 
geometric properties of bodies for the purpose of 
animation.  The geometric model of the bicycle is 
depicted in Figure 11. 
 

 
 

Figure 11: Geometric model of the bicycle 
 

 
Although it would be possible to design the geometric 
model graphically using a CAD tool, this is not, how the 
geometric bicycle model was created.  Instead, the 
model was coded by means of equations associated with 
the four body models, i.e., the two wheels, the rear 
frame, and the handlebars. 
 



 

 

SUMMARY 

In this paper, we have shown that wrapped multi-bond 
graphs offer a means to minimize the need for equation 
modeling in the description of complex mechanical 
multi-body systems.  The equation models are forced 
down to the level of the bond-graphic component 
models.  These models are small, and therefore easily 
maintainable.  The level of the mechanical component 
models can thus already be described by graphical 
techniques, i.e., in the form of relatively small and 
compact multi-bond graphs that can be more easily 
debugged and maintained than the equation models 
used in Dymola’s standard multi-body systems library. 
The modified MBS library forms an integral part of the 
multi-bond graph library.  Beside from replicating 
component models of the MBS library, the multi-bond 
graph library also offers a separate set of component 
models for planar mechanics, as well as a set of models 
for describing mechanical systems undergoing 
collisions (impacts). 
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Multigrid algorithms are the most efficient solutions for a huge class of large-scale 

applications (partial differential equations) in Numerical Simulation. 

 

The talk deals with Multigrid-based software development and its use for industrial 

applications. 

It turns out that the Algebraic Multigrid approach (AMG) is the right answer for most of the 

industrial requirements. 
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Abstract—This paper introduces into a graphical, computer aided
modelling methodology that is particularly suited for theconcurrent de-
sign of mechatronic systems, viz. of engineering systems with mechan-
ical, electrical, hydraulic or pneumatic components including interac-
tions of physical effects from various energy domains.

Beyond the introduction, bond graph modelling of multibody sys-
tems, as an example of an advanced topic, is briefly addressed in order
to demonstrate the potential of this powerful approach to modelling
mechatronic systems. It is outlined how models of multibody systems
including flexible bodies can be build in a systematic manner.

Keywords—Bond graph modelling, object-oriented physical systems
modelling, computational causalities, forms of mathematical models,
mechatronic systems, multibody systems.

I. INTRODUCTION

Bond graphs were devised by Professor H. Paynter at
Massachusetts Institute of Technology (MIT) in Cambridge,
Massachusetts, U. S. A. as early as 1959 [1]. His for-
mer Ph. D. students Professor Karnopp, Professor Margo-
lis (University of California at Davis) and Professor Rosen-
berg (Michigan State University, East Lansing, Michigan)
have elaborated this graphical model representation into a
methodology that has experienced a considerable progress
over the decades due to the steady work of many re-
searchers all over the world. Since the early days, many
research papers, a number of textbooks in different lan-
guages [2, 3, 4, 5], as well as a number of special jour-
nal issues on bond graph modelling have been published
[6, 7, 8] with the aim of reflecting a part of contempo-
rary research on and application of bond graph modelling in
various areas. An excellent exposure of bond graph mod-
elling can be found in the highly recognised textbook of
Karnopp, Margolis and Rosenberg [9] of which the fourth
edition was recently published in December 2005. Readers
who quickly want to become familiar with the concepts of
bond graph modelling and who are looking for a brief intro-
duction are referred to the 28 pages Introduction to Physi-
cal Systems Modelling with Bond Graphs by J. F. Broenink
[10]. Finally, bond graph modelling is supported by a num-
ber of advanced modelling and simulation software pack-
ages. A survey compiled by A. Samantaray is available at
www.bondgraphs.com/software.html.

II. FUNDAMENTAL CONCEPTS

The Bond Graph methodology clearly and intuitively
starts by considering energy flows between the ports of the
(conceptual) components of an engineering system. Physi-
cal effects and their interactions are considered and, in the
first place, are taken into account in a qualitative manner.
At further stages of the modelling process, details are spec-
ified as necessary so that a mathematical model can be gen-

erated and can be evaluated. If properly applied, the Bond
Graph methodology enables to develop a graphical model
that is consistent with the first principle of energy conserva-
tion without having the need to start with establishing and
reformulating equations. The derivation of a mathematical
model from the graphical description that is suitable for the
purpose of a project can be rather left to appropriate soft-
ware tools performing this task automatically. As a con-
sequence, users of the methodology can focus on physical
modelling of a system.

A. Hierarchical Bond Graph models

According to the consideration of energy flows in an en-
gineering system, the vertices of a bond graph denote (con-
ceptual) subsystems, system components or elements, while
the edges, called power bonds or bonds for short, represent
energy flows between them. The nodes of a bond graph have
got so-called power ports where energy can enter or exit.
Therefore, bond graph nodes are also termed multiports.
Some software packages supporting bond graph modelling,
e. g. 20simTM[11], enable to make ports visible on demand
by little black squares (cf. Fig. 1).

Clearly, as with other graphical modelling paradigms,
bond graph models can be developed in a hierarchical com-
bined top-down and bottom-up approach by using compo-
nent models or elements from model libraries. The model
hierarchy may be represented separately by a tree of com-
ponent models. For each hierarchy level, the structure of the
model may be represented by a bond graph. While in iconic
diagrams, or in electrical or hydraulic networks application
specific representations are used for the nodes of the graph,
in bond graphs, nodes are presented by words enclosed by
an optional ellipsis. For that reason the notion of word bond
graphs is common in the process of a bond graph based
model decomposition approach. At the lowest hierarchy
level, bond graph nodes represent basic energetic processes
as the delivery or storage of energy, the irreversible transfor-
mation of energy into heat, or the power conservative distri-
bution of power. For these fundamental energetic processes,
fixed types of nodes are used. For instance, the storage of
kinetic energy in a rigid body, or the storage of magnetic en-
ergy in a coil is represented by a node of type I. Of course,
as with other graphical representations, user defined nodes
may be introduced, e. g., a node labelled orifice repre-
senting a mathematical model of a hydraulic orifice.

B. Power variables and analogies

As energy can flow back and forth between two power
ports of different nodes, a half arrow is added to each bond
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Fig. 1: Power bond connecting two power ports of two component models

indicating a reference direction of the energy flow.

Furthermore, it is a general observation, that the amount
of power at each time instance, t, can be determined by the
product of two conjugate variables, which are called effort,
e, and flow, f , respectively.

Power = Effort × Flow

In translational mechanical engineering, effort and flow can
be identified as force and linear velocity. In electrical engi-
neering, the product of the voltage drop across the two pins
of a port and the joint current in both pins is the instanta-
neous amount of electrical power at this port. Correspond-
ingly, in the thermal domain, these variables are the absolute
temperature and the rate of change of the entropy. Table I
lists the effort and flow variables in the various energy do-
mains. The variables in the third column of Table I are the
time integral of the efforts and the variables in the fourth
column are time integral of the flows. They are called en-
ergy variable because they quantise the amount of energy
in the energy stores of a model. The power variables ef-
fort and flow play an equal role with respect to each other.
They are just characterised by the fact that they are a factor
in the power product. Given a pair of power variables, it
is a matter of preference which of them is chosen as effort
and which consequently serves as the flow. This gives rise
to two possible analogies. One choice could be to relate a
mechanical force, or a moment to an electrical voltage drop.
Consequently, velocities, or angular velocities correspond
to electrical currents. This analogy has been in widely use
for a long time. Therefore, occasionally it is referred to as
classical analogy. The other possible association of a ve-
locity with a voltage drop also makes perfectly sense from
the point of measurements. It has been introduced by Fire-
stone around 1933 and is called mobility analogy. If two
modelling approaches only differ with respect to the anal-
ogy, the resulting bond graph models will look different as
well as the mathematical models derived from the graphs.
However, as to the numerical evaluation of the mathemati-
cal models, simulation results should be the same.

As a bond in a bond graph represents the energy exchange
between two ports of different nodes, all edges of a bond
graph carry two power variables. Bonds may be annotated
by the names of these power variables. It is a convention
to place the name of an effort above a horizontal bond and
the flow below the bond (cf. Fig. 1). For vertical bonds the
convention is to place the effort to the left and the flow to the
right of the bond. For inclinations different from a multiple
of 90◦, a more sophisticated convention is to consider that
variable as flow that is on the same side as the half arrow
denoting the reference direction of the energy flow.

C. Computational causalities

As each bond connecting two ports of different nodes A
and B carries two power variables, one of these two may be
determined by one of the two sub-models, while the other is
delivered by the other model. In other words, from a com-
putational point of view, the effort could be computed by the
evaluation of model A, while the flow is computed in model
B. It could be the other way around as well. The decision,
in which sub-model the effort is computed is indicated by a
perpendicular stroke attached to the bond and is called the
assignment of computational causality. The end of a bond
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Fig. 2: Computational causality: indicating the direction of effort and flow

without perpendicular stroke indicates the model, in which
the effort is computed and in which for that purpose the con-
jugate flow must be known. In other words, the end with
perpendicular stroke point to the model, in which the effort
is used in the computation of the conjugate flow. Another
possible and common view is to consider both power vari-
ables of a bond as signals of opposite direction. That is, the
perpendicular stroke indicates the signal direction of the ef-
fort, which implies that the end without the perpendicular
stroke displays the direction of the conjugate flow. The per-
pendicular stroke is called causal stroke. A bond graph is
called causal bond graph if a causal stroke has been added
to each bond. Note that the half arrow and the causal stroke
are orthogonal concepts. That is, there are four possible pat-
tern of half arrow and causal stroke. Now, if every bond
of a causal bond graph is replaced by two signal arrows of
opposite direction, then apparently, the bond graph can be
transformed into a block diagram as it is common in control
engineering. However, not every block diagram can be con-
verted into a bond graph. Bond graph modelling starts by
considering energy flows in a system. Consequently, bond
graph models should obey the first principle of energy con-
servation. In block diagrams, functional blocks represent
the processing of input signals. The mathematical relations
underlying a block diagram are not necessarily consistent
with energy conservation. Sometimes mathematical rela-
tions between input and output signals of a signal processing
block have not been derived from first principles, but curve
fitting methods, for instance, have been used.

If sensors and instruments are included in the bond graph
modelling of an engineering system, then the power con-
veyed between two ports of different components can be
neglected, if the sensing of signals is of primary concern.
This means that one of the two conjugate power variables
associated with a bond can be dropped turning the bond into
a so-called activated bond or reducing it to a conventional
signal arrow. As a result, the ports linked by a bond that has
become a signal arrow turn into signal ports.

The observation that a causal bond graph can be trans-
formed into a block diagram implies that bond graphs com-



Energy Effort Flow Generalised Generalised
domain momentum displacement

e f p q

Translational Force Velocity Momentum Displacement
mechanics F v p x

[N] [m/s] [Ns] [m]

Rotational Angular Angular Angular Angle
mechanics moment velocity momentum

M ω pω θ
[Nm] [rad/s] [Nms] [rad]

Electro- Voltage Current Linkage flux Charge
u i λ q

[V] [A] [Vs] [As]

magnetic Magnetomotive Magnetic Magnetic flux
domain force flux rate

V Φ̇ – Φ
[A] [Wb/s] [Wb]

Hydraulic Total Volume Pressure Volume
domain pressure flow rate momentum

p Q pp Vc

[N/m2] [m3/s] [N/m2 s] [m3]

Thermo- Temperature Entropy Entropy
dynamic flow rate

T Ṡ – S
[K] [J/K/s] [J/K]

Chemical Chemical Molar flow Molar mass
domain potential

µ Ṅ – N
[J/mole] [mole/s] [mole]

TABLE I: Power and energy variables in various energy domains

bine features of networks and of block diagrams. With net-
works bond graph have in common that they represent the
topological connectivity. Component sub-models are con-
nected in the same way as the physical system components
they model are linked. Furthermore, assigning causalities in
a bond graph means that the bond graph is overlayed with
a block diagram representing the computational structure of
a model. On the other hand, it is well know that informa-
tion about the topological structure of a system is lost in a
conventional block diagram model and can hardly be recon-
structed, in general, from a given block diagram.

The hierarchical development of a bond graph model and
the connection of component sub-models according to the
topological structure of a system implies that bond graphs
of component models must be non-causal. The decision,
which of the two power variables of a power port plays the
role of an input signal forcing the conjugate variable being
an output variable is determined by the component models a
component model under consideration is connected to. That
is, causal strokes cannot be assigned before the hierarchical
development of an overall system model is finished and the
the hierarchy has been flattened. Causal strokes, or causali-



ties, at the ports of one and the same component sub-model
can be different depending on the component sub-models it
is connected to. If the assignment of causalities to power
ports means to decide which variables are input and which
of them are output variables, then all equations derived from
a non-causal bond graph can only take implicit form.

D. Bond graph and object-oriented modelling

The concept of ports representing an interface of a com-
ponent sub-model to its outside world that hides internal
implementation details from its environment, the construc-
tion of bond graph models by connecting ports of sub-
model components and the use of component model hierar-
chies, interestingly has much in common with the modern
paradigm of object-oriented modelling (OOM), although
bond graph modelling was developed long before object
oriented modelling came into existence. For instance, an
electrical diode, or a hydraulic orifice of fixed area can be
considered subclasses of a more general 1-port resistor su-
perclass, which inherit all properties of the abstract 1-port
resistor class. Depending on the application, the constitu-
tive relations are (re-)defined in the derived classes. That is,
bond graph classes can be polymorphic. Instantiations of the
these subclasses are obtained by providing given parameters
resulting in objects, e. g. an orifice model O1 with a given
cross section area and a given discharge coefficient. In fact,
the older bond graph modelling approach can be viewed as a
kind of object oriented modelling approach (Borutzky [12]).

III. BOND GRAPH ELEMENTS

Bond graph modelling uses a small set of nine basic con-
ceptual elements representing fundamental energetic pro-
cesses. They can be grouped into five categories.

A. Supply and absorption of energy

The supply of energy into a system is modelled by source
elements. The absorption of energy flowing out of a system
into its environment can be represented by sinks, which can
be considered negative sources. As a power port has two
variables, two kinds of sources exist. Sources may impose
either an effort or a flow onto a system. A battery serving
as a constant voltage source can be modelled by an effort
source, while a hydraulic pump providing a constant vol-
ume flow rate can be modelled as a flow source. In bond
graphs, sources and sinks respectively are denoted by the
character S (Source). The type is naturally indicated by
adding either the characters e or f respectively (Se or Sf).
Sources may have more than one power port. Moreover,
as there exist, e. g. stabilised voltage sources, or controlled
hydraulic pressure pumps, sources may also have a signal
port for feedback control. In this case the type identifier is
prefixed by the character M standing for modulated source
(MSe, or MSf). The signal port is located on the M side of
the element.

B. Storage of energy

Tab. I shows that the time integral of the power variables,
viz. generalised displacement and generalised momentum,
have a physical meaning in many energy domains. More-
over, in many energy domains, they can be related to a

power variable resulting in the constitutive relation of a 1-
port storage element. That is, one of the two power variables
of the port is the rate of change of a so-called conserved, or
stored quantity, also called a state, while the other power
variable is an equilibrium determining variable. As either
the effort or the flow can be the rate of change of the con-
served quantity, two types of energy stores can be distin-
guished. In a C energy storage element, the flow is inte-
grated and the resulting generalised displacement is related
to the conjugate effort of the port. For the second type of
energy store, the I energy storage element, the role of effort
and flow is just interchanged. The effort is integrated and
the resulting generalised momentum is related to the conju-
gate flow. In this sense, both types are dual. For instance, an
electrical capacitor, or a mechanical spring can be modelled
as a C-type energy store, while a rigid body storing kinetic
energy, or a coil storing magnetic energy can be modelled
by an I type storage element. Energy stores can be multi-
port elements. In contrast to sources, however, they cannot
be modulated because this would violate the principle of en-
ergy conservation.

C. Irreversible transformation of energy into heat

The irreversible transformation of energy into heat, e. g.
in electrical resistors, or due to friction in mechanical and
hydraulic systems, is often modelled as a loss of free energy.
In bond graphs it is represented by an R element (resistive
element). If the production of entropy is taken into account,
a RS element is used. The character S (Source) indicates the
thermal port and expresses the entropy production.
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Fig. 3: Accounting for entropy production

e · f = T · Ṡ (1)

While the relation between the power variables of the non-
thermal port may be linear, for the thermal port it is always
nonlinear. According to the second law of thermodynam-
ics, entropy production must be positive. Consequently, the
graph of the constitutive relation must be within the first and
third quadrant.

Like sources, resistive elements may be modulated. An
electrical potentiometer, for instance, or variable hydraulic
orifices controlled by the displacement of the spool in a
valve may be modelled by displacement controlled R ele-
ments.

D. Reversible transformation of energy

In this kind of process, entropy is neither stored nor pro-
duced. Consequently, it is power conservative. There are
two type of bond graph elements representing this kind pro-
cess. They are denoted by the acronyms TF and GY respec-
tively. In the most simplest case they are 2-port elements.
Power conservation means that the instantaneous power at
one port equals the instantaneous power at the other port.
An element of type TF relates the efforts at the ports and



separately relates the flows, while an element of type GY
relates the effort of one port to the flow of the other port and
vice versa. In the constitutive relations of both elements,
a variable is multiplied by either a constant or by a func-
tion of time. In the second case, the elements must have a
signal port in addition to the power ports. This is pointed
out by prefixing their acronyms with the character M (MTF,
MGY). Physical components that may be modelled by a TF
element are electrical transformers, mechanical gear boxes,
or hydraulic displacement pumps. Examples of physical
system components that can be modelled in the first place
by a GY element are centrifugal pumps and electric mo-
tors. Both types of conceptual elements can be multiport
elements.

E. Power conservative distribution of energy

Modelling of energy flows in a system means that energy
is supplied by sources and conveyed and distributed between
the conceptual elements of the model. As energy storage
and irreversible transformation of energy have already been
taken into account by energy storage elements and by resis-
tors, distribution of energy between elements can be consid-
ered power conservative. There are two types of multiport
interconnection elements called 0-junction and 1-junction.
They both distribute power and have linear constitutive re-
lations. For a 0-junction, the efforts of all power ports are
the same and all conjugate flows sum up to zero taking into
account their signs. The sign is determined by the orienta-
tion of the half arrow for the energy reference direction. If a
half arrow is oriented towards a port, the flow is taken posi-
tive, otherwise the flow has a negative sign. The 1-junction
plays the dual role. That is, the flows of all bonds incident
the node are the same and all conjugate efforts sum up to
zero by taking into account their signs. A 0-junction cor-
responds to an interconnection node in a network. Such a
node has an effort (voltage, pressure) and according to the
generalisation of Kirchhoff’s current law, all flows in the
branches incident to the node sum up to zero. In contrast,
a 1-junction in a bond graph has no node as a counterpart
in networks. The constitutive equation of a 1-junction relat-
ing all efforts is embodied implicitly in networks as it cor-
responds to the generalisation of Kirchhoff’s voltage law.
This entails some inconvenience if bond graph models are
described in the widely used object-oriented modelling lan-
guage Modelica, because in this framework, the descrip-
tion of the model structure is based on generalised networks
[13]. A subgraph build of 0- and 1-junctions is called a
Kirchhoff junction structure. If it also includes (M)TF and
(M)GY elements, it is called a General Junction Structure
(GJS). A bond connecting a 0- or a 1-junction to another 0-
or 1-junction is called an internal bond. The junction struc-
ture of a bond graph is a power conservative multiport that
enables the exchange of energy between all other elements,
e. g., sources, sinks, energy stores and resistors as well as
between component models.

IV. SYSTEMATIC CONSTRUCTION OF BOND GRAPHS

One of the advantages of the bond graph approach is that
the topological connectivity of components in a system can
guide the systematic construction of a bond graph. Two pro-

cedures can be formulated, one for the construction of bond
graphs for mechanical subsystems and one for the construc-
tion of bond graphs for subsystems in energy domains other
than the mechanical domain (non-mechanical subsystems).

Mechanical subsystems

1. Identify distinct velocities and angular velocities, repre-
sent them by a 1-junction.
2. Insert C-, R- TF- and GY-ports via a 0-junction between
two 1-junctions.
3. Attach inertia 1-port elements to their respective 1-
junction.
4. Attach 1-port sources and 1-port sinks to appropriate 1-
junctions
5. Assign a reference direction for the energy flow to each
bond (half arrow).
6. Remove all 1-junctions representing a velocity or angu-
lar velocity ≡ 0 along with all incident bonds, simplify the
bond graph.

Non-mechanical subsystems

1. Identify distinct efforts, represent them by a 0-junction.
2. Insert a power port of a source, energy store, dissipator,
transformer or gyrator via a 1-junction between two proper
0-junctions.
3. Add half arrows to all bonds.
4. Choose a potential as a reference, eliminate its corre-
sponding 0-junction along with all incident bonds. If two
sub-circuits are connected via an isolating transformer, a
reference potential must be chosen in each sub-circuit
5. Simplify the bond graph.

Note that there are intuitive rules for assigning power ref-
erence directions to the ports of all types of bond graph el-
ements. The bond graph in Fig. 9 illustrates the use of half
arrows. As can be seen, for sources, the half arrow points
away from the element’s port, for storage elements and re-
sistors, the orientation of the incident bonds is towards the
element. This is quite intuitive, sources supply energy, en-
ergy storage elements store energy temporarily and resistors
transform the absorbed energy irreversibly into heat. TF and
GY elements exhibit a ’through direction’ of the reference
direction of the energy flow. This also is intuitively un-
derstandable because energy passes through these elements
without storage and without entropy production. In essence,
energy reference directions are from the sources through the
junction structure into energy stores, resistors and sinks. At
0-junctions in bond graphs of mechanical systems and at 1-
junctions in bond graphs of non-mechanical systems, there
must be a difference of power variables.

V. RULES FOR COMPUTATIONAL CAUSALITIES AT

POWER PORTS

As has been explained above, at each power port of a
component model, it can be decided which one of the two
power variables is computed in the component model, or in
other words, which of the two power variables is an outgo-
ing signal, or an output variable in one of the constitutive
relations. However, these decisions cannot be made com-
pletely deliberately. For instance, for sources there is no
choice. For an effort source, the output is the effort, for a Sf
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Fig. 4: Integral and derivative causality at storage ports

source, it is the flow. For storage elements so-called integral
causality is preferred. The power variable that is integrated
with respect to time is the input variable. The conjugate
power variable, related to the state of the energy store, is
taken as output variable. For a C energy store, this is the
effort. Consequently, the causal stroke points away from the
port of the C element. For the dual I element, the effort of
the power port is taken as an input variable. Consequently,
the causal stroke points to the port of the I element. The
effort is integrated with respect to time. The flow related to
the resulting state of the I energy store is its output. If, for a
C energy store, the causal stroke is on the side of the power
port, or if the casual stroke points away from the port of an
I energy store, then this means that the output is obtained by
differentiation of the conjugate power variable. In this case,
so-called derivative causality has been assigned to the port.
For resistors with linear constitutive relations, causal strokes
may be either on the side of a port (conductance causality),
or pointing away from the port (resistance causality). In
some cases, however, there is no such choice. For a resistor
representing dry friction, only the effort (force) can be the
output.

At 0-junctions the effort at all incident bonds is the same.
Consequently, one causal stroke can point to the junction,
while all others must point away from it. For the dual 1-
junctions the role of effort and flow is interchanged. That
is, at one bond the causal stroke may be pointing away from
the junction. At all other bonds it must point towards the 1-
junction. This causal pattern reflects that one effort is equal

��
f

e
R : r

1
r

�

�
f

e

��
f

e
R : r

r�

�

f

e

Fig. 5: Causality patterns at linear 1-port resistors
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Fig. 6: Admissible causal patterns for junctions, 2-port TF and 2-port GY

elements

to the sum of all other efforts and simultaneously it indicates
that all flows are the same. One flow may be input to the
junction, while all others are outputs. For 2-port TF and
GY elements causal patterns must be as displayed in Fig. 6.
A TF relates efforts. That is, if the effort at one port is an
input, the effort at the other port must be an output. Since
the constitutive equations of GY elements relate the effort
of one port to the flow of the other one, both causal strokes
must either point to the element or away from it.

Finally, causal pattern other as the admissible ones are
termed causal conflicts. They give clear, valuable indica-
tions to consequences of modelling assumptions and may
give rise to changes of the model.

VI. SEQUENTIAL ASSIGNMENT OF COMPUTATIONAL

CAUSALITIES

Once the admissible causal patterns for all bond graph el-
ements are known, the question arises how causal strokes
are to be assigned to all bonds of a bond graph. The an-
swer to this question is the so-called Sequential Causality
Assignment Procedure (SCAP) introduced by Karnopp and
Rosenberg. Although modifications and alternatives have
been proposed in the literature, this procedure has become a
standard and is recalled in this tutorial.
1. Assign causality to one of the sources according to its
type, propagate this causal information into the bond graph
through its junction structure as far as possible by observing
causality rules at element ports.



2. Repeat step 1 until all ports of sources are assigned an
appropriate causality.
3. Assign preferred integral causality to a port of an energy
store, propagate this causal information into the bond graph
as far as possible. Propagation of the causality of a storage
port may lead to derivative causality at power ports of other
energy stores. If a causal conflict appears, e. g., at a 0- or
1-junction, it must be removed before integral causality can
be assigned to the next storage port.
4. If there are any resistor ports without causality after
causality has been assigned to all storage ports, then the
procedure continues with assignment of causality to resis-
tors with characteristics that do not have a unique inverse,
so that there is no choice of causality.
5. Finally, if there are still resistor ports or internal bonds
without causality, one resistor port or an internal bond must
be chosen. Causality is arbitrarily assigned and propagated
through the junction structure. This step is repeated until no
causally unassigned bonds are left.

VII. DERIVATION OF EQUATIONS FROM CAUSAL BOND

GRAPHS

Once causal strokes have been added to the bonds of a
bond graph, a mathematical model can be derived in a sys-
tematic manner. However, first, it must be decided for which
unknowns a set of mathematical relations is to be derived.
An obvious choice are the states of energy stores with in-
tegral causalities at their ports. These variables determine
the energetic state of a system in the sense that they quan-
tify the content of each energy store at all time instances
t ≥ 0. As the output variable of a 1-port energy store
with integral causality, also called co-energy variable, is
related to its state, it can be chosen as an alternative un-
known. This choice is adopted in this paper. Note that en-
ergy stores with derivative causalities do not contribute to
the system’s state. Their output variable algebraically de-
pends on the output variables of energy stores with integral
causalities. In bond graph models of mechanical systems
with displacement modulated elements, so-called kinematic
displacements must be added to the vector of unknowns that
determines the dynamic system behaviour. For further pre-
sentation of how to derive equations from a causal bond
graph the notion of a causal path is needed. This term is
frequently used in bond graph related literature.

Causal paths:

A sequence of bonds from one power port of an element to
a power port of another element is called a causal path, if
there is no 2-port gyrator in between and if all bonds have
their causal stroke at the same end. If there is a GY in be-
tween, the sequence of bonds is called a causal path, if all
bonds on one side of the GY have their causal stroke at the
same end and if all bonds on the other side of the GY have
their causal stroke on the opposite end. That is, the gyra-
tor switches the direction of efforts on one of its sides (cf.
Fig. 7).

Another remarkable feature of bond graphs is that, once
assignment of causalities has been completed, conclusions
can be drawn with regard to the form of mathematical mod-
els that can be derived from the graph by looking for causal
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Fig. 7: Causal path between two ports

paths in causal graph. There is no need to know the actual
form of nonlinear constitutive relations nor to establish and
to reformulate any equations. For instance, if there are no
energy storage elements with derivative causality, no causal
paths between two ports of different resistors and no closed
causal paths in the junction structure, then a mathematical
model in the form of an explicit state space model can be
derived from the graph. If, in addition, there are no ele-
ments controlled by kinematic displacements, then the order
of the state space model just equals the number of storage
elements.

In the following, this most simple case is considered first.
One straightforward way towards the formulation of a math-
ematical model in a modelling language, well suited for au-
tomation, is to write the constitutive equations for all nodes
of the bond graph and to have all redundancies removed
symbolically. If the aim is to perform a simulation, the
equations can be sorted and transformed into a program-
ming language. If the equations are linear and if the aim
is to come up with the matrices of a state space model in
symbolic form to be processed by a mathematical program,
e. g., the open source software package Scilab, then, clearly,
all algebraic equations must be eliminated. However, auxil-
iary variables can be eliminated already when equations are
derived from the causal bond graph by walking back and
forth along causal paths. For bond graphs that are not too
large, this can even be done manually in a systematic man-
ner. The derivation of an ordered set of equations is guided
by the following procedure (Borutzky [14], Wellstead [15]).

Procedure for the derivation of equations from a causal
bond graph

1. Write the constitutive equations for all independent
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Fig. 8: Circuit schematic of a shunt motor

sources. Their outputs are given functions of time.
2. In contrast, the output of a controlled source is alge-
braically related to its input. If the latter is not an output
of an independent source or an energy store with integral
causality, then it can be expressed by means of such outputs
by back propagation of causal paths in the junction structure
and by eliminating intermediate variables.
3. The outputs of resistors depend algebraically on their in-
puts. By back propagation along causal paths through the
junction structure, their outputs can be expressed by sources
either independent, or controlled ones and outputs of energy
stores. The outputs of dependent sources do not need to be
eliminated, since they have already been determined in the
previous step.
4. For storage ports, the derivative with respect to time of
an output is a function of the input(s). By working back
causal paths, the inputs can be expressed by outputs of other
energy stores, of resistors, or sources.

If there are causal paths between resistor ports, implicit,
algebraic equations will result that are likely to be non-
linear. Implicit algebraic equations also result, if there are
closed causal paths in the junction structure. If there are
storage elements that must accept derivative causality, then
their output variables are algebraically dependent on the out-
puts of the storage elements in preferred integral causality
and the number of states is smaller than the number of stor-
age elements.

VIII. A SIMPLE EXAMPLE OF A MECHATRONIC SYSTEM

What has been presented so far shall be illustrated by
means of a bond graph model of the well known shunt mo-
tor. The circuit schematic and the bond graph are depicted in
Figures 8 and 9 respectively. In the bond graph of the shunt
motor, the 0-junction corresponds to the node with the po-
tential u1 in the electrical circuit schematic. As the flows of
bonds incident to a 0-junction add up to zero, the 0-junction
corresponds to the parallel connection of the field windings
and the armature windings. The armature windings has an
electrical resistance and an inductance that are taken into ac-
count by the lower left R element and the left I energy store.
The left-side 1-junction represents one and the same current
through the resistor and the inductance. At the same time, it
accounts for Kirchhoff’s voltage law that the sum of all volt-
age drops along mesh 1 equals zero. (The voltage drop ua

is induced by the motion of the rotor.) In other words, the
1-junction corresponds to a series connection of elements
with two pins. The upper 1-junction represents the current

through the field winding. As there is no I energy storage
element attached to it, the inductance of the field windings
has been neglected. The transformation between electrical
and mechanical energy is accounted for by the gyrator as
the core element in this model. The gyrator is a bilateral
transducer in the sense that either electrical power can enter
at one port and mechanical power exits at the other port, or
vice versa. In fact, a motor could be operated as generator.
As it is known, the mechanical moment of the motor acting
on the shaft is a nonlinear function of the current in the field
windings due to hysteresis and saturation. Accordingly, the
gyrator is modulated by a variable Ψ, which for simplicity
has been assumed a linear function of the current if through
the field windings.

The 1-junction in the right-side part of the graph denotes
the angular velocity of the mechanical load and simultane-
ously the sum of all moments acting on the load. External
disturbances of the balance of moments has been taken into
account by the right side effort sink.

Half arrows for the reference directions of energy flows
as well as causal strokes are in accordance with the rules
discussed in previous sections.

Application of the above given procedure leads to the fol-
lowing ordered set of equations. For simulation, these equa-
tions can be easily (automatically) formulated in a simula-
tion language, e. g. ACSL, or in a modelling language, e. g.
SIDOPS the underlying modelling language of the mod-
elling and simulation environment 20simTM.

Independent sources and sinks:

E = f1(t) (2)

Mload = f2(t) (3)

Dissipators:

uR = Ra · ia (4)

if =
1

Rf
E (5)

MR = Rm · ω (6)

Modulated gyrator:

Ψ = K · if (7)

ua = Ψ · ω (8)

M = Ψ · ia (9)

Energy stores:

dia
dt

=
1

La
( E − ua − uR ) (10)

dω

dt
=

1
Jm

( M − MR + Mload ) (11)

Right hand side expressions in these equations depend on
the outputs of the storage elements with integral causality
(chosen as states), on the output of the independent sources
(system inputs) and on outputs of resistors previously com-
puted. Thus, the set of equations constitute a (linear) state
space model. Clearly, by substituting the constitutive rela-
tions of the resistors and of the gyrator into the differen-
tial equations of the energy stores, the matrices of the linear
state space vector equation could be obtained.
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Fig. 9: Causal bond graph model of the shunt motor

Fig. 10: Results of the shunt motor simulation

Fig. 10 displays the results of a shunt motor simulation.
At t = 0 s the constant voltage supply (E [V]) is switched on
and immediately jumps to a value of 220 V. At t = 2.5 s the
motor experiences an immediate jump of the load moment
from 0 to a constant level of 100 Nm. The simulation results
show the time evolution of the current through the armature
(I a [A]) and of the angular velocity (omega [rad/s]).

For high precision positioning of a mechanical load, its
position and the actual angular velocity of the motor are
sensed and used in feedback loops for control of the mo-
tor. In modelling and simulation environments supporting
multiformalism, e. g., in 20sim, a bond graph model of the
motor can be part of a block diagram of the control loop as
depicted in Fig. 11. Alternatively, state space matrices in
symbolic form could be derived from a linear bond graph
model of the motor and passed to a block diagram based

simulation program, e. g., Simulink, or to a mathematical
program, e. g., the open source software package Scilab.

Note the signal arrow directly attached to the right side
1-junction in the bond graph of the motor (Fig. 11). In the
bond graph part of this combined representation, it is an ac-
tivated bond which does not affect the power balance of the
1-junction. A 1-junction distributes the flow supplied at one
port to all other ports. The signal arrow as an activated bond
extracts this information common at all ports. The angu-
lar velocity of the load is sensed, integrated into the load’s
position and returned to the controller.

IX. BOND GRAPHS - A CORE MODEL REPRESENTATION

If some storage elements in a causal bond graph must ac-
cept derivative causality and/or if causal paths exist between
ports of different resistors, or if the causality assignment
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procedure leads to closed causal paths in the junction, then
mathematical models derived from the bond graph take the
form of a set of Differential Algebraic Equations (DAEs),
which in general is semi-explicit and has an index ≤ 2,
which can be safely solved with freely available numerical
codes. Bond graphs with many I energy storage elements
with derivative causality easily result in the modelling of
rigid multibody systems if it is assumed that rigid limbs are
rigidly linked by joints. In multibody systems modelling,
it is also common to use Lagrange equations of the second
kind. Karnopp has introduced a procedure that enables to di-
rectly derive Lagrange equations from a causal bond graph.
To that end, so-called artificial flow sources are added to
the bond graph in order to identify generalised coordinates
and all I energy storage elements receive derivative causal-
ity (Karnopp [16]). However, not only mathematical models
in a form suitable for simulation can be derived from causal
bond graphs. Brown has shown that it is not necessary to
derive a signal flow diagram in order to establish transfer
functions (in symbolic form) using Mason’s rule. These can
be directly derived from a causal bond graph (Brown [17]).
Furthermore, the equations of the inverse system with re-
spect to a pair of variables can be derived from a causal
bond graph after just changing appropriately causalities and
adding sources if necessary. Inverse system equations are
needed for the co-called control problem, that is, system in-
puts are to be determined such that the behaviour of a sys-
tem of known structure follows prescribed trajectories. The
determination of inverse system equations is supported by
so-called bicausalities, an extension of the causality concept
introduced by Gawthrop [18]. The basic idea of bicausality
is to decouple the orientation of the effort from that of the
flow at a bond.

Another remarkable feature of causal bond graphs is that
an inspection of causal paths can reveal information about
structural controllability and structural observability of a
system [19]. Further, still ongoing research is concerned
with the application of bond graph modelling for fault de-
tection and isolation and fault diagnosis (Bouamama et. al.
[20], Borutzky, cf. these proceedings).

This brief survey of the capabilities of the bond graph
modelling methodology shows that bond graphs can serve

as a core model representation, from which different infor-
mation can derived depending on the purpose of a study.

X. BOND GRAPHS FOR MULTIBODY SYSTEMS

MODELLING

Multibody systems, e. g., industrial robots, manipulators,
are composed of bodies connected by certain types of joints.
In modelling such systems, some bodies may be considered
rigid, while for others it must be taken into account that they
are flexible. Anyway, a natural approach is to develop li-
brary models for bodies and for various types of joints and
to make use of the object oriented feature of bond graph
modelling that enables to link component models accord-
ing the way the corresponding real world physical compo-
nents are linked. A rigid body, freely moving in space,
has six degrees of freedom and its motion is described by
Newton-Euler equations. The number of degrees of free-
dom is reduced due to joints linking the body to others. One
common approach in rigid multibody system modelling is
to describe the translational motion of the centre of grav-
ity with regard to a reference frame fixed in space and the
body’s rotation with regard to a frame located either in the
body’s centre of gravity or in a joint. For each direction
given by an axis of the reference frame, there is a pair of
power variables (velocity/force or angular velocity and mo-
ment) and a usual bond is attached to a 1-junction repre-
senting the velocity component in that direction. However,
if the 1-junctions for all three components of a velocity are
combined into one 1-junction and the bonds carrying power
variables, say vx, vy, vz , are grouped into a so-called multi-
bond (cf. Fig. 12), then Newton-Euler equations can be rep-
resented by a concise bond graph of clear structure. In a
joint, (angular) velocities are constrained by geometry and
can be affected by a motor operating the joint. A joint model
can be connected to a body model, but it cannot be further
connected to another body model so that the joint model is
sitting between two body models. The reason is that the
rotation of a body is described with respect to a reference
frame attached to the body. Thus, a transformation from one
body fixed reference frame to another is needed. This trans-
formation can be represented in bond graphs by a displace-
ment modulated multiport transformer. The displacements
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needed are usually Euler angles. As a result, with build-
ing blocks for a rigid body and for various types of joints
and the displacement modulated multiport transformer ac-
counting for changes between reference frames, bond graph
models of rigid multibody systems can be assembled in a
systematic manner. The approach briefly outlined has been
introduced by Bos [21].

For some bodies of a multibody system, e. g., for long,
slim limbs, the assumption of a rigid body may not be ap-
propriate. Classical approaches to the modelling of flexi-
ble bodies are the normal modes analysis and the finite ele-
ment method. Both approaches can be interpreted in terms
of bond graph methodology and enable a lumped parame-
ter model approximation of distributed parameter models.
By application of the modal analysis to beams and rods,
Karnopp has found a bond graph representation as early as
1968 that can be used as a basic building block for bond
graph modelling of flexible mechanical structures [22]. A
weak point of modal analysis is that it is a matter of engi-
neering experience how many so-called modal oscillators
are included. As a rule of thumb, Margolis suggests to take
into account all modal frequencies up to a frequency that is
twice the highest frequency of interest in the model of the
overall system. A recent discussion of the finite element ap-
proach in bond graph terms can be found in [23]. A further
alternative is to adopt the less widely used co-rotational for-
mulation that can be interpreted in terms of bond graphs as
well (cf. Damić in these proceedings).

XI. CONCLUSION

The aim of this paper accompanying a tutorial, given at
the ECMS 2006, has been to outline fundamental concepts
of the bond graph modelling methodology and, furthermore,
to indicate its potential as a powerful uniform approach to
modelling, analysis, control, fault diagnosis of multidisci-
plinary engineering systems. By emphasising on physical
principles, the methodology supports an understanding of a
system’s behaviour and supports the design of systems with
controllers as integral part. It is hoped that readers are en-
couraged to have a more closer look at the vast vault of bond
graph related literature and to apply this methodology and
the results of ongoing research to their engineering prob-
lems.
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ABSTRACT 

The research topic of this paper is that how an avatar 

explores the environment, and find the way out to reach 

the pre-assigned goal. This proposed system is applied 

to a dynamicallly changable, continuous and large-

scaled environment. To deal with the learning in such 

environment, the proposed system partitions the state-

space into regions of states, called cells. By using cells, 

the states of the system can be reduced in which the 

number of states grows dramatically increasing in 

proportion to the number and quality of inputs. Through 

a series of maniputations of cells, the avatar can adapt 

itself to the changable environment. By adjusting the 

peferences of the proposed global-cell, the tendancy of 

exploration behavior of the avatar can be controlled to 

explore the potential path caused by the changing 

environment. 

KEYWORDS 

virtual world, dynamic environment, reinforcement 

learning, machine learning, curse of dimentionality. 

I. INTRODUCTION 

The goal of this paper is to implement an avatar by 

reinforcement learning(RL) [1] to find out a path to 

reach the assigned goal in a virtual world. The 

environment of this paper is dynamically changeable, 

large scaled and could be multi-dimensional. 

There are some problems on the proposed environment. 

The first is how an avatar adapts itself to the 

dynamically changeable environment,is considered. The 

second is how an avatar finds out a potentially better 

path which the avatar is not known by the changing 

happened in the changing environment. In a large scaled 

and multi-dimensional environment, there exists an 

problem called “the curse of dimensionality” [2]: The 

number of states grows exponentially in proportion to 

quality, scale and number of input devices. 

In this paper, section 2 is the related works about path 

finding and reinforcement learning. Section 3 defines 

the terminologies that is used in this paper. Section 4 

implements a series of algorithms of cells establishment 

and manipulations using min-max hyperbox. Section 5 is 

a brief system overview. Section 6 is the implementation. 

Finally, the conclusion and future works are proposed. 

II. RELATED WORKS 

Moore et. al., [3] proposed a RL algorithm called parti-

game algorithm, which used a game-theorem based 

algorithm for partitioning the state-space into cells, and 

finding paths in these cells. The parti-game algorithm 

partitions the state-space into cells such that the avatar 

doesn't have to learn all of the states. In some critical 

area this algorithm increases the resolution of partition 

to do a precise learning on such area, and this makes the 

path finding in a high quality. Although the parti-game 

algorithm learns well in large scaled multi-dimensional 

environment, it didn't offer a mechanism to recover the 

increased resolution of cells; this means parti-game 

algorithm may not be flexible to handle a dynamic 

environment. 

One challenge that frequently arises in RL is the trade-

off between exploration and exploitation [4]. To 

maximize value (expected total reward), a RL avatar 

should choose the preferred actions that the avatar had 

tried in the past and found out the effective one in 

producing reward. To discover such actions, the avatar 

needs to take actions that have not been selected before. 

The avatar has to exploit what it already knows to obtain 

reward. However, the avatar also has to explore to make 

better action selections in the future. The dilemma is that 

neither exploration nor exploitation can be pursued 

exclusively if a successful strategy is to be developed. 

This dilemma becomes even more challenging in a 

dynamic environment, where the current exploited 

solution may no longer be valid, and the solutions 

previously explored may have changed 

III. DEFINITIONS OF TERMINOLOGY 

Definition 1: A cell is a region covers a group of states 

in the state-space which are essentially similar. Two 

states are essentially similar if they have similar reward 

on the same action. 

The relationship between a state and a cell is defined as 

equation (1): 

(1) 

where A denotes the set of all available actions, rs(a) 

denotes the received reward of doing action a at state s, 

and Vc(a) denotes the expected value that the avatar 

learned of doing action a in cell c. 

This equation is used as a precondition of identifing 

which cells cover the current state s. 



Definition 2: The transition function Tc(a) returns a set 

of cells which are the destination cells of all possible 

transitions triggered by doing action a in cell c. 

Definition 3: The transition probability Pc(a,d) is the 

probability of the transition   triggered by doing action 

a in cell c; and then transfering to cell d.

, where Tc(a) = {d1, d2, ..., dj} and di

∈ Tc(a). 

Definition 4: The global cell g, is the cell which is not 

really existed but standed for the whole unknown or 

uncertain space. 

IV. CELLS ESTABLISHMENT AND 

MANIPULATION IN MIN-MAX 

HYPERBOX 

A series of algorithms are proposed by using a simple 

geometrical graphic, the “min-max hyperbox” [5] [6] to 

implement the necessary learning operations on cells. 

The advantage of using the min-max hyperbox is that it 

uses only two points: min and max-point to represent the 

shape in any multi-dimensional space. In this way, the 

algorithms and programs written in min-max hyperbox 

can be portable and flexible. 

In algorithm 1, cells which satisfied the equation (1) and 

state s is included in the shape, are collected in a set Q

and then returns Q when all cells are checked. 

Algorithm 2 collects cells that are not in the set of cells 

returned by function IDENTIFY, and the sizes of these 

cells would not be larger than MaxSize if these cells 

expanded to include state s. Finally, the collected cells 

are put in set Q, and returns Q when all cells are 

checked. 

Figure 1 shows how the function EXPANDABLE

works. In the case of (a), the cell size is still smaller than 

MaxSize if expanded to include state s, thus this cell 

should be collected. In the case of (b) if the cell is 

expanded, the size would be larger than MaxSize; 

therefore, this cell should not be put in the set Q. 

Q: a set of cells, C: the set of all cells, 

s: the current state, c: a cell, 

c_max: the max point of cell c, and 

c_min: the min point of cell c. 

1. Q←∅

2. for all c ∈ C do

3.     if ∀i∈all dimensions Si ≤ c_maxi and ∀i∈all 

dimensions Si ≥ c_ mini and satisfied equation 

(1) then

4.     Q ← Q ∪{c} 

5.     end if

6. end for

7. return Q 

Algorithm 1: IDENTIFY(s) 

Q: a set of cells, C: the set of all cells, 

s: the current state, c: a cell, 

c_max: the max point of cell c, 

c_min: the min point of cell c, and 

n: the number of inputs, MaxSize: the maximun size of a 

cell. 

1. Q←∅

2. for all c ∈(C - IDENTIFY(s) ) do

3.     if MaxSize ≥  (max(c_maxi, si) –

min(c_mini, si)) and satistied equation (1) then

4.     Q ←Q ∪{c} 

5.     end if

6. end for

7. return Q 

Algorithm 2: EXPANDABLE(s) 

state s
The cell in MaxSize

The original cell
The cell including s

(a) (b)

Figure 1. Expandable of Min-Max Hyperbox 

The function EXPANSION of algorithm 3 is used to 

expand a cell c to include a state s. 

s: the current state, c: a cell, 

c_max: the max point of cell c, 

c_min: the min point of cell c, and 

1. if c ∈ EXPANDABLE(s) then

2.     for i in all dimentions do

3.     c_max'i←max(c_maxi, si) 

4.     c_min'i←min(c_mini, si) 

5.     end for

6. end if 

Algorithm 3: EXPANSION(c, s) 

Figure 2 shows the flow of EXPANSION function. In 

case (a), both x and y value of state s are larger than the 

max-point of cell; To expand this cell, it needs to assign 

both x and y value of state s to the max-point and let this 

cell includes state s. In case (b), only y is larger than the 

value of max-point, therefore, assign y as the max-point 

of this cell. In case (c), x value is smaller than min-point, 

therefore, assign x as the min-point of this cell. 



Figure 2. Expansion of Min-Max Hyperbox. 

While avatar found a cell contains state s, but not 

essentially similar (e.q. not satisfied equation (1)). The 

CONTRACTION function as shown in Figure 3 is used 

to make such cell exclude state s. 

Figure 3. Contraction of Min-Max Hyperbox. 

s: the current state, c: a cell, 

c_max: the max point of cell c, 

c_min: the min point of cell c, and 

1. if c ∈ IDENTIFY(s) then

2.     for i in all dimentions do

3.   if (c_maxi - si) ≤ (si - c_mini) then

4. c_max'i←si

5.   else

6. c_min'i ←si

7.   endif
8.     end for

9. end if 

Algoright 4: CONTRACTION(c, s) 

While an avatar is at current state s, and state s is in 

current cell c. Doing action a may cause a transition and 

then receive the next state s' and a reinforcement-signal 

rs(a). The handling procedure is that at first, the avatar 

uses equation 2 to update the value function of cell c, 

(2) 

where γ is a constant used to control the learning rate. 

After the value function is updated, the avatar uses 

IDENTIFY(s') function to identify in which cell the 

avatar is. According to the results of IDENTIFY(s')  and 

EXPANDABLE(s'), there are several cases of learning 

procedure. 

1) The current cell c ∈ IDENTIFY(s') The avatar is 

still in current cell c, there is no transition 

happened. 

2) The current cell c ∉ IDENTIFY(s'), and 

IDENTIFY(s') ≠ ∅ The system should find the 

next cell c' from IDENIFY(s') that is most similar 

to state s'. After finding the cell c', the system 

should update the transitions of cell c by equation 

(3) and the corresponding transition probability is 

also updated. 

(3) 

3) IDENTIFY(s') = ∅, but EXPANDABLE(s') ≠ ∅. 

The system should find the next cell c' from 

EXPANDABLEs' that is most similar to state s'. 

After finding the cell c', the system should update 

the transitions of cell c by equation (3) and the 

corresponding transition probability is also 

updated. 

4) IDENTIFY(s') = ∅, and EXPANDABLE(s') ∅, 

too. In this case, create a new cell c' centering 

around state s'. After finding the cell c', the system 

should update the transitions of cell c by equation 

(3) and the corresponding transition probability is 

also updated. 

V. SYSTEM OVERVIEW

Figure 4 is an system overview of how it can work. The 

explanation is shown as followed: 



Figure 4. The system flowchart. 

1) Find a plan to be the behavior policy of the avatar. 

The plan maybe an exploitation plan that can 

reach the goal from current cell c, or an 

exploration plan throw the global cell, that has the 

best total weight. 

2) Choose an action a from the plan and excute the 

action a. 

3) After excution of action a, the system receives a 

reinforcement-signal r(s, a) and next state s' from 

the environment. The system should find out, or 

create the destination cell c' which including s'. 

After finding out the cell, the system should also 

adjust the position and range of cells, and update 

the value function, transition function and 

transition probability if necessary. 

4) Set the new current cell to c'. If current cell 

includes the goal, the job is finished. If current 

cell is not in the plan anymore, the system should 

go back to step 1 and find another plan. If current 

cell is still in the plan, the system should go back 

to step 2, and continue acting according to the 

plan. 

VI. THE IMPLEMENTATIONS 

The implementation environment is shown as figure 5. 

Figure 5. A maze with 2 passages and 2 corresponded 

gates. 

As shown in figure 5, there are two gates that can be 

opened or closed to represent a dynamic environment. 

The upper side gate is marked as gate A, and the other 

one is marked as gate B. 

First, let gate A be opened, gate B be closed, the start 

point is surrounded by obstacle in the left hand side as 

the red spot in figure 6 and the goal point is in the right 

hand side to the start point behind the passages. Figure 6 

shows the cells contribute to the avatar for reaching the 

goal at the first time. The gray rectangles in figure 6 are 

min-max hyperbox cells that the avatar learned. The 

dotted lines are the track of avatar's moving from the 

begining. 

Figure 6. Cessl and track when avatar reach the goal cell 

in the first time. 

Figure 7 shows the plan that the avatar choosed after 

several epochs of learning (reached the goal for several 

times). The environment is almost fully explored. 



Figure 7. The plan from start to goal after several 

epochs of learning. 

After the previous experiment, now let gate A be closed 

and gate B be opened to cause a changing of 

environment. The result is shown as figure 8. At the 

begining, the avatar didn't know about the changing, 

therefore, it still chooses, and acts according to the 

previous plan that passing through gate A until 

encountered the closed gate A. The avatar began to do 

exploration again and finally found a new path through 

the opened gate B. Figure 9 shows the new plan from the 

start point again, after the opened gate B is explored. 

Figure 8. Switch the gates as a changing of environment. 

Finally, the avatar created 165 cells for learning this 300 

* 400, nearly 12,000 pixels(states) environment. 

Figure 9. The plan of new environment. 

VII. CONCLUSION AND FUTURE WORK 

A reinforcement learning model with cells management 

algorithms has been proposed. From the experiment 

result, the avatar uses less storage and finds paths 

efficiently (165 cells versus 12,000 states). By 

modifying position and range of cells, the avatar can 

adapt itself to the changing of environment and keep a 

well balance between exploration and exploitation 

behavior. In this way, the avatar will tend to exploitation 

when the environment is unstable and exploration when 

the environment is steady. 

The previous discussed cases are all assumed that there 

is always at least one solution. However, in fact, there 

maybe no solution exists. How the avatar deals with 

such kind of situation should be considered in the futual 

work. 
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ABSTRACT 

The subject of wireless networks has recently gained a 
lot of attention from research community to investigate. 
The well-organized subdivision of a wireless network 
into coherent, mostly non-overlapping clusters of 
physically close nodes is a significant building block in 
the design of well-organized upper layer network 
functions such as energy saving, routing, stability, 
coverage and data aggregation. In our paper, we present 
a snapshot of different clustering techniques for wireless 
networks. We also present comparative analysis of 
different clustering mechanisms based on metrics such 
as load balancing, efficiency of coverage, energy-
awareness, cluster stability, routing overhead control, 
dynamic changes of topology and locality. 
 
1. INTRODUCTION 

Wireless networks are playing a fundamental role in 
emerging pervasive platforms that will host a wide 
range of next generation civil and military applications. 
With highly capable sensors and wireless network nodes 
available in the market, we need to efficiently utilize 
them with proper power consumptions. Configuration 
and maintenance of these nodes might impact their 
energy reserves. For example, having a centralized base 
station (BS), communications between the nodes and 
the centralized BS might consume more energy. But 
with the case of ad hoc networks, self-configuration and 
maintenance of these nodes might be energy ineffective. 
Clustering of wireless network nodes into groups with 
proper cluster head (CH) selection will impose a regular 
structure in the network. It is easier to control a CH with 
the summarized information instead of handling 
information from every node individually. Thus, CHs 
aggregate the data from various nodes and communicate 
with the far distant BS. In order to form clusters and 
efficiently control the network, clusters need to be 
formed in a fast and quick manner. Formation of 
clusters in one sector should not impact the formation of 
clusters in another sector. We need to make sure that the 
CHs are not over-burdened or under-utilized and the 
clusters not highly overlapped. Thus, appropriate equal-
sized clusters have to be formed to evenly distribute the 
control. A wireless network without any clustering, 
every node has to send its information to a far away BS. 

If a node has problems directly sending information to a 
far away BS, it has to communicate via other nodes by 
the concept of multi-hopping. This would create extra 
burden on those nodes that are close to the BS. 
Clustering is a logical solution to reduce this extra 
burden from those nodes. Another alternate is to have 
“Gateways” that are high-energy nodes which can pass 
the information to the BS (Younis et al. 2003). 
Furthermore, these gateways need to be considered 
based on their load and their communication with 
various sensors, to form clusters. These gateways can 
further act like CHs.  
 
   In a wireless network, communication between nodes 
could be single-hop or multi-hop. In single-hop 
communication (Younis and Fahmy 2004), each node 
has direct connection to the CH. There is no need for 
relaying or multi-hopping. Due to the direct connection, 
only one node should transmit at a time, and a 
contention-less Medium Access Control (MAC) 
protocol (Rappaport 1996) is needed because these 
protocols do not allow the possibility of frames 
colliding. We cannot constraint that all the nodes should 
be equally farther away from the CH. Thus, the energy 
depletion will vary from one node to another based on 
how far it is from the CH. Therefore, when deciding the 
battery lifetime, we need it to be based on the worst-
case scenario. In a multi-hop communication 
environment (Younis and Fahmy 2004), the nodes are 
allowed to have multiple hops between the nodes and 
the CH. The number of hops that the packets can move 
from the source node to the destination CH could be 
indicated by a notation like K-hop, where K is the 
number of hops that the packet can travel towards the 
CH. If a node is unable to reach a CH within K hops, 
then the node (after deferring some random time) could 
claim itself as a CH.  
    
   The rest of paper is organized as follows. Various 
clustering algorithms are grouped under various sub-
sections in section 2. A comparative analysis of the 
various algorithms discussed in section 2 is provided in 
section 3. Finally, section 4 concludes the paper. 
 
2. CLUSTER ESTABLISHMENT HEURISTICS  

2.1 Hierarchical Clustering Algorithms 

The wireless networks could embrace large number of 
nodes. Proficient management of these nodes has crucial 
effect on traffic load, bandwidth resource availability, 



dynamic changes of topology, etc. of a wireless 
network. Hierarchical or tree-based clustering is an 
effective way to administer these nodes. The 
management of these nodes could be in a single 
hierarchy with few hundred nodes which may or may 
not have CHs or multi-level hierarchies with thousands 
of nodes organized in several levels incorporating 
ordinary nodes, CHs and super-CHs. The examples of 
such multi-level hierarchies are presented in (Lauer 
1986; Shacham and Westcott 1987; Lauer 1995). 
 
   Low Energy Adaptive Clustering Hierarchy (LEACH) 
(Heinzelman et al. 2002) is one of the most popular 
hierarchical routing algorithms for sensor networks. It is 
a cluster-based protocol that uses local data fusion and 
classification to greatly reduce the amount of 
information that must be transmitted to the BS. LEACH 
forms clusters by using a distributed algorithm, where 
nodes make autonomous decisions without any 
centralized control. The energy load of being a CH is 
evenly distributed among the nodes by incorporating 
randomized rotation of the high energy CH position 
among the nodes. Nodes elect themselves as CHs based 
on this probabilistic rotation function and broadcast 
their decisions. Each non-CH node determines its 
cluster by choosing the CH that requires the minimum 
communication energy. LEACH is completely 
distributed and requires no global knowledge of 
network. However, LEACH uses single-hop routing 
where each node can transmit directly to the CH and the 
sink. 
 
   Priority-based Adaptive Topology Management 
(PATM) (Tan et al. 2005) is another example that 
decreases the routing overhead notably and enhances 
the data forwarding services by using cluster-based 
control mechanism. PATM also demonstrates an 
obvious tendency toward dynamic changes of topology, 
bandwidth availability and traffic load. Analytical 
comparison of PATM with other cluster formation 
algorithms like Geographic Adaptive Fidelity (GAF) 
(Xu et al. 2001), Pre-defined Intelligent Lightweight 
tOpology managemenT (PILOT) (Srinidhi et al. 2003), 
and Topology Management by Priority Ordering 
(TMPO) (Bao and Garcia-Luna-Aceves 2003), etc. 
reveals the following unique features of PATM:  
(1) Synchronization among nodes or node position 

information is not required by PATM.  
(2) Centralized control over the ad hoc network is not 

required by PATM. Each node, based on its local 
information, is free to makes its own decisions.  

(3) Without exchanging control messages sporadically, 
PATM proactively maintains a connected 
backbone.  

 
   In addition, using the following two optimizations, 
PATM demonstrates dramatic decrease in topology 
updates: (i) Piggyback the small control messages to 
ongoing data traffic and (ii) Adapt the topology update 
intervals based on the network mobility. 

   A clustering scheme is presented in (Banerjee and 
Khuller 2001) to create hierarchical control structure for 
wireless networks. They show how clustering can be 
obtained for wireless network topologies by obeying 
certain constraints that are useful for management and 
scalability of the hierarchy. They also present a 
distributed implementation of their clustering algorithm 
for a set of wireless nodes to create the desired set of 
clusters. A drawback in using their algorithm in sensor 
networks is that only one node needs to instigate the 
clustering, and that the protocol still entails O(n) time in 
linear networks. 
 
   (Zhang and Arora 2002) also presented a tree-based 
algorithm (GS 3 ) for self-configuring a network into 
cells of tightly bounded geographic radius and low 
overlap between cells. GS 3  enables network nodes to 
organize themselves into a cellular hexagon structure 
with a set of proved properties. GS  is a self-healing, 
scalable, local, and low convergence time algorithm. It 
is applicable to static networks as well as to the 
networks with high degree of dynamics and mobility. 
The only negative aspect in their centralized scheme is 
the assumption that each node is aware of its location 
precisely, which is possibly complex in sensor networks 
to accomplish. 
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   (Bandyopadhyay and Coyle 2003) propose Energy 
Efficient Hierarchical Clustering (EEHC), a distributed, 
randomized clustering algorithm to organize the sensors 
in a wireless sensor network into clusters. They also 
extend this algorithm to generate a hierarchy of CHs 
and observe that the energy savings increase with the 
number of levels in the hierarchy. EEHC algorithm 
organizes sensors into a hierarchy of clusters with an 
objective of minimizing the total energy spent in the 
system to communicate the information gathered by 
these sensors to the information-processing center. By 
assuming the contention and error free environment, the 
algorithm has a time complexity of O(k 1 + k +…+ 

k ), a significant improvement over the many O(n) 
clustering algorithms. This makes the EEHC algorithm 
suitable for networks of large number of nodes.  
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2.2 On-Demand (Passive) Clustering 

The clustering that involves the concept of using on-
going data traffic to piggyback “cluster related 
information” (e.g., the IP address of the node, the state 
of a node in a cluster) is called passive or on-demand 
clustering (Lee et al. 2000; Yi et al. 2002; Yi et al. 
2003). Such a clustering protocol develops and 
maintains the cluster structure utilizing on-going data 
packets and works only if there is live data traffic in the 
network. Since, neighboring information is bundled in 
the data packets that are received by a node, only minor 
control overhead and setup latency is required in passive 
clustering. First Declaration Wins rule and Gateway 
Selection Heuristic (Yi et al. 2002; Yi et al. 2003) are 



the two novel cluster formation mechanisms in passive 
clustering. According to the First Declaration Wins 
rule, claiming first to be a CH, any node can “govern” 
the rest of the nodes in its radio coverage (cluster area). 
Unlike all weight-driven clustering mechanisms, there is 
no waiting time to make sure all the adjacent nodes have 
been checked (Gerla and Tsai 1995; Lin and Gerla 
1997). The Gateway Selection Heuristic offers a method 
to elect the minimal number of gateways (including 
distributed gateways) required to maintain the 
connectivity in a distributed manner. Implicit timeout 
duration is a key factor to maintain clusters in passive 
clustering. If a node that had previously communicated 
with other nodes in the cluster is not able to send data 
again within its timeout duration due to any expected or 
unexpected event would be assumed dead or out of its 
locality by other nodes in the cluster. With reasonable 
offered load, nodes in passive clustering can easily keep 
track of dynamic topology changes by virtue of this 
timeout.  
 
     Based on passive, on-demand clustering, a new 
flooding mechanism is proposed by (Yi et al. 2002). 
Without any loss in the network performance this new 
mechanism can reduce redundant flooding by up to 70% 
with negligible extra protocol overhead. They also 
presented the simulation results to prove the claim. 
Additionally, according to (Yi et al. 2002), substantial 
performance could be achieved if passive clustering  is 
applied to several reactive, on-demand routing protocols 
such as   Ad hoc On Demand Distance Vector (AODV) 
(Perkins and Royer 1999), Dynamic Source Routing 
(DSR) (Johnson and Maltz 1996) and On-demand 
Multicast Routing Protocol (ODMRP) (Lee et al. 2000). 
 

2.3 Adaptive Clustering Mechanisms 

Weight-driven or adaptive clustering is an equally 
appropriate architecture for either a fixed infrastructure 
or an atmosphere without any infrastructure at all. 
Adaptive clustering algorithm is robust in nature so it is 
well tolerated to mobility. An appropriate example of 
such a clustering is presented by (Lin and Gerla 1997). 
They propose adaptive clustering architecture for 
multimedia support in multi-hop mobile network and to 
administer different tasks such as spatial reuse of 
bandwidth, Quality of Service (QoS) provisioning by 
resource allocation within clusters. The data traffic in 
such a network is interwoven of two types of packets: 
data packets, generated by data sources and real-time 
packets, transmitted by real-time sources. Top priority is 
given to real-time sources therefore, in each cluster, 
Time Division Multiple Access (TDMA) permits to 
reserve bandwidth for real-time data traffic. 
Furthermore, within each cluster only one code is used 
to reduce the control overhead and to overcome the 
limitation of the number of orthogonal codes. Spread 
Spectrum provided the facility to the neighboring 
clusters to transmit at the same time on different codes. 
The network architecture, presented in (Lin and Gerla 

1997), has the following three main advantages: (1) It 
provides spatial reuse of the bandwidth due to node 
clustering (2) Bandwidth can be shared or reserved in a 
controlled fashion in each cluster (3) The cluster 
algorithm is robust in the face of topological changes 
caused by node motion, node failure and node 
insertion/removal. Simulation experiments have also 
revealed many advantages of code separation and 
spatial reuse, such as this architecture provides an 
efficient, stable infrastructure for the integration of 
different types of traffic in a dynamic radio network. 
The performance of the proposed cluster scheme is 
similar to that of Cluster TDMA (Gerla and Tsai 1995), 
with less implementation complexity (less burdened by 
synchronization requirements). 
 
   Random Competition based Clustering (RCC) scheme 
mainly focuses at simplicity and stability (Xu and Gerla 
2002). Although RCC is an active clustering algorithm 
but it utilizes the idea of First Declaration Wins rule of 
passive clustering scheme (section 2.2). Since it is 
possible that during the delay time period many 
neighboring nodes may claim concurrently to be CH, 
therefore to overcome on such a concurrent broadcast 
conflict RCC introduces an explicit random timer. 
Every time before claiming to be a CH, each node 
reschedules a random time and it gives up simply its CH 
claim if it hears a CH claim during this random time. 
RCC also uses the node ID to resolve further the 
concurrent broadcast problems as random timer is not a 
complete solution. When the concurrent broadcasts 
happen, the node with lower ID will become the CH. 
    
2.4 Solid-Disc Clustering Structure 

A clustering technique that produces approximately 
equal-sized clusters with minimum over-lapping among 
clusters is highly desirable in the cluster formation of 
sensor networks. Solid-disc clustering is a technique 
that does this job quite appropriately. According to 
solid-disc clustering, a node is to be considered in the 
cluster only if it is within a unit distance of the cluster’s 
CH. This condition creates clusters in which the CH is 
surrounded by only those nodes that belong to its 
cluster. In other words, CH does not have to listen to 
those nodes that are not in its cluster. It listens to only 
those nodes that are in its cluster and that leads to a 
significant drop in the intra-cluster signal arguments. 
Since the CH in solid-disc clustering is at the center of 
the cluster and listens from all directions of the cluster, 
this phenomenon makes enhanced space coverage 
possible. Furthermore, aggregation is more significant at 
the CH because it is not biased to only one direction.  
 
   Based on solid-disc clustering technique, (Demirbas et 
al. 2004) propose a Fast Local Clustering Service 
(FLOC) that produces non-overlapping and 
approximately equal-sized clusters. In FLOC, CH uses a 
variable m (where the value of m could be 2) to 
decide which node belongs to its cluster. A node that is 
m unit away from the CH is not in its cluster. All nodes 
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that belong to the CH’s cluster must be within the unit 
distance. By declaring the value of m 2 FLOC creates 
a sense of locality as the entire network related 
problems are extremely restricted within at most 2 units 
distance. FLOC demonstrates self-healing capability in 
a manner that after facing problems it re-clusters itself 
in a constant time with locality. Also, with any number 
of nodes in the network, FLOC achieves clustering in a 
constant time, where constant time is O(1), that 
characterize it fast and scalable. FLOC reveals the 
double-band character of wireless radio-model and 
introduces a communication and energy efficient 
program, by taking m to be the maximum 
communication radius and unit radius to be the reliable 
communication radius of a node. 

≥

 
2.5 Max-Min D-Cluster Formations 

Max-Min Leader Election in ad hoc networks is a new 
clustering approach that takes special measures to 
eradicate the overhead of highly synchronized clocks 
and operates asynchronously (Amis et al. 2000). In the 
determination of the CH density, control and flexibility 
is achieved by generalizing the maximum distance to be 
d hops, where d is a value selected for the heuristic, 
from a node to its CH.  
 
   The approach has time complexity of O(d) rounds 
which compares favorably to O(n) for earlier heuristics 
(Baker and Ephremides 1981; Das and Bharghavan 
1997) for large mobile networks. This reduction in time 
complexity is obtained by increasing the concurrency in 
communication.  Since the number of messages is a 
multiple of d rounds, it helps to provide better efficiency 
at the network level. Furthermore, to provide enhanced 
stability and to minimize the transferal of network 
structure information, re-election of CHs is preferred. 
Data structure is simple that helps to minimize the local 
resources at each node. Redundant backbone 
architecture is formed by using CHs and multiple 
gateway nodes to provide communication between 
clusters. The approach is scalable as it tends to generate 
less CH than other clustering algorithms and provides 
better load balance among the CHs as it has a low 
variance in cluster sizes. 
 
   Mobility-based d-hop distributed clustering algorithm 
(MobDHop) generates variable-diameter clusters based 
on mobility pattern in Mobile Ad hoc Networks 
(MANETs) to achieve the desired scalability (Er and 
Seah 2004). The MobDHop algorithm allows cluster 
members to be more than two hops away from their CH 
and determines the diameter of clusters by measuring 
the stability of clusters. It measures the stability of 
clusters by using the relative mobility of cluster 
members and proposes a new metric to measure the 
variation of distance between nodes over time in order 
to estimate the relative mobility of two nodes. The 
MobDHop ensures maximum cluster stability by 
grouping the nodes with similar moving pattern into one 
cluster. It creates less clusters and CH change is low. 

The performance of MobDHop is comparable to other 
existing algorithms. 
 
2.6 Algorithm for Cluster Establishment (ACE) 

A clustering algorithm that divides the network into 
clusters using minimum rounds of feedback would be 
characterized as efficient in term of coverage. Among 
such algorithms, Algorithm for Cluster Establishment 
(ACE) is an evolving algorithm that is proposed by 
(Chan and Perrig 2004). Cluster formation in ACE is 
highly efficient and uniform; it covers the entire 
network using just three rounds of feedback. The 
efficiency of ACE in terms of communication or 
coverage approaches that of hexagonal close-packing 
(Zhang and Arora 2002). ACE is powerful, flexible, 
fast, and robust against packet loss and node failure. 
Geographic location information, directional or any 
other kind of distance estimation between nodes is not 
required by ACE and no matter what is the number of 
nodes in the network, it completes in constant time 
using only local communication between nodes. It is a 
good demonstration of emergent algorithms in large-
scale distributed systems. The definition of an emergent 
algorithm is outlined by (Fisher and Lipson 1999): “An 
emergent algorithm is any computation that achieves 
formally or stochastically predictable global effects, by 
communicating directly with only a bounded number of 
immediate neighbors and without the use of central 
control or global visibility”. 
 
   The modified version of ACE is presented by (Chan et 
al. 2005), enhancing the regularity of the separation 
between CHs. The basic idea is “to use clustering as a 
basis for determining the position information of sensor 
nodes”. First of all, they enhanced regularity at the cost 
of increased communication, by increasing the number 
of iterations for ACE from 3 to 5. By approximating a 
spring effect between neighboring clusters, they also 
modified the migratory mechanism. This effect triggers 
clusters that are too far apart to be attracted together, 
and clusters that are close together to migrate apart. The 
potential fitness score of each candidate node C in its 
neighborhood is evaluated by each CH during the 
migration phase. If C was to become the next CH, the 
score for each candidate C is calculated as the total 
number of sensor nodes belonging to the cluster, plus a 
modifier for each adjacent cluster of C. They assumed s 
to be the estimated separation between C and the 
neighboring CH in terms of maximum communication 
radius r. s can be estimated by counting the number of 
common nodes in both the clusters - the greater the 
number of common nodes, the closer the separation of 
the two clusters. They calculated final modifier via the 
function g(s). 
 
2.7 Linked Cluster Algorithm (LCA) 

Proposing cluster formation and CH election 
algorithms, many papers focused on single-hop 
clustering and guaranteed that no node will be more 



than one hop away from leader (Baker and Ephremides 
1981; Baker et al. 1984; Gerla and Tsai 1995). The 
Linked Cluster Algorithm (LCA) takes special 
safeguard to avoid communication collisions among 
nodes and uses Time Division Multiple Access 
(TDMA) frames for inter-nodes communication with 
each frame has a slot for each node in the network to 
communicate. Every node requires 2n TDMA time 
slots, where n is the number of nodes in the network, to 
have knowledge of all nodes in its neighborhood. If a 
node x has the highest identity among all nodes within 1 
wireless hop of it or does not have the highest identity 
in its 1-hop neighborhood, but there exists at least one 
neighboring node y such that x is the highest identity 
node in y’s 1-hop neighborhood, it becomes a CH. 
 
   To overcome these problems and to decrease the 
number of CHs that the original LCA produces, a 
revised version (LCA 2) is introduced in (Ephremides et 
al. 1987). According to LCA 2, a node would be 
considered “in the cluster” if it is in the 1-hop 
neighborhood of the CH. Furthermore, a node declares 
itself to be a CH if it has the lowest ID among the non-
covered nodes in its 1-hop neighborhood. Basically, the 
LCA approach was designed to be used in the networks 
with less than 100 nodes. In such a small network, the 
delay between node transmissions is minor and may be 
accepted. On other hand, in the networks with more 
than 100 nodes, the delays between node transmissions 
in the TDMA communication scheme would be greater 
and unacceptable as the number of nodes increase in the 
network.   
 
3. COMPARATIVE ANALYSIS 

We have discussed various methods that have been used 
to handle clustering in ad hoc/wireless sensor networks. 
For the various methods proposed, the stated or claimed 
advantages with their respective disadvantages were 
given. To cater the aim of this paper, which is to 
provide chances for further research and updates in this 
developing area, we provide a comparative analysis of 
clustering methods discussed above. 
 
   Comparing to conventional clustering schemes, such 
as Lowest ID (LID) and Highest Degree (HD) 
algorithms (Lin and Gerla 1997), RCC (Xu and Gerla 
2002) is more stable. Since CHs formed by RCC are 
usually at least two hops away from each other and a 
node only gives up its CH position when another CH 
moves near to it, clusters are much more stable. The 
algorithm presented in (Lin and Gerla 1997), cluster are 
chosen such that the CHs form a dominating set in the 
underlying graph topology and unlike (Banerjee and 
Khuller 2001), this makes the number and size of the 
clusters, largely dependent on the graph topology and 
the use is primarily for “spatial reuse” for channel 
spectrum. A drawback in using the (Banerjee and 
Khuller 2001) in sensor networks is that only one node 
needs to instigate the clustering, and that the protocol 
still entails O(n) time in linear networks. Adaptive 

clustering (Lin and Gerla 1997; Xu and Gerla 2002), 
LCA 1 (Baker et al. 1984) and LCA 2 (Ephremides et al 
1987) all use TDMA frames for inter-node 
communications but adaptive clustering is a multi-hop 
and LCA is a single hop scheme. GS 3  (Zhang and 
Arora 2002) differs from LEACH (Heinzelman et al. 
2002) in terms that LEACH offers no guarantee about 
placement and the number of CHs in a system. The 
algorithm by (Banerjee and Khuller 2001), only 
considers logical radius (hops) of cluster, instead of 
their geographic radius, which makes long intra-cluster 
link possible. Also, its convergence under perturbations 
depends on multiple rounds of messages diffusion, 
instead of one-way diffusion within perturbed areas as 
in GS 3 . Moreover, given certain node density in a 
network, the geographic radius in GS  implicitly 
guarantees the logical radius of clusters. GS  is a self-
healing, scalable, local, low convergence time and 
applicable to static networks as well as to the networks 
with high degree of dynamics and mobility. The only 
negative aspect in this centralized scheme is the 
assumption that each node should be aware of its 
location precisely, which is possibly complex in sensor 
networks to accomplish. 
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3

 
   Comparative analysis of passive clustering with 
“active” clustering and route aggregation techniques 
reveals several advantages. Specifically, passive 
clustering could be characterized as energy-aware 
clustering as it eliminates the periodic, background 
control packet exchange that reduces node power 
consumption. Furthermore, passive clustering is the 
only mechanism that can provide scalability and 
practicality for selecting the minimal number of 
forwarding nodes when topology changes dynamically.   
Max-Min D-cluster algorithm (Amis et al. 2000) 
partitions the wireless ad-hoc networks into d-hop 
clusters. Unlike FLOC (Demirbas et al. 2004), it does 
not guarantee solid-disc clustering and in the worst case, 
the number of clusters generated may be equal to the 
number of nodes in the network (for a connected 
network). LEACH forms 1-hop clusters but does not 
satisfy the FLOC’s solid-disc property: Not all nodes 
within 1-hop of a CH j belong to j. Hence, in LEACH 
the CHs are susceptible to network contention induced 
by members of other clusters. FLOC complements 
LEACH since it addresses the network contention 
problem at the CHs by constructing solid-disc clusters. 
Moreover, LEACH style load balancing is readily 
applicable in FLOC by using the probabilistic rotation 
function for determining the waiting-times for the 
candidacy announcements at the nodes. Unlike LCA 1, 
LCA 2 and hierarchical clustering algorithm (Banerjee 
and Khuller 2001), EEHC (Bandyopadhyay and Coyle 
2003) algorithm does not demand clock synchronization 
between the sensors and the simulation results prove 
that the authors have found the optimal parameter 
values for these algorithms that minimize the energy 
spent in the network.  



   Simulation results demonstrate that the efficiency of 
ACE (Chan and Perrig 2004) in terms of 
communication or coverage approaches that of GS 3 . 
ACE sometimes exceeds the ratio for hexagonal close 
packing (HCP) because it intelligently forms clusters 
around areas where nodes are most densely distributed, 
while choosing areas of overlap where the nodes are 
least densely distributed. ACE exhibits superior packing 
efficiency to either LCA or Adaptive algorithms (Lin 
and Gerla 1997; Xu and Gerla 2002). The variance in 
cluster sizes for ACE is small and only slightly larger 
than the baseline variance of the number of nodes in a 
given area (this is reflected in the variance of cluster 
sizes for HCP). The low variance and high average 
cluster sizes reflect that the ACE algorithm produces 
good packing efficiency. ACE maintains its large 
advantage over LCA and Adaptive algorithms even 
under conditions of heavy packet loss. ACE degrades at 
a higher rate and approaches the performance of LCA 
and Adaptive algorithms under conditions of high 
packet loss, but never actually performs worse than 
either algorithm under the simulated conditions. Unlike 
hierarchical control clustering algorithm (Banerjee and 
Khuller 2001), ACE algorithm is localized and requires 
no central direction that makes it highly resistant to 
transmission errors and random node failure. The 
overall communications overhead is small compared 
with the normal communications load for the sensor 
network.   
  

Table 1: Comparison of Clustering Methods 
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LCA No Required Variable No Yes OK Yes Moderate No 
Adaptive 
Clustering No Required Variable N/A Yes OK Yes Low No 

Hierarchical 
Control Clustering Low Not 

Required Variable N/A Yes Good Yes Moderate Limited

RCC No Required Variable N/A Yes Good Yes Moderate No 

LEACH No Not 
Required Constant No Yes OK Yes Moderate Limited

GS  
3 Low Required Variable N/A Yes Good Yes Moderate Very 

Limited
EEHC No Required Variable Yes N/A OK Yes N/A No 

FLOC No Not 
Required Constant N/A Yes Good Yes High No 

ACE Very 
Low 

Not 
Required Constant N/A Yes Good Yes High Very 

Limited

PATM Low Not 
required Variable N/A Yes Very 

Good Yes High N/A 

Passive Clustering Low Not 
Required Variable Yes N/A OK Yes Moderate N/A 

MobDHop No Required Variable Yes Yes Good No High No 

 
4. CONCLUSION 

Clustering of various nodes in wireless networks has 
been vital to handle various upper layer network 
functions like energy saving, routing, etc. In this paper, 
we have provided a survey on various most frequently 
used clustering techniques. Pros and cons of various 
approaches are also provided. A comparative analysis to 
summarize the discussion and a comparative table that 
portrays the well-being any clustering technique is 

provided. Based on our analysis, we would prefer Solid-
Disc clustering (section 2.4) because it could handle 
various requirements properly and efficiently.  
Furthermore, we wish to proceed with various 
theoretical, simulated and real-time scenario setup of 
Solid-Disc clustering approach. 
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ABSTRACT

We are intelligent, so we are conscient. We are in
evolution, so we construct. We are not alone, so we
have to contribute. Simulation relates function to
structure: faith = (intuition, inspiration, imagination) and
intelligence = (adaptability, consciousness, intention)
are complementary one to another. Intelligence and Faith
can converge together to integration, or can destroy
each other if not associated by conscience. Intelligent
simulation and the simulation of intelligence demand
transcending the present limits of computability toward
simulability by an intensive effort on extensive research
to integrate essential mathematical and physical
knowledge guided by philosophical goals. To get a self-
aware simulation, i.e., self-control of the simulation
process, we build a knowledge hierarchy corresponding
to the simulation hierarchy. Then we create the context
for a self-organization of the simulation, expressing the
countervariant symmetric pair of hierarchy types
(simulation, knowledge) in the reference system of the
basic covariant hierarchy types (classes, symbols,
modules). Therefore, we try first to model the
consciousness for the simulation of the intelligence, and
then to reach for intelligent simulation. We integrate the
different types of hierarchies using the theory of
categories. Conscience = (consciousness, inspiration).

ARGUMENT

The power to abstract gives us the right and the duty to
manage the Matter as wise as possible so that it assists
our Evolution toward Freedom as understood Necessity.
A way to begin is hierarchical simulation. Coexistent
interdependent hierarchies structure the universe of
models for complex systems, e.g., hardware - software
ones. They belong to different hierarchy types, defined
by simulation abstraction levels, autonomous modules,
classes, symbols, and knowledge abstractions. Divide et
Impera et Intellige on hierarchy types reveals their
importance for intelligent simulation. Turning the
abstraction into comprehensive construction could be
the aim of humanity, the unique God for different
cultures of free humans.

The way to freedom is by understanding necessity. We
have to recall our conscience, to reintegrate our mind,
and to remember that society has to assist humans to
live among humans, not to consider that they have only
to work for it. An operating system serves the
autonomous programs, both for the function of the hard
and for development of the soft. Society has to assure
health and education for every human, and encourage
search and research for every conscient human.

INTELLIGENT SIMULATION

Researching intelligence by simulating it to get to
intelligent simulation demands the study of essential
abstract structures: the human mind, the different types
of hierarchies, and the simulation as relation between
static and dynamic structures (Niculiu and Cotofana
2001). We extend the reconfigurability to the simulation
itself.

First, we get to self-control of the simulation process by
a self-aware simulation. For this, we build a knowledge
hierarchy countervariant to the simulation hierarchy.
Then, to create the context for self-organization of the
simulation, we express both simulation and knowledge
hierarchies in the simulation-covariant reference system
of the basic hierarchy types (classes, symbols,
modules). This derives from the main partition of our
Reality (Beauty, Truth, Good). We try to model the
conscience for simulating the intelligence, and then to
reach for intelligent simulation. Essential relations are
sketched next, before searching for conscience models
enabling intelligent simulation:

Human = human (Humanity); 
human∈Faith × Intelligence → Faith × Intelligence
Humanity = ({humans}, eternal/ evolving Structure)
evolution∈(Hunger × Fear × Love)

× (Technology × Science ×Art)
→ Technology × Science × Art

Mathematics⊂Art = Human:: beauty-oriented
activity (Science, Technology)

Physics = natural ∪ social Science
= Human:: truth-oriented activity (Art, Technology)

Engineering/ Technology = Human::good-oriented
activity (Art, Science)



Simulation∈Behavior × Structure ⇐ Knowledge
⇐ Intelligence :: information()

Imagination ⇐ | Intuition - Consciousness |
Intention ⇐ | Inspiration - Adaptability |
Consciousness ⇐ reflexiveAbstraction (Intention)
Adaptability ⇐ simplifyingAbstraction (Imagination)

The history of the common measure along the human
history can be synthesized along the following line:
... ← Philosophy ← ... ← Culture ← special Knowledge
← materialistic Economics ← spiritual vs. physical Force

Faith and intelligence form the yin-yang of our life

(Way, Truth, Life). ☯ // frontal view
• Faith = (Inspiration, Intuition, Imagination) is

associated to the right human brain hemisphere;
intuition is the main part of the dark yin, inspiration
the dynamical shaped interface to intelligence,
whereby the white point linking to the left part,
stands for imagination.

• Intelligence = (Consciousness, Adaptability,
Intention) corresponds to the left human brain
hemisphere; adaptability is the main part of the light
yang, consciousness the variable nuanced interface
to faith, and intention the dark point linking to faith.

• Conscience = (Inspiration, Consciousness) builds a
nondeterministic interface between the conscious
sequentially and the unconscious in parallel
operating domains of a faithful intelligent mind.

Intelligence is not reduced to sequential operation, but
the modern culture has extended dangerously the
historical experiment of concentrating our intelligence on
reason, that is merely the closure of the adaptability to
natural activities. Nature is very important to us, as the
starting point of our evolution, but it is only our
hardware, eager to assist us in extending our intelligence
beyond any limit, aiming to know more of the Reality.
The fact that we can not yet solve the dichotomy of
Spirit and Matter does not mean they should be
balanced in our life. The power to abstract gives us the
right and the duty to manage Matter as wise as possible
so that it assists us in our Evolution toward

Freedom as Understood Necessity
Georg Wilhelm Friedrich Hegel

Metaphor is an instance of abstraction, so we will use it
intensively for abstract matters that are not yet fully
approached. For instance, the three first names of Hegel
suggest principles to follow in restarting the evolution:
peace in Matter and Mind, strong will to keep
understanding the Way, insured by the current
reconfigurable principles as helmets that defend our
mind of false ways, not forgetting we have to fight for
and against abstract ideas.

Further, until we reach to a higher knowledge, alle guten
Dinge sind 3 , as we need a triad for any stable approach,
and time gets friendly only if we respect the continuity
of the evolution, as Georgs parents were inspired when
baptizing him.

Einstweilen bis den Bau der Welt
Philosophie zusammenhält,

 erhält sich das Getriebe
 durch Hunger, Furcht und Liebe

Friedrich Schiller

Conscience is self-awareness of individual faith and
intelligence, as well as of the relation to the local context
(society) and to the global one (universe). To appear it
needs self-knowledge, what could have resulted from
community conscience featured by an eternal human
structure, e.g., from the past, shepherds, farmers, sailors,
Africans, Amerindians, Asians, Australians, Eskimos, ...
Each individual recognized himself in his cohabitants,
being adaptable and having a lot of intuition.

The evolution of the common measure is conditioned by
the conscient construction of intelligent agents to
manage the lower stages, as industry enabled the
mechanization of agriculture followed by the
concentration on economics. The same scheme, or a
more suited one, had to be applied long ago,
transforming (agriculture, mechanization, industry) by
(pure reason, consciousness, intelligence) into (society,
sincerity, humanity). Napoleon Buonaparte and Otto
von Bismarck started the reform, got convincing, and
failed of unknown causes. Their names signify the
recursive strategy that was applied by the pure reason
experiment pioneers: Il Rinascimento, Martin Luther,
and René Descartes.

More success had the mathematicians that reapplied the
idea, understanding the significance of constructive
mathematics for the Human (Errett Bishop, Luitzer E.J.
Brouwer, Alonzo Church, Kurt Gödel, David Hilbert,
Stephan Cole Kleene, Henri Poincaré, Emil Post, Alan
Turing):
a. Recognize the limits of the reductionist approach
b. Fully complete the gap to the known limits
c. Go further beyond the limits, extending the approach

toward a more human abstract Reality.

"Divide et Impera et Intellige" is again and again
planned by Humans, and is again left without the third
defining part by stupid humans that try to stop the
Evolution on an arbitrary level, appropriate to their
adaptability. Furthermore, their materialism transformed
the Society, essentially meant to assist the individuals
and to assure their communication, in a unconscious
unreasonable unmanageable being, that imposes the
way of life, of understanding, and the way to follow.



Evolution implied a multiple "Divide et Impera et
Intellige" for conscience, associated to generating the
components lacking of the mind at start, then assisted
by them: 
• individual-social-universal conscience→inspiration↓

(subjective-contextual-objective)
• space-time (structure-behavior) → imagination↓
• discrete-continuous (natural-real) → intention↓
• beauty-truth-good (art-science-technology).

Das schöne wahre Gute.
Johann Wolfgang von Goethe

1. Mathematics discovers and studies fundamental
types of structures: (algebra, topology, order),
enabling (construction, orientation, understanding).
These are rarely separately used, example of correct
and complete integration to be followed by science
and technology (Blum et al. 1998).

2. Physics (Traub 1999) should integrate its
fundamental force theories, but also, as chapters, all
other sciences (natural and social), leading them to
apply mathematics really. Social sciences study a
universe, as complex and nondeterministic as the
natural one, so mathematics is at least as important
to them as for natural sciences. This way, science
would also be a better inspiration source for
mathematics.

3. Engineering has to be closely related to the
mathematical approach and integration of parts, not
only to mathematical techniques. As Reality contains
the abstract ideas, even if physics could explain
everything discretely, the power of continuum can
not be forgotten, i.e., analog engineering is most
important in simulation.

The convergence process of evolution demands
struggle against time, with structure as ally (Amoroso et
al. 2000). Social and individual conscience are divergent
nowadays, as we only performed "Divide et Impera",
neglecting "et Intellige". It is high time to correct this.

SEARCHING FOR CONSCIENCE

Conscience demands continuous feedback. Evidently,
the anterior relations are oversimplified in order to move
towards intelligent simulation. Although we claim they
are intuitive and hope they are inspired, to begin, we
neglect the essential but too primitive to understand
intuition and inspiration. Formalizing reflexive
abstraction by the knowledge hierarchy type and
simplifying abstraction mainly by the simulation
hierarchy type, it follows:

Conscience = knowledge (simulation (Conscience))

The fixed-point relation suggests that we should model
conscience associating to any hierarchical level of the
construction process a knowledge level.

To solve the fixed-point problem we have to build a
metric space where knowledge ° construction is a
contraction, i.e., elements implied in the construction
should get closer to one another in the formal
understanding of the formal construct.

If we consider general functional relations between the
essential parts of the faith-assisted intelligence:

Consciousness = knowledge (intention (Inspiration,
simulation (imagination (Intuition,

Consciousness))))

A generic modeling scheme defines the model universe,
e.g., a mathematical theory, a programming paradigm.
Every entity has behavior (relations to other entities)
and structure (internal relations). Behavior can be
functional (context-free) or procedural (context-
dependent). An algorithm is an entity that can be
computer simulated, so it represents computability, top-
down (construction, design, plan) or bottom-up
(understanding, verification, learning). The algorithmic
approach is equivalent to the formal one: If a sentence of
a formal system is true, an algorithm can confirm it. For a
verification algorithm of the mathematical sentences, a
formal system can be defined, that holds for true the
sentences in the set closure of the algorithm's results
toward the considered logic operations. Hilbert's formal
systems, Church's λ-calculus, Kleene's recursive
functions, Post's combinational machines, Turing
machines, Chomsky's grammars, Markov-algorithms, are
the best-known (equivalent) formalisms for computation,
so for algorithm and computability (Hofstadter 1979).

HIERARCHY TYPES

Knowledge and construction hierarchies cooperate to
integrate design and verification into simulation; object-
oriented concepts are symbolized to handle data and
operations formally; structural representation of
behavior manages its realization. Hierarchy types open
the way to simulate intelligence as adaptable
conscience, by integrating the system and the
metasystem. Hierarchy is the syntax of abstraction. As
there are more kinds of abstraction, there are also more
types of hierarchy. Representation is a 1-to-1 mapping
from the universe of systems (objects of simulation) to a
hierarchical universe of models, so a representation can
be inverted. A model must permit knowledge and
manipulation, so it has two complementary parts/ views:
description and operation. If models correspond to
classes, in a formal approach, specifications are
instances; for models formalized as languages
specifications are expressions. Hierarchies are leveled
structures, which represent different domains. A level is
an autonomous mathematical structure, containing
abstract/ concrete entities that are linked by intralevel
relations (Niculiu et al. 1999).



Abstraction relates the levels: this induces an interlevel
order relation, partial, concerning entities, and total,
regarding the levels. Beyond the hierarchical point of
view, the system can be formalized as an autonomous
domain, structured by metahierarchical relations,
building a level in a metahierarchical system. Hierarchical
structures can be processed: top-down and bottom-up.

Coexistent interdependent hierarchies structure the
universe of models for complex systems, e.g., hardware/
software ones. They belong to different hierarchy types,
defined by abstraction levels, autonomous modules,
classes, symbolization and knowledge abstractions.
Abstraction and hierarchy are semantic and syntactical
aspects of a unique fundamental concept, the most
powerful tool in systematic knowledge; this concept is a
particular form of "Divide et Impera et Intellige".

Hierarchy results of formalizing abstraction.

Hierarchies of different types correspond to the kind of
abstraction they reflect (↑the abstraction goal):
• Class hierarchy (↑concepts) ↔ virtual framework to

represent any kind of hierarchy, based on form-
contents, modularity, inheritance, polymorphism.

• Symbol hierarchy (↑mathematics) ↔ stepwise
formalism for all types, so also for hierarchy types.

• Module hierarchy (↑strategies) ↔ recursive
stepwise management of all (hierarchy) types on
different levels modularization, closely following the
principle "Divide et Impera et Intellige".

• Construction hierarchy (↑simulation) ↔ simulation
(= design/ verification) framework of autonomous
levels for different abstraction grades of description.

• Knowledge hierarchy (↑theories) ↔ reflexive
abstraction ("self-referential", "a deeper sense"),
aiming that each level has knowledge of its inferior
levels, including itself.

The knowledge hierarchy type offers a way to model
conscience. The first idea is to consider/ remember that
reality is more than nature, as the continuum of IR is
more powerful than the discrete universe of IN.

Understanding and construction have correspondent
hierarchy types: their syntax relies on classes, the
meaning on symbols, and their use on modules Figure1.
Constructive type theory permits formal specification
and formal verification generating an object satisfying
the specification

The theory of categories offers formalism for hierarchy
types. Hierarchical types are objects of the ecquivalent
categories (functorial isomorphism between) of types of
hierarchies. The knowledge hierarchy type
communicates to the other hierarchy types, that use
covariant functors to communicate between themselves,
by countervariant functors.

Intelligence simulation implies a hierarchical approach of
different types. Any application of it can be imagined/
built as an educational system in discovering models for
conscience and better understanding our conscience.
The classical activities in complex systems simulation,
that regard different levels of the construction or
knowledge hierarchy, can be expressed symbolically,
represented object-oriented, and simulated structurally.
Figure2 Complex simulation needs consistent
combination of mathematical domains and an intelligent
compromise between consistence and completeness.

RESEARCHING CONSCIENCE

The alternative ways followed to extend the
computability concept can be compared to approaches
known from German literature. They concentrate
respectively on the mental world of the good managed
by technology, the physical world of the truth
researched by science and Plato's world of the beautiful
abstractions discovered by art.
1. Faust (Johann Wolfgang von Goethe): heuristics -

risking competence for performance, basing on
imagination, confined to the mental world.

2. Das Glasperlenspiel (Hermann Hesse): unlimited
natural parallelism - remaining at countable physical
suggestions, so in the Nature.

3. Der Zauberberg (Thomas Mann): hierarchical self-
referential knowledge - needing to conciliate the
discrete structure of hierarchy with the continuous
reaction, hoping to open the way to Reality.

Recurrence is confined to discrete worlds, while
abstraction is not. The difference suggests searching for
understanding based on mathematical structures that
order algebra into topology. Figure3

Evolution is linked to the initial design of mental
faculties for surviving of the whole system, but also to
the space-time context supposed by communication
between intelligent agent. Especially hierarchical
reflexive: ideas about ideas and how to get to ideas,
objects to synthesize/ analyze/ modify objects,
representations on representations and how to build/
understand representations concern the evolutionary
intelligence. Intelligence in evolution is the faculty to:
• synthesize/ analyze/ modify abstract objects, i.e.,

ideas;
• analyze/ modify natural objects and synthesize/

modify artificial objects in the physical world;
• synthesize/ analyze/ modify representations for the

mental world (Ageron 2001).
We follow the mathematical paradigm of intelligent
simulation by functionally modeling the self-aware
adaptable behavior for intelligence simulation. The
integration between discrete and analog is again needed,
for a most soft adaptability and for conscience
simulation as continuous recurrence (analog reaction).
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METAKNOWLEDGE

Recurrence of structures and operations enables
approximate self-knowledge (with improved precision
on the higher levels of knowledge hierarchies). A
continuous model for hierarchy levels, without
loosing the hierarchy attributes, would offer a better
model for conscience and intelligence (Niculiu and
Cotofana 2002). An interpretation of knowledge
hierarchies is: real time of the bottom levels -
corresponding to primary knowledge/ behavior/
methods, is managed at upper levels - concrete types/
strategies/ models, and abstracted on highest levels -
abstract types/ theories/ techniques. Knowledge is
based on morphism mapping the state-space of the
object-system onto the internal representation of the
simulator. An intelligent simulator learns generating
and validating models of the object-system (Niculiu et
al. 2000). Therefore:
- Representation for design and verification is

common.
- Algebraic structures on which the different

hierarchy types are based extend toward
topological structures.

- Different simulation entities are symbolic, having
attributes as: type, domain, and function.

A topology on the space of symbolic objects permits
grouping items with common properties in classes
(Zeigler et al. 2000). It results in a dynamically
object-oriented internal representation that can be
adapted to the different hierarchy types. Topological
concepts, as neighborhood, or concepts integrating
mathematical structures, as closure, can be applied in
verification and optimization, for objects and classes
as well. The hierarchical principle should be applied
to the object of knowledge as to the knowledge
structure itself: it mediates the action of a paradigm
on an environment. The simulation environment
prepares a framework for representing entities and
relations of the system to be simulated (designed/
verified), as well as general knowledge about the
simulated universe. Knowledge-based architecture
bases on separation of representation from reasoning.
An intelligent system, i.e., capable of reflexive
abstraction, reasons controlled by problem
specification and by solving strategies. These are
derived from a higher level of knowledge,
representing approach principles, structured by an
even higher level containing abstract types. An
object-oriented simulation framework permits the
representation of different knowledge levels, each
having a concept hierarchy, possibly abstraction/
structure/ symbolization leveled. Knowledge-based
architecture (Keutzer at al. 2000), both at environment
and simulation component level, ensures flexibility of
the framework realization, by defining it precisely only
in the neighborhood of solved cases.

For representation, this principle offers the advantage
of open modeling. The user describes models,
following a general accepted paradigm that ensures
syntactic correctness, leaving the meaning to be
specified by user-defined semantic functions that
control the simulation.

For example, a module in an unfinished design can be
characterized by constraints regarding its interaction
to other modules; the constraints system is a model,
open to be interpreted, thus implemented, differently,
adapting to criteria in a non-monotonic logic. If one of
the imposed properties (design constraints) is
considered as not being fulfilled after applying a
technique, using a model and suitable methods for
measure and improvement, different strategies permit
altering one of the technique/ model/ method. The
process repeats for the initial behavioral specification
or one resulted from prior insufficient improvement.
This calls for an intelligent choice of the system that
assists/ automates the design. The methods are
recursive to handle different components in the
behavior specification of the system. The process
continuation is controlled by measurement functions,
called for each of the improvement functions.

Explanation is an essential concept for knowledge-
based systems. It can be expressed as proof in a
deductive system, whose axioms are the equations
constraining component models and input signals,
theorems are simulation results, inference rules
represent logic and domain-specific calculus. Using
constructive logic, e.g., intuitionist predicate logic,
behavior/ structure of the system can be extracted
from the proof. All simplifying hierarchies contribute
to the reaction, while knowledge hierarchy stores,
analyses, locally integrates, informs the awareness
realizing parts, and globally integrates. Interlevel
relations in a knowledge hierarchy are interpreted as
planning (top-down) and learning (bottom-up).

Learning derives a formal structure on the upper level,
e.g., a static structure, from experiences on the lower
level, i.e., procedures executed using resources that
are not present at the upper level, e.g., time. It has two
complementary aspects: induction and deduction.
• Induction transforms extensive knowledge on

lower level into intensive knowledge at an upper
level, using nonreflexive abstraction, e.g.,
approximation, isolation, equivalence, emphasis,
and idealization.

• Deduction produces intralevel concepts, e.g.,
conditioning, association, stress, imitation.

Planning transforms declarative knowledge (formal,
but limited) in partially procedural knowledge
(unlimited, but implying a context with resources that
are not formalized at the upper level; the main
resource is time).



Artificial intelligence studies planning as reasoning
about actions. Actions are elements of a lower level,
generally represented by states (instances of upper
level functions in the presence of a context) and
operations (determining state transitions). The plan is
a noncommutative system of declarative knowledge;
extreme cases are rule set and sequential procedure.

REFLEXIVE ABSTRACTION

Mathematics contains structures that suggest to be
used for self-referent models. The richest domain in
this sense is functional analysis (Rudin 1973. It
integrates algebra, topology and order: contractions
and fixed points in metric spaces, reflexive normed
vector spaces, inductive limits of locally convex
spaces (Penrose 1994), self-adjoint operators of
Hilbert spaces, invertible operators in Banach algebra.
Let (U, {Hi ∈Sh}) be a universe, structured by
hierarchies Hi, and Sh the set of hierarchies defined
on universe U:
• H = (Releq, {(Levelj, Structurej)| j∈Sl}, Relord, {Aj |

j∈Sl) is a generic hierarchy,
• Sl the set of hierarchy levels
• Releq - equivalence relation generating the levels,
• Structurej - structure of level j,
• Relord - (total) order relation defined on the set of

hierarchy levels, and
• Aj∈{(x, y)| x∈Levelj-1, y∈Levelj}, j∈Sl - the

relation of abstraction.
U is a category, e.g., containing Hilbert spaces with
almost everywhere-continuous functions as
morphisms, enabling different ways to simulate self-
awareness. A hierarchical formal system can be
defined as:
(U, {Hi∈Sh}), card (U) >ℵ0 //hierarchical universe

Σ = F ∪ L ∪ A ∪ K // functional objects
F = {f : f: U*→ U} // global functions
L = {f : f: Levelj*→ Levelj} // level structures
A = {f : f: Levelj*→ Levelj+1} // abstractions
K = {f : f: Levelj*× Levelj+1→ Levelj+1}

// knowledge abstractions
I = Σ*∩ R // initial functions
R = {r | r: Σ*× R*→ Σ × R}//transformation rules.

For example, considering self-adjoint operators as
higher-level objects of the knowledge hierarchy,
these levels can approach self-knowledge in the
context of knowledge about the inferior levels as of
the current one, and having some qualitative knowing
about the superior levels. The correspondence
problem, i.e., to associate the knowledge hierarchy to
the simulation hierarchy, is managed by natural
transformations over the various functors of the
different hierarchies regarding the simulated system.
To complete the simulation of the intelligence's
components, intention is first determined by human-
system dialog.

Further than modeling conscience to simulate
intelligence, we have to try to comprehend
inspiration, may be using Lebesgue measure on
differentiable manifolds or unseparable Hilbert
spaces. Perhaps even mathematics will have to
develop more philosophy-oriented to approach
intuition.

Conscience it is the link, in our mind, between what
we are conscious of and what we are not. Presently,
only the extended to Reason adaptability, and the
unjustified Intention, are conscious. We can imagine
an intelligent machine that looks like a human (robot
<= labor, in Slavonic). It accumulates knowledge and
behavior rules by preprocessing the senses, and it
can change the interior defining rules (reconfigurable)
corresponding to the behavioral (professional,
ethical) knowledge that is considered most important,
e.g., most recent or most decent. Therefore, it can
consciously filter the actions that determine a new
state of the context, what also means new knowledge
to accumulate and to be conscious of (adaptability). It
means, the dialog with the external environment
determines the intentions. If the system had
conscience, the external dialog would be more
complex and interesting.

Consciousness only makes the adaptability more
efficient, what, among others, transforms the human
into the most powerful animal. Why do we compare
the system without conscience with an animal, not to
a human? It is true that we could compare it to an
animal, if we had attributed intuition to it. However,
what for should we do this, when the human just
adapted to a consumption society? The built artificial
objects and the socially useful natural objects send
him the necessary messages to adapt consciously at
the rising efficiency of the society. He neglects both
the warnings from the superfluous Conscience and
the unnecessary Intuition. If sometimes the two
beasts shout too loudly, it is just unpleasant.

To be useful Intuition should be linked by
Conscience to Intelligence, and intelligently bridled
by Imagination. More, Intuition should also know to
bridle by Intention the Adaptability. Whether he is
human or animal, the human is anyway a machine, a
social machine. His use is to contribute at the
eternity, on an arbitrary level of evolution, of a
materialistic consumption society. The evolution is
for the human among humans, assisted by a
reasonably organized society that develops by the
human, for the human towards the Human. We said
arbitrary level, however, if the educated and
encouraged consumption were not strictly
materialistic, the human himself would escape from
the vicious circle together with the others. More, the
present level is artificial in the human evolution.



The essential limit of discrete computability, inherited
by the computational intelligence, is the necessity of
self-reference to integrate the knowledge of the levels
to that of the metalevels for modeling the Conscience.
A hierarchical type representing reflexive abstraction
can model the conscious knowledge and the knowing
Consciousness, if it categorically collaborates with a
simulation hierarchical type. We have to search and
research for the aspects of the Reality, and of the
human mind that reflects it, even if they are neither
constructively nor intuitively expressible. The desire
to stop the human evolution on arbitrary stages has
no real argument. For the present, the evolution is
forced to halt on a inhuman level, a consumption
society transforming the society into a beehive
without interest for Conscience and Faith, that most
probably has been realized by destabilization of all
revolutionary forms.

CONCLUSIONS

Conscience simulation demands the extension of
computability to simulability. A way to begin is
hierarchical analog-digital simulation. Applying
"Divide et Impera et Intellige" to hierarchy types, and
using the formalism of categories, reveals the
comprehensive constructive importance of these
types based on structural approach, symbolic
meaning, object-oriented representation. Formalizing
hierarchical descriptions, we create a theoretical
kernel for self-organizing systems. Simulability is
computability using the power of continuum. There
are enough positive signs for this from analog
electronics, control systems, mechatronics. Real
progress toward this way to extend computation
needs unrestricted mathematics, integrated physics,
and thinking by analogies. Evolution needs
separation of faith and intelligence, understanding,
and using consciously more of faith's domain,
integrating them to human wisdom, to be divided
further to get more human. Metaphorically phrased,
the current problem is that God's ways are
uncountable. We can still hope that His plans are
hierarchical.
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Abstract— We propose a method to enhance the quality
and precision of prediction results using measurements in
the context of radio network modelling. The proposed me-
thod involves the use of an Independent Component Analy-
sis (ICA) block and a MultiLayer Perceptron (MLP) Arti-
ficial Neural Network (ANN). The role of the ICA block is
to make the variables at the input of the ANN statistically
independent so that it can perform its learning and predic-
tion on individual one-dimensional distributions.
The application of the proposed method to a third genera-
tion cellular radio network prediction tool has shown that
without ICA, ANN training has a poor performance. We
have also shown that, in the proposed scheme, ICA performs
better than Principle Component Analysis (PCA). This en-
hancement method can advantageously be used to calibrate
prediction results according to measurements.

I. Introduction

To simulate a complex system one can resort to two types
of simulation principles. The first is based on the use of the
a priori knowledge of the system at hand, i.e. the real phy-
sical phenomena are represented by mathematical models
[Centeno and Reyes, 1998] (see figure 1). The second is ba-
sed on the use of the a posteriori information, i.e. measured
data characterizing the real system, to train an automatic
learning system such as a neural network [Andrea et al.,
2000] (see figure 2).
Because of inevitable model simplifications, the first me-
thod yields discrepancies between simulation results and
reality. On the other hand, the second method resorts to
uncontrolled and unrealistic parameters, and provides little
physical insight of the system.
To overcome those drawbacks, we propose an original joint
utilization of the two known complex-system simulation
principles, i.e. of both the a priori and the a posteriori in-
formation, by making use of the measurement data in the
simulation tool to enhance the simulation results (figure 3).
We thus show that the combined utilization of physical
models and measurement data can reduce the discrepancy
between simulations and reality. To the best of our know-
ledge, this is the first work that propose this combination
in the radio network context.

A MultiLayer Perceptron Artificial Neural Network with
BackPropagation learning algorithm is used to find the
stochastic mapping (transfer function) between the mea-
surements and the simulations. The ANN is a two-phase
learning system (learning phase and validation/prediction
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phase). In the learning phase, two sets of data samples
(the measurement data at hand and the simulation data)
are presented to the MLP in order to learn the transfer
function. In the validation/prediction phase, a validation
data set is passed through the MLP to yield enhanced pre-
dictions.

Since we are interested in the statistical features of the
variables rather than in the individual sample values, we
propose that the ANN works on statistical distributions of
the variables. This approach has been used for the face de-
tection problem and has proven to yield good results [Wa-
ring and Liu, 2005].
To keep the computational complexity of the learning pro-
cess tractable without loosing the joint statistical proper-
ties of the variables, a preprocessing block of Independent
Component Analysis (ICA) that allows us to work with
individual 1-D distributions is used.

The proposed method is applied to a third generation
(3G) cellular mobile network. The numerical results in the
form of the analytical Kolmogorov-Smirnov test [Gabriel,
1978] show that the proposed approach is able to perform
significant improvement on the training process results.

The remainder of this paper is structured as follows : In
Section II we give a short overview of ICA theory. A de-
tailed description of the proposed scheme is given in Sec-
tion III. Section IV is devoted to a case study based on
a 3G Radio Network Planing (RNP) tool followed by the
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results. Finally, Section V gives the concluding remarks.

II. Independent Component Analysis

ICA is a linear technique that aims at extracting inde-
pendent features from a data set. Unlike Principle Compo-
nents Analysis (PCA) which simply decorrelates the data,
ICA searches a linear, non-orthogonal coordinate system in
the data-space whose components are independent across
all statistical orders. ICA has been successfully applied to
many problems such as the blind source separation pro-
blem [Amari et al., 1998], separation of artifacts in magneto
encephalograph data [Vigario et al., 1998], finding hidden
factors in financial data [Kiviluoto and Oja, 1998], etc.

The statistical ICA model describes how the observed
data x1, x2, . . . xn are generated by a process of mixing
the independent non-gaussian components s1, s2, . . . , sm.
It can be written as : x = As where x is the observation
vector composed of n linear mixtures xi of m components
si.
In the following, we make two assumptions for simplicity
reasons :

1. The matrix A is square

2. All independent components have identical distribu-
tions.

The research of the independent components is a two-
step analysis. First, we estimate the mixing matrix A using
the observation vector x. Then, we calculate the inverse of
A, denoted W, which will allow to simply obtain the inde-
pendent components : s = Wx.
To estimate one of the independent components we consi-
der a linear combination of xi, y = wTx where w is a
vector to be determined. Thus y is equal to one of the in-
dependent component if the wT are the rows of W. By
making the change of variables z = ATw, the vector y is
equal to zT s and is a linear combination of si. According
to the central limit theorem zTs is more Gaussian then
any of the si and becomes less Gaussian when it equals to
one of the si. Therefore w is a vector that maximizes the
non-gaussianity of wT x.

One popular measure of non-gaussianity is negentropy
that is based on information theoretic quantity of entropy
and is given by : J(y) = H(yGauss) − H(y) where yGauss

is a random Gaussian variable with the same covariance
matrix as y and H(y) is the entropy of y. As a Gaussian
variable has the largest entropy among all random variables
of equal variance, maximizing non-gaussianity is equivalent
to maximizing the negentropy.
One popular algorithm that performs ICA is FastICA, a

fixed point iteration scheme based on maximization of ne-
gentropy as a measure of non-gaussianity [Cover, 1991]. We
have chosen to use FastICA in this study.

III. Proposed Scheme

Figures 4(a) and 4(b) depict the block diagrams of the
learning and the prediction phases of the proposed scheme,
respectively.

The training system proposed to learn the relation bet-
ween simulations and measurements is based on Artificial
Neural Networks (ANN) [Haykin, 1998]. This solution is
chosen because of :

1. The relatively easy use of ANNs based on training-
prediction cycles, and

2. Its powerful capacity to model extremely complex non
linear functions.

In our proposed scheme we use one of the important class
of ANNs : the MultiLayer Perceptrons (MLP) that consists
of an input layer, one or more hidden layers, and an output
layer. All these layers are formed by computational nodes.
A node or a perceptron is the basic building block of a
MLP and is composed of a linear combiner with adjustable
weights or free parameters. The algorithm used to train the
MLP is the very popular error Back Propagation (BP) al-
gorithm which is the generalization of the famous gradient
based Least-Mean-Square (LMS) algorithm.

As we are interested in statistical properties of the data
rather than individual sample values, we propose that the
neural network works on probability densities. Therefore,
the data samples are first transformed to distributions (i.e.
histograms) before entering the neural network and the
training is done on histograms (hsim and hmes). Each in-
put/output of the neural network corresponds to a histo-
gram bin. Thus, the number of inputs/outputs is determi-
ned by the number of histogram bins as well as the number
of variables to predict.

For most of the cases, the system variables that are to be
predicted are inter-correlated. Thus when we are interested
in more than one variable, we have to use the joint distri-
butions (i.e. multi-dimensional histograms) to conserve the
joint statistical features and not to suffer from loss of mu-
tual information between variables. However, the problem
of using multi-dimensional distributions is that the number
of inputs-outputs of the ANN increases exponentially, thus
makes it rapidly untractable.
To overcome this problem we propose to use Independent
Component Analysis (ICA) and work with independent
components rather than with inter-correlated variables.
Thus, the Neural Network can perform its learning and
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Fig. 4. Proposed scheme

generalization tasks on one-dimensional histograms of inde-
pendent components without any loss of information. Ano-
ther motivation for using ICA is the possibility to reduce
the dimension of the data since the first step of the ICA
algorithm is Principle Component Analysis (PCA) that
makes possible the reduction of the number of significant
components through Single Value Decomposition.

In the learning phase the following steps are followed :

1. The measurement data are first formatted : For
example, each variable can be divided by its maximum va-
lue. This data scaling guarantees the non dominance of one
variable with respect to another.

2. The formatted data are centered, i.e. the mean vector
m = E(xmes) of the data is subtracted so to make xmes a
zero mean variable.

3. The eigenvalues and eigenvectors of xmes are computed.

4. The measurement data xmes are linearly transformed
so that a whitened vector is obtained. The whitening is
done using the eigenvalue decomposition (EVD) of the co-
variance matrix E(xmesx

T
mes) = EDET where E is the

orthogonal matrix of eigenvectors of the covariance matrix
and D is the diagonal matrix of its eigenvalues.

5. The ICA matrix is computed using the FastICA algo-
rithm.

6. Using matrix A, we obtain a centred estimation of in-
dependent component ŝmes = A−1(xmes − m)

7. The mean vector of independent components given by
A−1m is added to the centred estimates so that smes =
ŝmes + A−1m

We note here that there is only one computed ICA matrix :
the one computed on the measurement data. This same ma-
trix will be used for simulation data. Thus, we use the same
coordinate system (same ICA matrix) and the existence of

a mapping between simulations and measurements to be
learned is guaranteed.

Since the neural network has performed its learning on
independent distributions, the outputs of the trained MLP
are supposed to be independent histograms. In the predic-
tion phase, the raw data (sresult) are obtained by calcula-
ting the inverse of the histogram transformation. Then the
inverse of the computed ICA matrix, A, is applied to data
yielding dependent components, i.e xresult = Asresult. Fi-
nely, the data are formatted according the scaling rules
used in the learning phase.

In the chain shown in figure 4, the raw data samples
(measurements and simulations in the learning phase,
only simulations in the prediction phase) are first passed
through ICA block yielding independent components, fol-
lowed by a histogram block that forms one-dimensional his-
tograms of each incoming data. Finally, the histogram bins
form the inputs of the MLP for learning/prediction pur-
poses. In the prediction phase, the outputs of the MLP are
passed through an inverse chain to obtain the enhanced
predictions.

IV. Results

We have applied the proposed method to simulations of
third generation (3G) Radio Networks using our Radio Net-
work Planning (RNP) tool that performs Monte Carlo si-
mulations of the Radio Access Network (RAN) according to
predetermined traffic distributions and propagation model
including correlated shadowing. It calculates the UpLink
(UL) and DownLink (DL) transmission powers by taking
into account phenomena such as mobility, macro diversity,
admission control, load control, power control etc. At the
output, it provides simulation results that consist of radio
and quality indicators (UL/DL transmission powers and



Fig. 5. 3G Radio Access Network and performance indicators

interferences, call dropping rate, call blocking rate, etc.).
The quality indicators can be calculated for base stations,
mobiles, or the whole network (voir figure 5).

The RNP tool has two operation modes : Static mode
and dynamic mode. In the static mode, each Monte Carlo
draw is an independent snapshot of the network whereas
in the dynamic mode, subsequent draws are realizations of
the network at successive time instants and therefore are
correlated. In this work, we have confined our attention to
the static mode.

The simulations yield two variables : Uplink Load (ULL)
and Downlink Load (DLL) for each station in the net-
work, for each snapshot. For test purposes, we have de-
cided to create synthetically our measurement data with
the RNP tool by modifying certain parameter(s). In other
words, we conduct separate simulations with different pa-
rameters/configurations to obtain measurement data and
simulation data. The measurement data are obtained by
setting the target SIR UL (Signal-to-Interference Ratio in
UL) parameter to -20 dB and the simulation data are ob-
tained by setting the same parameter to -18 dB.

The proposed scheme is tested on a realistic UMTS net-
work. The MLP used has one hidden layer having the same
number of hidden neurons as the input and output layers.
The method is applied to 2 stations and 2 indicators (ULL
and DLL) with 20 bins in each histogram. For illustration
purposes, we give the results by scatter plots. Each point
in the scatter plot corresponds to a snapshot data sample.
The vertical axis corresponds to the ULL and the horizontal
axis to the DLL. The numerical results of the comparison
are given by the 2-D Kolmogorov Smirnov test (KS-test)
[Fasano and Franceschini, 1987] that determines the dif-
ference between two datasets. According to this test, two
datasets are supposed to be coming from the same distribu-
tion if the value returned by the KS-Test is close to zero. If
the two datasets are far from each other the KS-Test return
a value near to 1.

Figure 6 shows the results of the learning phase where
correlated raw data are directly used to train the MLP
(we do not use ICA preprocessing). The black points cor-
respond to measurements, dark grey points to simulations
and the light grey points correspond to the outputs of the
proposed scheme. Note that these are the results of the
learning phase that are obtained by passing the simulation
data set of the learning phase through the trained MLP. As
shown in this figure the MLP cannot perform its learning

on raw data (the predicted-data distribution is far from the
measurement distribution : KS distance =0.23 ).

To show the efficiency of the ICA processing module, we
have also made a second test in which the MLP learning
is performed with independent histograms rather than de-
pendent ones. We have compared results using ICA with
results when only PCA is used instead of ICA. Figure 7
shows that the MLP can perform its learning very well
thanks to the ICA processing block. Furthermore compa-
ring results given in figures 7 and 8, ICA (KS distance =
0.069 ) is more efficient than PCA (KS distance = 0.12 ).
All these results are summarized in table I.

Fig. 6. Learning results without ICA use

V. Conclusion

In this paper we propose a new method to enhance the
predictions of a system simulator using measurements that
makes use of both a priori (models) and a posteriori infor-
mation (measurements). For this purpose we use a Multi-
Layer Perceptron (MLP) Artificial Neural Network (ANN)
with BackPropagation (BP) that finds an approximation
of the stochastic transfer function between simulations and
measurements. In the proposed scheme we propose to use
Independent Component Analysis (ICA) as a preproces-
sing block that performs a coordinate transformation. This
transformation will be used in the learning and prediction
phases of the proposed scheme. With such a transforma-
tion we are able to work with multidimensional variables



TABLE I: Comparison of 2-D Kolmogorov Smirnov Distance

Without ICA use With ICA use With PCA use
Mesurement-Simulation 0.737 0.737 0.737
Mesurement-NN Result 0.23 0.069 0.12

Fig. 7. Learning results with ICA use

Fig. 8. Learning results with PCA use

without losing their mutual statistical information and en-
suring a tractable computational complexity.
We have applied the proposed method to simulation results
of a 3G Radio Network Planning tool where we have used
a synthetically generated measurement data (the synthetic
measurement data is also generated by the RNP tool by
modifying certain parameters). The results show that the
proposed scheme using ICA is able to learn and predict the
stochastic transfer function between simulations and mea-
surements. We have show also that ICA performs better
than PCA. Future work will include testing this method
on real measurement data, and generalizing its use in our
RNP tool.
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ABSTRACT 

The paper deals with a novelty tool for symbolic 
regression – Analytic Programming (AP) which is able 
to solve various problems from the symbolic regression 
domain. One of tasks for it can be setting an optimal 
trajectory for artificial ant on Santa Fe trail which is 
main application of Analytic Programming in this paper. 
In this contribution main principles of AP are described 
and explained. In second part of the article how AP was 
used for setting an optimal trajectory for artificial ant 
according the user requirements is in detail described. 
An ability to create so called programms, as well as 
Genetic Programming (GP) or Grammatical Evolution 
(GE) do, is shown in that part. AP is a superstructure of 
evolutionary algorithms wich are necessary to run AP. 
In this contribution Simulated Annealing as an 
evolutionary algorithm was used to carry preliminary 
simulations out. 
 
INTRODUCTION 

The term “symbolic regression” represents a process 
during which measured data is fitted and a suitable 
mathematical formula is obtained in an analytical way. 
This process is well known for mathematicians. They 
used this process when they need a mathematical model 
of unknown data. For long time symbolic regression 
was a domain of humans but in few last decades 
computers have gone to foreground of interest in this 
field. Firstly, the idea of symbolic regression done by 
means of computer was proposed in Genetic 
Programming (GP) by John Koza [Koza 1998, 1999, 
www.genetic-programming.com]. The other two 
approaches are Grammatical Evolution (GE) developed 
by Conor Ryan [O’Neill 2003, O'Sullivan 2002, 
www.grammatical-evolution.org] and here described 
Analytic Programming (AP) designed in [Zelinka 2002, 
2003, 2004b, 2005].  
GP was the first tool for symbolic regression done by 
means of computer instead of humans. The main idea 
comes from genetic algorithms (GA) [Davis, 1996] 
which John Koza uses in his GP. The ability to solve 
very difficult problems was proved many times, and 
hence, GP today can be applied, e.g. to synthesize 
highly sophisticated electronic circuits [Koza 1999]. 

The other tool is GE which was developed in last 
decade of 20th century by Conor Ryan. GE has one 
advantage compared to GP and this is ability to use 
arbitrary programming language not only LISP as is in 
the case of GP. In contrast to other evolutionary 
algorithms, GE was used only with a few search 
strategies, with a binary representation of the 
populations [O'Sullivan 2002]. Other 2 interesting 
investigations using symbolic regression was carried out 
by Johnson [Johnson 2003] working on Artificial 
Immune Systems and Probabilistic Incremental Program 
Evolution (PIPE) [Salustowicz 1997] generates 
functional programs from an adaptive probability 
distribution over all possible programs.  
This contribution demonstrates use of methods which is 
independent on computer platform (as author of AP 
suggests), programming language and can use any 
evolutionary algorithm (as demonstrated by [Zelinka 
2002, 2003, 2004b, 2005]) to find an optimal solution of 
required task. 
 
ANALYTIC PROGRAMMING 

Description 

Basic principles of the AP were developed in the 2001. 
The name was given according to simple pattern. Until 
that time only GP and GE have been existed. GP uses 
genetic algorithms while AP can be used with any 
evolutionary algorithm, independently on individual 
representation. To avoid any confusion, based on use of 
names according to the used algorithm, name - Analytic 
Programming was chosen, because of AP stands for 
synthesis of analytical solution by means of 
evolutionary algorithms. 
According to authors of AP [Zelinka 2005], AP was 
inspired by numerical methods in Hilbert spaces (space 
with mutually orthogonal functions) and by GP. 
Principles of AP [Zelinka 2005] are somewhere 
between these two philosophies. From GP an idea of 
evolutionary creation of symbolic solutions is taken into 
AP while from Hilbert spaces an idea of functional 
spaces and building of resulting function by means of 
searching process usually done by numerical methods 
like Ritz or Galerkin is adopted into AP. AP is based as 
well as GP on the set of functions, operators and so-
called terminals, which are usually constants or 
independent variables like for example:  
• functions: Sin, Tan, Tanh, And, Or  
• operators: +, -, *, /, dt,…  
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• terminals: 2.73, 3.14, t,…  
All these “mathematical” objects create a set which AP 
tries to synthesize the appropriate solution from. Main 
principle (core) of AP is based on discrete set handling, 
proposed in [Zelinka 2002], see Fig. 1 and Fig. 2.  
Discrete set handling shows itself as universal interface 
between EA and symbolically solved problem.  That is 
why AP can be used almost by any evolutionary 
algorithm. Analytic programming was used e.g. in:  
- sextic, quintic, 3sine, 4sine problem [Zelinka 2003], 
algorithms Simulated Annealing (SA), Genetic 
Algorithms (GA), Differential Evolution (DE) [Storn, 
1995, Price, 2005] and SelfOrganizing Migrating 
Algorithm (SOMA) [Zelinka, 2004a] were used 
-  Boolean symmetry and parity problems [Zelinka 
2004b, 2005], again with SA, GA, DE and SOMA 
- Solving of ordinary differential equations (ODE): 
u’’(t) = cos(t), u(0) = 1, u(π) = -1, u’(0) = 0, u’(π) = 0, 
100 times repeated, in that case AP was looking for 
suitable function, which would solve this case of ODE, 
by DE and SOMA in [Zelinka 2002] 
- Solving of ODE: ((4 + x)u’’(x))’’ + 600u(x) = 5000(x-
x2), u(0)=0, u(1)=0, u’’(0)=0, u’’(1)=0, Again as in the 
previous case, AP was used to synthesize a suitable 
function – solution of this kind of ODE. This ODE was 
used from and represents a civil engineering problem in 
the reality, in [Zelinka 2002] 
 
Briefly said, in AP individuals consist of non-numerical 
expressions (operators, functions,…) as described 
above, which are in evolutionary process represented by 
their integer indexes (Fig. 1 & 2). This index then serves 
like a pointer into this set of expressions and AP uses it 
to synthesize resulting function-program for cost 
function evaluation [Zelinka 2002].  
This description was shown on mathematical operators 
and objects as functions, variables etc. for simplicity. 
But in the case of this contribution in the set of 
functions are linguistic terms which represent for 
example commands for mobility of robot. 
 
 Discrete set of a parameter in individual 

{-1.123, 5.1, 9, 11.335,……} 

{1, 2, 3, 4,……} 

Its integer index  
– alternative 
parameter 

YES 

NO 

Fcost(x1, x2, x3, x4…xn) 

 
Figures 1: Discrete set handling 
 
To find a final formula, use of evolutionary algorithm is 
necessary as was mentioned in the introduction. The 
evolutionary algorithm works as an optimization tool 
which finds the best solution according to value of cost 
function [Zelinka 2004a, Lampinen 1999]. 

{1,   6,   7,   8,   9,   9}

GFSall  =      {+, -, /, ,̂ d/dt, Sin, Cos, Tan, t, C1, Mod, ...}

Sin(Tan(t))+Cos(t)

Individual in population =

Resulting function by AP =

Mapping by AP

 
Figures 2: Main principles of AP 
 
AP exists today in three versions - APbasic, APmeta and 
APnf [Zelinka 2005]. For our purposes we used APbasic. 
This approach is completely different than in GP. Its 
main principle is based on genetic algorithm which is 
working with population of individuals represented in 
LISP programming language. Individuals in canonical 
form of GP are not binary strings as is usual for GA, but 
consist of LISP symbolic objects like sin(), +, Exp(), 
MyFunction, etc. Origin of these objects comes from 
LISP or they are simply user defined functions. 
Symbolic objects are usually divided into two classes: 
functions and terminals. Functions were just explained 
and terminals here represents a set of independent 
variables like x, y, and constants like π, 3.56, etc [Koza 
1998, 1999]. On these individuals are applied operations 
of crossover and mutation as is in the standard GA. 
Another approach to GP is way of enforcing 
dimensional constraints through formal grammar. It 
restricts GP search space to dimensionally admissible 
laws [Ratle 2000]. Other investigation which adjusts GP 
to achieve improved predictive performance and 
reliability of the induced expressions was presented in 
[Keijzer 2003]. 
 
PROBLEM DESIGN 

Santa Fe Description 

The Santa Fe trail, demonstrated in Fig. 3, was chosen 
from [Koza 1998] to make a comparative study with the 
same problem which was solved by Koza in Genetic 
Programming. 
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Figures 3: Santa Fe trail 



The aim of the task is that an artificial ant should go 
through defined trail and eat all food what is there. 
The SantaFe trail is defined as a 32 x 31 fields where 
food is set out. In Fig. 3 a black field is food for the ant. 
The grey one is basically the same as a white field but 
for clearness was used the grey colour. The grey fields 
represent obstacles (fields without food on the road) for 
the ant. If there would not be these holes the ant could 
go directly through the way. It would be enough to go 
and see before ant if there is food. If yes ant would go 
straight and eat the bait. If not it would turn around and 
see where is food and the cycle would repeat till the ant 
would eat the last bait. 
But in real world robots have obstacles in their moving. 
Therefore also in this case such approach was chosen. 
The first problem which ant has to overcome is the 
simple hole (position [8,27] in Fig. 3). Second one is 
two holes in the line (positions [13,16] and [13,17]), or 
three holes ([17,15], [17,16], [17,17]). Next problem is 
holes in the corners – one (position [13,8]], two 
([1,8],[2,8]) and three holes ([17,15], [17,16], [17,17]). 
 
Set of functions 

The set of functions used for movements of the ant is 
following. As a set of variables GFS0 [Zelinka 2003], i. 
e. in the case of this article functions, which provide 
moving of an ant, without any argument which could be 
add during the process of evolution. 
The set consist of  
GFS0 = {Left, Right, Move},  
where 
GFS0 – a set of variables and terminals [Zelinka 2003] 
Left – function for turning around in the anticlockwise 
direction 
Right – function for turning around in the clockwise 
direction 
Move – function for moving straight and if a bait is in 
the field where the ant is moved, it is eaten. 
 
This set of functions is not enough to make successfully 
a desired task. More functions are necessary. Then a 
GFS2 and GFS3 were set up.  
GFS2 = {IfFoodAhead, Prog2} 
GFS3 = {Prog3} 
Where 
The number in GFS means the arity of the functions 
inside, i.e. number of arguments which are needed to be 
evaluated correctly. Arguments are added to those 
functions during evolution process see above – 
Description of AP. 
IfFoodAhead is a decision function – the ant controls 
the field in front of it and if there is food, the function in 
the field for truth argument is executed, otherwise 
function in false position. 
Prog2 and Prog3 are the same function in the principle. 
They do 2 or 3 functions in the same time. 
These two functions were originally defined also in 
Koza’s approach but in AP it is necessary because of 
structure of generating the program. 
 

Fitness function 

The aim of the ant is to eat all food on the way. There 
are 89 baits. This is so called raw fitness. And the value 
of cost function (1) is calculated as a difference between 
raw fitness and a number of baits eaten by an ant [Koza 
1998] which went through the grid according to just 
generated way. 
 
CV = 89 – NumberFood (1) 
 
NumberFood - number of eaten baits by an ant 
according to synthesized way 
 
The aim is to find such formula whose cost value is 
equal zero. To obtain an appropriate solution two 
constraints should be set up into a cost function. One is 
a limitation concerned to number of steps. It is not 
desired ant to go field by field in the grid. A 
requirement to the fastest way and the most effective is 
desired. Then a limit of steps was equal to 600. 
According to original assignment 400 steps should be 
sufficient. But as [Mařík 2004] says Koza’s optimal 
solution was as in (2). But as simple solution showed 
545 steps are necessary for an ant to eat all food in the 
Santa Fe trail.  
 
IfFoodAhead@Move,
Prog3@IfFoodAhead@Move, RightD,
Prog2@Right, Prog2@Left, RightDD,
Prog2@ @ D DDD

Functionality of the equation (2) can be described by 
following. If bait is in front of the ant it moves on the 
field and eats the food. If there is nothing it does 
following 3 commands. If food is in front of the ant it 
moves and eats the food, if not it turns twice right. Next 
Prog2(Left, Right) is not necessary there, this is the 
reason why all program takes 545 steps instead of 404 
in the case of no Prog2(Left,Right). Then next control 
of food in front of ant is again, if yes ant moves and eats 
the food. If not it turns left to the original direction as it 
was at the beginning of the program. If the cycle is 
somewhere interrupt, e.g. in the case of truth in the first 
function IfFoodAhead, the cycle is repeated still from 
the beginning until all food is not eaten or constrained 
steps are not reached. 

IfFoodAhead Move, Left , Move (2) 

The second constraint could be concerned to length of 
list of commands for an ant. The more longer list could 
cause the more steps to reach all food is eaten. In this 
preliminary study this constraint was not set up. But in 
further studies a penalization concerned to this 
constraint will be surely used. 
 
Used evolutionary algorithm 

In this preliminary comparative study Simulated 
Annealing  was used as an evolutionary algorithm. 
Simulated Annealing was introduced by [Kirkpatrick 
1987] for the first time. An inspiration for developing 
this algorithm was annealing of metal. In the process 
metal is heated up to temperature near the melting point 



and then it is cooled very slowly. The purpose is to 
eliminate unstable particles. In other words, particles are 
moved towards an optimum energy state. Metal is then 
in more uniform crystalline structure. 
This approach was used in the case of simulated 
annealing including terms. Simulated annealing is a 
better variation of Hill-Climbing algorithm [Rich 1991]. 
Both start off from a randomly selected point. Then a 
certain (depends on user) number of points is generated 
in the neighbourhood (MaxIterTemp). In the case of 
hill-climbing algorithm, the point with the best cost 
value is selected to be the middle of new neighbourhood 
(start point for a new loop). In the case that the best cost 
value is in the start point this one is chosen for the next 
loop. This subroutine is repeated several (depends on 
user) times (MaxIter). Hill – climbing mostly ends in a 
local optimum. Compared to this, simulated annealing 
offers a little bit different approach which is described 
in next paragraph. It means that there is a chance to find 
a global optimum, not only a local one.  
The principle of acceptation solution during run of 
Simulated Annealing is following. If the new cost value 
is better than the old one new one is accepted 
immediately. It means that the difference between these 
two cost values is negative. If the difference is positive 
(the new cost value is worse than the old one) a number 
from interval <0, 1> is generated. If it is lower than the 
probability according to equation (3) the new point is 
accepted, otherwise the old one continues in the process.  

 T
E

eTp
∆
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=)(  (3) 

where   
p(T)   - probability of transition for temperature T 
∆E    - difference between cost values of previous 
and current solution 
T   - current temperature – control parameter for 
cooling schedule 
 
The algorithm starts with high temperature T, which is 
decreased in steps. Equation (4) shows standard cooling 
function [Kirkpatrick 1987]. 
 
 Tn+1 = α Tn  (4) 
where  
Tn+1   - temperature in the next step 
Tn  - temperature in the current step 
α - cooling coefficient from interval <0, 1> 
 
If alpha is close to zero, the solution can converge to a 
local optimum, which is not desirable, because cooling 
is too fast. On the other hand, if alpha is very close to 
one cooling is very slow and it takes a lot of time to find 
optimum.  
Simulated Annealing offers to find a global optimum 
better than Hill-Climbing which goes from a start point 
in the direction of the biggest gradient because 
probability causes that also a worse solution than the 
previous can be accepted, which can mean finding a 
global optimum in the end.  
 

EXPERIMENTAL RESULTS 

This article continues with study which was presented in  
IAF 2005 Fukuoka, Japan for SelfOrganizing Migrating 
Algorithm and GECCO 2006, USA for Differential 
Evolution (now in review process). The main idea is to 
show that also Simulated Annealing is able to solve 
such kind of problems under Analytic Programming.  
As a reason of time consuming simulations until the 
printing this article were done 9 simulations with 4 
positive results for SA. Simulations are still in process. 
Genetic Algorithms (GA) are supposed to be carried out 
as well as parallel computing is intended in this field. 
The time consuming means that one simulation can 
hypothetically take 1 – 3 days on the computer with 
Athlon XP 1800+ processor and 256 MB RAM 
memory. It depends on number of cost function 
evaluations. All simulations were carried out in 
Mathematica environment (www.wolfram.com). One 
cost function evaluation took there 1 to 6 second.   
In simulations done for purposes of this article 
following setting was used to run Simulated Annealing 
succesfully (Table 1). 
 

Table 1: Setting of Simulated Annealing 
Parameter Value 

T  10 000  

Tmin  0.000 01  

α  0.986  

MaxIter  1 500 

MaxIterTemp  93 

Individual Length  50  
Firstly the results are concerned to cost function 
evaluation. As you can see in Table 2 the lowest number 
of cost function evaluations equals to 9286.  

 
Table 2: Cost function evaluation for SA 

 Cost Function Evaluation 

Minimum   9 286 

Maximum 98 241 

Average 56 622 
Second indicator depicts histogram of successful hits 
and the number of cost function evaluations for each hit 
– Fig. 4. There are not included 5 negative results. 
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Figures 4: Histogram of SA algorithm 
 

http://www.wolfram.com/


Next point which we were interested in was a number of 
commands for the ant and number of steps required to 
eat all baits (Table 3). 
Table is divided into two parts. Left side is sorted up 
according to number of commands and the right side 
according to number of Steps. It can be stated that the 
smallest number of commands does not have to cause 
the smallest number of steps. And vice versa, that small 
number of steps does not mean the small set of 
commands. 
 

Table 3: Numbers of commands and steps for SA 
Number of 
commands 

Number 
of steps 

Number of 
steps 

Number of 
commands 

 
15 577
17 592
49 577
50 592 

 
577 15
577 49
592 17
592 50 

The minimal value of steps was 577 for SA from all 9 
simulations which were carried out for this study. The 
program has 49 or 15 leaves of simple functions which 
was also the lowest number of commands in all 
simulations. All is showed in following Table 4 where 
minimal, maximal and average value of commands 
(leaves) and steps are. 
 
Table 4: Number of commands and steps for SA 

 
Number of 

leaves 
(commands) 

Number of steps 

Minimum 15 577 
Maximum 50 592 
Average 33 585 
 
In following equation the fastest way of the ant can be 
seen from number of steps point of view and also from 
number of commands point of view from these 4 
simulations which were successful.  

    

Prog2@Prog2@
IfFoodAhead@Prog2@Move, MoveD, RightD,
RightD, Prog2@Prog2@
IfFoodAhead@Move, LeftD, MoveD, LeftDD   (4) 

 
Proof of the shortest way can be seen in Fig. 5. This is 
the same Santa Fe trail as in Fig. 3. The white “X” 
shows fields which were attended by the ant. It went 
through all way and ate all food.  
 

CONCLUSION 

This contribution deals with a tool for symbolic 
regression. This study shows that this tool is suitable not 
only for mathematical regression but also for setting of 
optimal trajectory for artificial ant which can be 
replaced by robots in real world, in industry. 
To compare with standard GP it can be stated on the 
basic results above that AP can solve this kind of 
problems in shorter times as cost function evaluations 

are counted. The time could be also decreased by 
parallelization of the process, which is one of further 
plans, as Koza did in GP. He uses in GP activity 
computer-cluster consisting of hundreds PCs [Koza 
2003]. But in our case we used only 1 computer. 
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Figures 5: Santa Fe trail with success pass  
 
The aim of this study was not to show that AP is better 
or worse than GP (or GE when compared) but that AP is 
also a powerful tool for symbolic regression with 
support of different evolutionary algorithms. 
The main object of the paper was to show that symbolic 
regression done by AP is able to solve also cases where 
linguistic terms as for example commands for 
movement of artificial ant or robots in real world are. 
Here 9 simulations with Simulated Annealing were 
done. It follows up the previous 2 studies where SOMA 
and DE were used. All statistic data were arranged in 
tables and figures to show performance of AP with SA. 
Reached results - 4 from 9 simulations were with 
positive result, i. e. only 4 simulations found solution 
which accomplished the required tasks thus Analytic 
Programming is able to solve such kind of problems in 
symbolic regression. This result also says that Simulated 
Annealing is not so powerful tool as other evolutionary 
algorithms are. It is supposed that the cost function is 
very complicated with quite a lot of local optima and 
therefore the Simulated Annealing was not so successful 
as SOMA or DE were. 
Future research is key activity in this field. The 
following steps are to finished simulations with GA and 
to try some other class of problems to show that 
Analytic Programming is powerful tool as Genetic 
Programming or Grammatical Evolution are. 
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ABSTRACT 

In this study, a design methodology is introduced that 
blends the classical PID and the fuzzy controllers in an 
intelligent way and thus a new intelligent hybrid 
controller has been achieved. Basically, in this design 
methodology, the classical PID and fuzzy controller 
have been combined by a blending mechanism that 
depends on a certain function of actuating error. 
Moreover, an intelligent switching scheme is induced 
on the blending mechanism that makes a decision upon 
the priority of the two controller parts; namely, the 
classical PID and the fuzzy constituents. The 
simulations done on various processes using the new 
hybrid fuzzy PID controller provides ‘better’ system 
responses in terms of transient and steady-state  
performances when compared to the pure classical PID 
or the pure fuzzy controller applications. The controller 
parameters are all tuned by the aid of genetic search 
algorithm. 
 
INTRODUCTION 

As PID is regarded as the standard control structures of 
the classical control theory, and fuzzy controllers have 
positioned themselves as a counterpart of classical PID 
controllers on the same dominant role at the knowledge-
rich spectrum (Åström and Hagglund 1995, Oh et al. 2004). 
PID controllers are designed for linear systems and they 
provide a preferable cost/benefit ratio. However, the 
presences of nonlinear effects limit their performances. 
Fuzzy controllers are successful applied to non-linear 
system because of their knowledge based nonlinear 
structural characteristics. Hybridization of these two 
controller structures comes to ones mind immediately to 
exploit the beneficial sides of both categories. Naturally 
various hybrid controller structures have been arisen in 
literature (Kwok et al. 1990, Brehm and Rattan 1993, Li 
1998, Li et al. 1999, Xiaoyin and Belmin 1993, Reznik et 
al.2000). In some applications, these two control 
structures are combined by a switch (Ketata et al. 1995, 
Matsunaga and Kawaji 1991, Otsubo et al. 1998, 
Parnichkun and Ngaecharoenkul 2001). In (Er and Sun 
2001) a fuzzy switching method between fuzzy 

controller and conventional PID controllers is used to 
achieve smooth control during switching. 
 
The intent of this study is to design a new hybrid fuzzy 
PID controller so that a further improved system 
response performance in both the transient and steady 
states have been achieved as compared to the system 
response obtained when either the classical PID or the 
fuzzy controller has been implemented. Here, the 
classical PID and fuzzy controller have been combined 
by a blending mechanism that depends on a certain 
function of actuating error. An intelligent switching 
scheme is induced on the blending mechanism that 
makes a decision upon the priority of the two controller 
parts. Simulations are performed on 
MATLAB®/Simulink toolbox to illustrate the efficiency 
of the proposed method. 
 
INTELLIGENT HYBRID FUZZY PID 
CONTROLLER STRUCTURE 
 
Fuzzy PID controllers in literature can be classified into 
three major categories as direct action type, fuzzy gain 
scheduling type, and hybrid type fuzzy PID controllers 
(Yesil et al. 2003, Akbiyik et al. 2005). The direct 
action type can also be classified into three categories 
according to number of inputs as single input, double 
input, and triple input direct action fuzzy PID 
controllers. The classification of fuzzy PID controllers 
can be seen in Fig. 1. 
 

 
Figure 1: Classification of fuzzy PID controllers 

 



 

 

 
Figure 2: Block diagram of hybrid type fuzzy PID 

controller. 
 
The proposed hybrid controller that is given in Fig. 2 
possesses two main parts: the classical PID and fuzzy 
PID controllers. A standard PID controller is also 
known as the “three-term” controller, whose transfer 
function is generally written in the “ideal form” as  

⎟⎟
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⎞
⎜⎜
⎝

⎛
++= sT

sT
11K)s(G D
I

PID               (1) 

where K is the proportional gain, KI the integral gain, 
KD the derivative gain, TI the integral time constant and, 
TD the derivative time constant. The “three-term” 
functionalities are highlighted by the following: 
i. The proportional term is providing an overall 

control action proportional to the error signal 
through the all-pass gain factor. 

ii. The integral term is reducing steady-state errors 
through low-frequency compensation by an 
integrator. 

iii. The derivative term is improving transient 
response through high-frequency compensation by 
a differentiator.  

 
The structure of the fuzzy PID controller, which has 
two inputs and one rule base, is shown in Fig. 3. The 
inputs are the classical error ( e ) and the rate of the 
change of error ( e& ). 
 

 
Figure 3: The Fuzzy PID Controller structure 

 
Triangular membership functions are used for input 
variables as it is shown in Fig. 4. For the output variable 
u, singleton membership functions are   defined as in 
Fig. 5. The fuzzy PID controller rule base composed of 
49 (7x7) rules as shown in Table 1. The control surface 
of the fuzzy PID controller is also given in Fig. 6. 

 
Figure 4: The membership functions of e ,and e& . 

 

 
Figure 5: The membership functions of u. 

 
In this paper, the classical PID and fuzzy PID controller 
are combined by a blending mechanism that depends on 
a certain function of actuating error. Moreover, an 
intelligent switching scheme is induced on the blending 
mechanism that makes a decision on the priority of the 
two controller parts; namely, the classical PID and the 
fuzzy constituents. The Matlab/Simulink simulation 
model of the proposed intelligent hybrid PID controller 
is shown in Fig. 7. The parameters of the PID controller 
are denoted by K, TI, and TD. As encountered in the 
literature, these stand for proportional gain, integral and 
derivative time constants, respectively. The parameters 
of the fuzzy controller are defined as Ke, Kd,α , and β .   
 

Table 1: PID type Fuzzy Controller Rule Base 

 
 

 
Figure 6: The control surface of the fuzzy PID 

controller 
 
 



 

 

A switching & blending mechanism firstly decides the 
dominant one of the two controller structures; namely, 
classical and fuzzy controllers. The outputs of the fuzzy 
PID controller and the classical PID controller are then 
multiplied by either one of the functions 1-f(e) and f(e). 
1-f(e) and f(e) are the weighing factors of the blending 
part of the mechanism. They quantify the level of the 
activity of the contributing controller and help us to 
achieve a reasonable tradeoff between the actions 
generated by the individual controllers. Since the 
function f(e) has to be  positive valued, it has been 
selected as f(e)=e2. Consequently the hybrid controller’s 
output becomes either  

FUZZYPIDHYBRID U)).e(f1(U).e(fU −+=        (2) 

or 

FUZZYPIDHYBRID U).e(fU)).e(f1(U +−=        (3)       

 
It is obvious that when the error is large the controller 
output multiplied by f(e) is activated more than the 
other controller part. For this reason, at the early stages 
of the control action, the controller output which gives 
the faster response must be multiplied by f(e). The 
switching part of the mechanism tries to catch the 
bigger one of the control efforts of the two main 
controller parts. The idea behind this is that higher 
control effort should produce faster system response.     
 
SIMULATIONS RESULTS 

The following simulations are done in order to see the 
performance of the proposed hybrid fuzzy PID 
controller. The controller parameters are all determined 
using a genetic search algorithm (Goldberg 1989). The 
Performance Index (PI) or the fitness function used for 
optimization is  

ess.100ts.3tp.6P.%100
1000PI

+++
=            (4) 

where P is the peak, tp is the peak time, ts is the settling 
time and finally ess is the steady-state error.   All 
genetic searches are done on Genetic Algorithms 
Toolbox of Matlab 6.5. 
 
Simulation 1 

In the first simulation, the following first-order process 
model with a dead-time is considered:  

               s2.0
1 e

1s
1)s(G −

+
=                           (5) 

The corresponding system responses and controller 
outputs are given in Fig.8 and Fig. 9, respectively. The 
controller parameters of the classical PID controller are 
set to K=2, TI=0.25, TD=0.025 in order to have a small 
rise time.  On the other hand, the fuzzy PID controller 
has the following parameters: 05.0=α , 5.4=β , Ke=1, 
Kd=0.56. 
 
Simulation 2 

The second simulation is performed on a second-order 
process plus dead-time with the transfer function given 
as follows: 

s2.0
2 e

)2s)(1s(
1)s(G −

++
=                (6) 

The controller parameters of the classical PID controller 
are set to K=0.01, TI=0.014, TD=1 to have a smooth 
response with a small overshoot.  On the other hand, the 
fuzzy PID controller has the following 
parameters: 2.0=α , 1.1=β , Ke=1.5, Kd=0.2. The 
corresponding system responses and controller outputs 
are given in Fig.10 and Fig. 11, respectively. 

 
 

 
Figure 7: Intelligent Hybrid Fuzzy PID Controller Structure 
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Figure 8: The step responses of all control structure 
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Figure 9: The control output of all control structures 
 
 
 
CONCLUSION 

A novel design methodology that blends the classical 
PID and the fuzzy controllers in an intelligent way is 
introduced in this paper, thus a new intelligent hybrid 
controller has been achieved. A switching & blending 
mechanism that depends on a certain function of 
actuating error is presented. Many simulations done on 
various processes using the new hybrid fuzzy PID 
controller have provided ‘better’ system responses in 
terms of transient and steady-state performances. Here, 
only two of these simulations are given and the 
proposed hybrid fuzzy PID controller is compared to 
the pure classical PID or the pure fuzzy controller 
applications. All of the simulation results have shown 
that the proposed hybrid structure has provided a good 
and effective performance on system response. 
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Abstract—In our simulations we analyzed two classes of adaptive rout-

ing algorithms: Q-routing algorithms based on reinforcement learning

techniques, and ant-routing based on swarm intelligence. We use a simu-

lation environment to compare the performance of adaptive routing algo-

rithms. Performance of adaptive algorithms was tested under a constant

load, and also under various non-stationary loads, to find out how load

time dynamics might interfere with learning dynamics. We tested step

load changes and periodic load changes. We also tested an influence of

non-homogeneous loads on the behavior of routing algorithms, motivated

by DoS and DDoS network attacks. We investigate robustness to param-

eter changes, and adaptiveness to dynamically changing load levels and

traffic patterns. We demonstrated that both classes of adaptive routing

algorithms adapt well to occasional changes of the load and perform very

well under periodic load level changes.

Keywords— Ant routing, Q-routing, Reinforcement learning, Adaptive

routing

I. INTRODUCTION

Expansion of the Internet and other communication networks

increased the requirement for an efficient traffic organization.

Apart from a constant call to increase the link bandwidths,

there is a need to improve packet routing algorithms, which

play a critical role in the network performance, especially in

terms of throughput and transmission delay.

The load of telecommunication networks is neither con-

stant in time (homogeneous) nor uniformly distributed over the

whole network (uniform). It is then very important to de-

velop effective routing algorithms which work well under con-

stant conditions yet may adapt to dynamical and unpredictable

changes, such as

• changes in the network load distribution, which may occur in

time as well as in space (non-homogeneous and non-uniform

loads)

• changes in the network topology, which may be caused by

router or link failures, or by movements of some routers which

may occur in mobile or ad-hoc networks.

There is thus a strong need to construct adaptive algorithms

which could change their routing politics according to the in-

formation available in the network.

In recent years, many such algorithms have been proposed.

We concentrate on two classes of distributed learning pro-

cedures, namely, the ant routing algorithms based on swarm

intelligence and Q-routing algorithms based on reinforcement

learning techniques. Both approaches have already proved their

efficiency in various simulated environments. Both do not re-

quire a supervision, and their distributed form makes them well

applicable to the routing problem.

The aim of this paper is to compare the performance of

ant-like agents and reinforcement learning agents in adaptive

routing problems. We investigate their robustness to parameter

changes, and their adaptiveness to dynamically changing load

levels and traffic patterns. We show that both classes not only

adapt well to momentary changes of load level, but also perform

very well under continuous load level changes.

The paper is organized as follows. In Sec. II we shortly

introduce the swarm intelligence and reinforcement learning

approaches to adaptive routing, and describe Q-routing in Sec.

III and ant-routing in Sec. IV. The simulation environment is

described in Sec. V. Simulation results for constant loads are

summarized in Sec. VI, which are followed by non-stationary

load simulations in Sec. VII and non-uniform load simulations

in Sec. VIII. Section IX summarizes the paper.

II. ADAPTIVE ROUTING

A. Q-routing

Reinforcement learning techniques are based on interactions

between an agent(s) and the - (unknown or known) environ-

ment. In every state, the agent chooses an action according to

his policy and receives a reinforcement from the environment

evaluating his actions. On the basis of the reinforcement re-

ceived and the state reached after taking the chosen action, the

agent modifies his policy in order to attain his goal, which is

typically a discounted sum of all rewards. There are various

learning algorithms which govern these modifications.

The first application of reinforcement learning to the routing

problem was proposed by Boyan and Littman in 1994 [1]. The

proposed solution was an adaptation of the Q-learning algo-

rithm of Watkins and Dayan [8]. In the following years, many

modifications of the Q-routing have been proposed, modeling

queue lengths influence [4], using Boltzman’s routing policy

[9], or applying the policy gradient methods ([5]). .

B. Ant routing

Ant algorithms were inspired by observations of real ant

colonies and first proposed by Dorigo, Maniezzo, and Colorni

in 1991 [2] as a multi-agent approach to the traveling salesman

problem (TSP) and the quadratic assignment problem (QAP).

The ants are capable of finding the shortest path from the nest

to food sources. While traveling, they deposit a chemical sub-

stance (a pheromone), and its high concentration guides the

other ants to form the shortest paths.

The first ant routing algorithm was proposed by Schoonder-

woerd et al. in 1996 [6]. Their ABC algorithm could be applied

only to symmetric circuit-switched networks. The AntNet al-

gorithm proposed first by Dorigo and di Caro in 1993 [3] is

the first ant-routing algorithm investigated in this paper. Many

modifications of AntNet have been developed in the following

years, like limiting the number of ants in the network [7], or

non-greedy policy determination. The Adaptive Swarm-based

Routing (ASR) proposed in 2004 for packet-switched networks

by Yong, Guang-zhou, and Fan-jun [10] is the second ant rout-

ing algorithm simulated in our studies.



III. Q-ROUTING ALGORITHMS

In Q-routing [1], each (say, k-th) router (agent) learns an

estimate Qk(d, n) of packet’s trip time to a destination node

d, via its neighbor n ∈ Nk. The greedy routing policy con-

sists in choosing the route to d through a neighbor node n
to minimize the total trip time, n = argminn′∈Nk Qk(d, n

′).
This policy enables no exploration, since it bases the future

estimates only on the extremal routes chosen by using earlier

(uncertain) estimates. This ‘closed loop of uncertainty’ can be

cut by using ǫ-greedy policy which with probability α chooses

a random neighbor, otherwise being greedy. Another form of a

non-greedy policy is the Boltzmann policy, which chooses the

next node with probability

Pk(d, f) =
e−λQk(d,f)

∑

f ′∈Nf
e−λQk(d,f ′)

(1)

where λ determines the level of exploration. We use the name

BQ-routing for Q-routing using the Boltzmann policy.

When the data packet reaches the next node n, an information

packet is sent back to node k, which enables to update Qk. The

update procedure has a form

Q+k (d, f) = ok(f) + qk + min
z′∈Nz

Qf (d, z
′) (2)

Qk(d, f)← Qk(d, f) + µ
(

Q+k (d, f)−Qk(d, f)
)

(3)

where ok(f) is the trip time from k to f , qk is the time spent

in the queue of router k (or, in the modification proposed in

[4], of router f ). The reinforcement ok(f) and Qf (d, z
′) are

included in the information packet.

In the original algorithm [1], the information packet was

assumed to immediately arrive at its destination node. Since

this is unrealistic, we assume in our simulations that it travels

in the network as the data packets do.

IV. ANT ROUTING ALGORITHMS

A. AntNet

In AntNet [3] there are two types of simple agents (ants): the

forward ants that explore the network in order to find paths,

and the backward ants that use information collected by the

forward ants to improve the routing policies. Every network

node k is assigned a routing table Pk that stores the routing

policy, and a statistical model Mk including some local traffic

statistics. The routing table Tk stores the probabilities tk(d, n)
for each neighbor node n and each destination node d, used

to determine the probabilistic routing policy. Both the routing

tables and the statistical model are calculated iteratively during

normal operation of the network.

The forward ants Fs→d are launched at regular intervals from

randomly selected source nodes s to randomly selected desti-

nation nodes d. For each node visited, the forward ant stores its

age, i.e. the time elapsed from its launch, and chooses the next

node to be visited n according to a probability pk(d, n). This

probability is calculated by modifying the probability tk(d, n)
stored in the routing table Tk by a relative length qk(n) of the

output queue in node k, namely

pk(d, n) =
tk(d, n) + α (1− ℓk(n))

1 + α (|Nk| − 1)
, n ∈ Nk (4)

where Nk denote the set of neighbors of the node k, |N| de-

notes the number of elements of a set N, α is a parameter

and

ℓk(n) =
qk(n)

∑

n′∈Nk
qk(n′)

(5)

where qk(n) denote the queue lengths. If a cycle is detected,

namely, the ant visits a node repeatedly, the nodes in the cycle

are removed from the ant’s memory, and if the cycle length is

greater than half the ant’s age, the ant is destroyed.

After reaching the destination node, the forward ant Fs→d
creates the backward ant Bd→s, transfers all the collected

knowledge to the backward ant and is removed from the sys-

tem (dies). The backward ant travels back the same path as

its parental forward ant. In every visited node k it updates the

values of the traffic model and the routing probabilities for all

the entries corresponding to every node i on the path.

The traffic model Mk at node k consists of the estimates

µk(d) and σ2k(d) of the expected value and the variance of the

trip time from k to the destination node d, and are updated

according to

µk(d)← µk(d) + η (ok(d)− µk(d)) (6)

σ2k(d)← σ
2
k(d) + η

(

(

ok(d)− µk(d)
)2
− σ2k(d)

)

(7)

where ok(d) is the trip time from k to the destination node d
as observed by the forward ant Fs→d, and η is a parameter.

Note that η = 1/m in (6), where m is the update number,

corresponds to the usual average value.

In the routing table Tk, the probability corresponding to the

neighbor f chosen at node k by the forward ant Fs→d is in-

creased

tk(f, d)← tk(f, d) + r (1− tk(f, d)) (8)

with the corresponding decrease of the remaining neighbor

probabilities

tk(d, n)← tk(d, n)− r tk(d, n), n ∈ Nk, n 6= f (9)

to make their sum equal to one. The reinforcement parameter

r depends on the ant trip time and on the local statistical model

Mk, namely

r = c1
Wk(d)

ok(d)
+c2

Ihi
k (d)− I

lo
k (d)

(

Ihi
k (d)− I

lo
k (d)

)

+
(

ok(d)− I lok (d)
) (10)

where ok(d) is the observed trip time, constants c1 and c2
control the effect of the last ok(d), and Wk(d) is the ant’s

shortest trip time for the given destination and last observation

period. I lok (d) and Ihi
k (d) are the lower and upper bounds,

respectively, of a confidence interval of the mean trip time.

All the details and justifications can be found in [3].

B. Ant Swarm-based Routing

The ASR algorithm [10] is very similar to AntNet, so only

the main differences between the algorithms will be described.

A different model Mk of the network’s traffic is used. For

every destination node d and every neighbor node n two last

estimates, Dk(d, n) and D−k (d, n), of the trip time from k via



n to the destination node d are stored. The backward ant Bd→s
updates the values of the model

Dk(d, n)← Dk(d, n)

+ η
(

(1− α)∆Dk(d, n) + α∆D
−

k (d, n)
)

(11)

(12)

where dk(d, n) is the forward ants trip time from node k to

node d via node n, η is a learning rate, α is a momentum

parameter, and

∆Dk(d, n) = dk(d, n)−Dk(d, n) (13)

∆D−k (d, n) = Dk(d, n)−D
−

k (d, n) (14)

The second significant difference is the way of updating the

routing probabilities stored in the routing table Tk at every node

k. After updating the network’s traffic model Mk, the routing

probabilities are computed as

tk(d, n) =
(Dk(d, n))

−β

∑

n′∈Nk
(Dk(d, n′))

−β
(15)

where β ≥ 1 is a non-linearity parameter. Note that this method

corresponds to Boltzmann exploration since we can write

tk(d, n) =
e−β lnDk(d,n)

∑

n′∈Nk
e−β lnDk(d,n′)

(16)

Finally, the ant agent realizes an ǫ-greedy policy, namely, it

chooses a random neighbor node with a probability ǫ and with

the probability 1 − ǫ chooses a node according to the routing

probabilities tk(d, n). This approach prevents the probabilities

of the shortest paths from becoming very close to 1, which

would reduce the exploration, i.e. the capability of the algo-

rithm to adapt to the environmental changes.

In order to speed up the learning process, the routing proba-

bilities are initialized in such a way that a higher initial proba-

bility is given to a neighbor when it happens to be a destination

node.

V. SIMULATION ENVIRONMENT

The experiments were performed using a simple event-driven

network simulator implemented in Java. Every router indepen-

dently generated the packets according to a Poisson process.

We tested several scenarios of load level changes, such as a sud-

den jump/drop of the load level, periodical changes of the load

level (sine wave, rectangular wave). Moreover, we performed

non-homogeneous load testing, simulating the DoS (Denial of

Service) and DDoS (Distributed Denial of Service) attacks.

The DoS attack occurs when an extra traffic load is being sent

between two nodes and DDoS occurs when a large group of

nodes produce extra traffic to a single network node.

The experiments presented in this paper were performed us-

ing the network structure proposed by Boyan and Littman (Fig.

1). To check the performance for more real-like structures,

we also run our experiments on NASK network (Scientific and

Academic Network, Poland (Fig. 2).

We used two closely related indicators of the learned policy

quality. The first is the average packet delay, and the second

Fig. 1. Littman’s grid, [1]

Fig. 2. The NASK network

is the throughput (the number of packets reaching their desti-

nation per simulation step). To measure the learning time we

used the time necessary for the average packet delay to stabi-

lize. To express the network load we used relative units, with

the unit defined as the maximum load level under which the

Dijkstra Shortest Path (SP) algorithm still works. For short, we

called such the relative unit the Dijkstra (D). In other words,

the network load is 1.5 D if it is 50% higher than the maximum

load under which the given network still works with the SP al-

gorithm policy. Therefore, all loads above 1D cannot be served

by the SP policy. We want to investigate how ant-routing and

Q-routing serve above-1D loads. On the other hand, we will

make sure that these adaptive algorithms work as well as the

SP policy for below-1D loads. We will talk about high loads

if they are above 1D. Otherwise, we will talk about low loads.

VI. CONSTANT LOADS

Under a low load level (lower than 1 D), the Shortest Path

routing is certainly optimal. All investigated adaptive algo-

rithms learned the policies similar to the shortest path (Fig.

3). The average packet delay in the network stabilized at a

level slightly higher than the one for the SP algorithm. Both

ant algorithms we simulated not only adapt much faster than

the Q-Routing based algorithms, but also the maximal average

packet delay during the learning process is lower. It can be

seen that ASR provides a shorter learning time.

The advantages of adaptive policy algorithms can be seen

under constant load levels higher than 1D. While the Shortest

Path algorithm does not work efficiently, both the Q-routing
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Fig. 3. Performance comparison of SP, Q-routing and ant-routing under low
load level (0.9 D), Grid network.

and ant-routing algorithms manage to learn an efficient policy

and converge to steady states (Fig. 4). The use of Boltzmann

policy in Q-routing instead of the ǫ-greedy policy markedly

improves the learning time and the average packet delay. Both

ant algorithms, AntNet and ASR, are able to adapt much faster

than the Q-Routing based algorithms and the maximum value

of the average packet delay during the learning process is lower.

Moreover, the average packet delay of the learned process is

also lower for ant algorithms.
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Fig. 4. Performance comparison of SP, Q-routing and ant-routing under high
load level (1.2 D), Grid network.

In comparison to the Shortest Path algorithm, the adaptive

algorithms in most cases extend the range of load levels under

which the algorithms succeed in finding the efficient routing

policies. This is demonstrated on the NASK network (Fig. 5),

where the adaptive algorithms (ASR and BQ-Routing) work

efficiently under much higher load levels than the SP algorithm.

The ASR and BQ-routing algorithms widen the range of load

levels at a similar factor.

A. Robustness against parameter changes

For each algorithm we determined the range of parameter

that assure a stable work of tested networks. For ant algo-

rithms, for every load, there exists a minimal number of ants

that assures convergence of learning, and the optimal number

of ants that minimizes the learning time, Fig. 6.

With an increase of the ant proportion, defined as a frac-

tion of ants in all packets, the learning time decreases, along

with the average number of packets traveling in the network,
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Fig. 5. Comparison of the convergence ranges of SP, ASR, and BQ-routing,

NASK Network.
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Fig. 6. The influence of the ant proportion on the learning process. AntNet

algorithm, the Grid network, load level of 1.2D.

since the information about the efficient routes propagates faster

through the network. There is yet a certain critical ant propor-

tion level, whose overpass increases the total load so much that

the learning time increases again.

In Q-Routing, the exploration level is determined by ǫ. In-

crease of the exploration level increases the number of packets

being sent purely randomly. This results in a longer learning

time and a much higher value of the average number of packets

in the network. Change of ǫ doesn’t influence the maximum

value of the average number of packets during learning. The

minimum learning time and the lowest average packet delay is

obtained for the null exploration level (Fig. 7). Like for the

ant routing, too high exploration makes it impossible for the

learning process to converge.

VII. NON-STATIONARY LOADS

Performance of adaptive algorithms was tested also under

various non-stationary loads, to find out how load time dy-

namics might interfere with learning dynamics. We tested step

load changes and periodic load changes. Both scenarios have

important origins in network exploitation.

In step load simulations, the algorithm first learned a policy

under a constant load level, and then the load level jumped up

rapidly. For both the ant routing and the Q-Routing algorithms

the adaptation process in this situation was similar: immedi-

ately after the load level jump, the average packet delay started

increasing and the adaptation process begun. All the algorithms

under testing managed to find a new efficient routing policy.



Fig. 7. Influence of the exploration level ǫ on the learning process. Modified

version of Q-Routing ([4]), the Grid network, load level: 1.2 D.

If the load level increase was small, the adaptation was very

quick. The higher were the final load level and the size of the

jump, the longer lasted the adaptation process and higher was

the maximum average packet delay during the learning process

(Fig. 8). This behavior is related to strong differences between

the efficient routing policies for the initial (low) and subsequent

(higher) loads.

As for constant load levels, the speed and the result of the

learning process intensely depends on the exploration level

(Fig. 9). Increase of the exploration factor results in a longer

adaptation time and a higher average packet delay. The adap-

tation is fastest when there is no exploration at all.
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Fig. 8. Adaptation to jump increase of the load level for various jump sizes.

The initial load level is 0.21D. Grid Network, AntNet.

The second load patterns tested were periodic. We applied

a sine wave load with values at maximums exceeding the 1

D level so the shortest path was not efficient. All the stud-

ied learning algorithms very quickly adapted to periodic load

changes (Fig. 10). Under the sinewave load, the average packet

delay and the average number of packets in the network also

change periodically. The amplitude of the changes of the aver-

age number of packets in the network is lowest (the best) for

ASR and highest (the worst) for the Q-Routing algorithm.

A delay can be observed between the initial time of the

load increase and the starting time of the average packet delay

increase (Fig. 10). The delay is highest for Q-Routing. If the

period of the sinewave is long enough, the adaptation process

takes place during the first increase phase of the load level

(ASR and BQ-Routing). However, if the algorithm does not

Fig. 9. Dependence of the adaptation process on the exploration level, load

jump from 0.9 D to 1.2 D. Grid network, modified Q-Routing ([4]).
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Fig. 10. Sinewave load level changes. The average load level varies between

0.6 D and 1.7 D. NASK network.

manage to adapt that fast, the process continues in successive

periods of the load increase phases (Q-Routing).

We finally applied rectangular wave load changes, which

blend both periodic and jump non-stationarity. As for the

sinewave loads, the learning algorithms adapt very quickly (Fig.

11). Under the Shortest Path algorithm, if the maximum load

is higher than 1D, the average packet delay grows rapidly. The

learning algorithms, however, manage to find efficient routing

policies and, after the first increase of the average packet delay,

it stabilizes. The amplitude of the changes of the average packet

delay and the maximal average packet delay during adaptation

are the lowest for the ASR.
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The average load level varies between 0.64 D and 1.06 D. Grid network.



VIII. NON-HOMOGENEOUS LOADS

We tested an influence of non homogeneous load on the be-

havior of non-adaptive and adaptive routing algorithms. This

is, among other, motivated by DoS and DDoS network attacks.

When using the Shortest Path algorithm, both DoS or DDoS

attack result in a huge increase of the average packet delay, be-

cause the queues for the attacked router get filled. The adaptive

algorithms, however, manage to cope with these situations very

well and find efficient routing policies (Figs. 12 and 13);
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Fig. 12. DoS attack. A homogeneous network load is initially 0.66 D; the
DoS attack after 30000 simulation steps generates extra 0.1 D. Grid network.

For Q-Routing algorithms, the average packet delay grew first

very rapidly after the DoS attack start and then decreased expo-

nentially (Fig. 12). For ASR, the growth was not so rapid, but

the decrease was very fast, what resulted in the shortest learn-

ing time. For AntNet, the packet delay increased slowly and

started to decrease much later, so the adaptation took longer.

A rapid increase of the average packet delay immediately

after the DoS attack starts can be observed for all algorithms.

For ASR, the adaptation is much faster than for AntNet, but

AntNet provides a lower average packet delay after the adapta-

tion (Fig. 13, left). The BQ-Routing adapted much faster than

Q-Routing, yet the average packet delay was similar (Fig. 13,

right).

IX. CONCLUSIONS

We compared the ant routing algorithms and Q-Routing al-

gorithms as applied to routing problems. We performed our
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Fig. 13. DDoS attack: A homogeneous network load was initially 0.66 D,

then DDoS attack was performed after 30000 simulation steps. Grid network

(left), NASK network (right).

simulations on a simple Grid network, as well as on various

actual structures, like Polish Scientific and Academic Network

NASK. Both types of the adaptive algorithms we investigated

perform very well in dynamic networks, under high and/or time

varying load levels. Adaptive algorithms, as compared to the

Shortest Path algorithm, assure an increased load range under

which the network is stable and works properly. Moreover,

the learning algorithms easily adapt to periodical load level

changes.

This would be interesting to include in simulations some

restrictions introduced by the TCP protocol at the transport

layer, and some modifications of the TCP protocol that would

enable multi-path routing. We plan also to introduce adaptive

modifications of parameters due to simulation conditions, such

as the load level. This would pave the way to testing in real

networks.
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ABSTRACT 

This paper presents details of an implementation of a 
computer simulation for the Target Motion Analysis 
problem where the error of time-delay measurements 
derived from passively sensed transients is modelled 
using a Gaussian-mixture probability density function. 
In order to improve accuracy of the simulation results, 
a pseudo-random number generator based on shift-
register operations was implemented and compared to 
the standard C++ random number generator. Von 
Neumann's accepting-rejection method was used to 
generate the required non-uniform distribution 
function. The model was validated and its performance 
evaluated.  
 
INTRODUCTION 

In the oceanic context, the aim of Target Motion 
Analysis (TMA), also known as Contact Localisation 
and Motion Analysis (CLMA), is to estimate the state, 
i.e. location, bearing and velocity, of a sound-emitting 
object (Hassab 1983). These estimates are based on a 
series of passive measures of both the angle and the 
distance between an observer (ownship) and the source 
of sound (target). It is assumed that both the ownship 
and the target are moving in horizontal plane. A typical 
TMA application is, for example, a submarine that 
cannot use active sonar to localise a target, because it 
would immediately give away its existence and 
position. Another application would be the monitoring 
of maritime creatures without interfering with their 
environment, for example whales or shrimps (Ferguson 
and Cleary 2001). If an active sonar system were be 
used, those creatures could be harmed or influenced in 
their behaviour.  
 
TMA is usually carried out by measuring differences in 
arrival time of short-duration acoustic emissions of the 
target using hydrophones that are mounted at some  
 
 
 
 

distance onboard an observer platform, e.g. a ship or a 
submarine. These measurements are corrupted by noise 
and false readings caused by a small Signal-to-Noise 
Ratio (SRN) and inhomogeneous pathways. Usually, 
sequences of measurements are taken and statistical 
methods are applied to estimate the target's state. For 
example, for robust state estimation, the residual in 
range and bearing have to be minimised for a series of 
measurements. A standard approach would be to apply 
Least Square (LS) methods. But because of the noisy 
data and possible outliers in the readings from the 
hydrophones, LS methods cannot be used directly to 
minimise the residuals. Often so-called M-estimators 
are used here, which replace the original error function 
with a symmetric positive-definite objective function 
(Carevic 2003). Other methods used are Maximum 
Likelihood and Bayes estimators. 
 
In order to be able to test Computational Intelligence 
methods, like Genetic Algorithms (Goldberg 1989) or 
Artificial Neural Networks (Picton 2000), to the TMA 
problem and to compare their effectiveness with 
traditional statistical methods, a simulation of the 
transient model for the time delays and their 
measurement errors was developed and implemented in 
an object oriented way in C++.  
 
TRANSIENT MODEL 

This section introduces the geometry used to determine 
the distance and the bearing of a contact in relation to 
an observer platform and describes the probability 
density function used to model the measurement errors 
for the time delays. 
 
Geometrical Model 

Figure 1 shows the geometrical model used for the 
localization of a sound-emitting target T  
(Hassab et. al. 1981). Three hydrophones are mounted 
onboard the observer platform, equally spaced with 
distance D. The direct paths of the transient signals 
from target T to the hydrophones are R1, R, and R2.  
 



θ

Sensor 1 Sensor 2 Sensor 3

Target T

R R2R1

Observer

D D

 

Figure 1 – Geometrical model of the TMA problem. 

�1 is the difference in propagation time between path R1 
and R (Equation 1) and �2 represents the time delay 
between R and R2 (Equation 2). The velocity of sound 
in water c is approximately 1500 m/s. 
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Using Equation 1 and 2, the distance R between the 
target T and the observer platform can be calculated as 
a function of the time delays, the distance between the 
hydrophones, and the velocity of sound in water 
(Equation 3): 
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The bearing � can be calculated as follows: 
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Modelling of the Noise 

In a real application, the time delay measurements are 
disturbed by noise, caused, for example, by the cross-
correlation function used for finding a common signal 
in a pair of sensors or by the environment  
(Carevic 2003). Therefore, the measured time delay �ti 
is a linear combination of the real time delay �i and a 
measurement error ei: 
 

iii et +=∆ τ  (5) 

 
The time delay error distribution function is a non-
Gaussian distribution with long wide tails. Carevic 
(2003) proposed a probability density function for 
modelling this error as independent random variables 
based on a two-component Gaussian-mixture model: 
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Figure 2 gives a graphical comparison of the standard 
Gaussian probability density function with � = 0 and  
� = 1, and the Gaussian-mixture probability density 
function described above (Equation 6) with � = 0,  
�1 = 1, �2 = 5, and � = 0.2. 
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Figure 2 – Comparison between Gaussian and 
Gaussian mixture probability density function. 

It can be seen that the tails are much wider for the 
Gaussian-mixture distribution, which implies that there 
is always a certain measurement error. This noise 
makes it difficult for traditional Least Squares Methods 
to solve the TMA problem. 
 
In order to obtain realistic results from the simulations, 
�1 in the probability density function (Equation 6) is 
modelled as a function of the target range R  
(Carevic 2003). Figure 3 shows the dependency of 

1σ on target range R. 
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Figure 3 – Dependency of 1σ on target range R.  



Modelling of the Clutter 

Another source of errors is false readings or clutter 
(Carevic 2003). This clutter is usually assumed to be 
uniformly distributed over an area A and to follow a 
Poisson probability density function with a known 
parameter λ. (Jauffret and Bar-Shalom 1990). 
 
For the simulation the mean percentage of clutter can 
be selected in order to be able to reproduce the 
scenarios reported by (Carevc 2003). Clutter occurs 
randomly and the probability that it is miss-clssified as 
target is 30%. If it is labeled as target, it is added to the 
measurements. 
 
IMPLEMENTATION 

The model described in the previous section was 
implemented in C++. One requirement was not to use 
any non-standard libraries, as this would make it more 
difficult to port the model to other computer platforms. 
 
Evaluation of the standard rand() function 

Because the accuracy of the simulation depends 
crucially on the accurate modelling of the 
measurements errors, the standard C++ pseudo-random 
number generator was evaluated using a Chi-square 
test (Rubinstein 1981). The hypothesis H0 was that the 
random numbers generated by the rand() function 
(Deitel and Deitel 2003) are uniformly distributed. The 
number of categories was chosen to be 101, which 
results in a degree of freedom of 100. 10,000,000 
samples were generated and the Chi-square value was 
compared to the critical value for 5%, the conventional 
level of significance adopted by hypothesis testing. 
 
The Chi-square value was 135.964, which is worse 
than 124.3, the critical value for 0.05 (Göhler 1996). In 
fact, it is even worse than the critical value for 0.01, 
which is 135.8. Therefore, the hypothesis H0 was 
rejected. As a consequence, a more sophisticated 
pseudo-number generator had to be implemented, 
which passes the Chi-square test. 
 
Uniform pseudo-random number generation 

In order to solve the TMA problem using soft 
computing techniques, pseudo-random numbers with a 
very long period are needed. A shift-register based 
method was chosen, because these methods have a 
very long period (Knut 1997). Shift-register based 
methods generate 1 bit random numbers rk according to 
equation 8. For random integer numbers, the bitwise 
addition can be carried out in parallel by replacing the 
bits in (8) with integers and the bitwise addition by the 
exclusive-or operator.  
 

pkpkkk rcrcrcr −−− +++= �2211  (8) 

 

The period of this method is 12 −p and hence large 
values for p are required in order to obtain a long 
period. Kirkpatrick and Stoll (1981) proposed the R250 
algorithm, where most of the constants in (8) are set to 
zero apart from two so that only two terms remain on 
the right hand side of the equation (Equation 9). 
 

pkqkk rrr −− +=  (9) 

 
The suggested values for p and q are p=250 and q=103. 
Hence, the R250 algorithm uses a history of 250 
previous generated pseudo random numbers to 
generate a new random number rk by adding number  
rk-250  bitwise to number rk-103. 
 
In order to avoid the movement of a large amount of 
data in an array or to compute indices to cells in an 
array, and hence to achieve a high processing speed, 
the history of random numbers is stored in a circular 
single-linked list (Figure 4), which contains 251 nodes 
to store the pseudo-random numbers. If a new number 
rk is generated, only three pointer values have to be 
adjusted, for the pointers to the current node and the 
two pointers to the nodes containing the k-103 and  
k-250 random numbers (Pk, Pk-103, and Pk-250 in  
Figure 4). 
 

r1 r2 r148 r251r250

Pk-250 Pk-103 Pk

 

Figure 4 – Circular linked-list for fast pseudo random 
number generation. 

One problem with the R250 algorithm is that it requires 
an initial set of 250 random numbers before the 
algorithm can be used. Obviously, these numbers 
cannot be generated using the R250 algorithm itself 
and hence it is necessary to initialise them using a 
second random number generator. But because the use 
of a poor random number generator can compromise 
the quality of the R250 algorithm, it was decided to use 
true-random numbers instead of a second pseudo-
random number generator.  
 
The initial 250 random numbers were generated using 
a hardware true-random number generator based on 
atmospheric noise (Foley 2001). This sequence of 
numbers is hard-wired into the code and hence the 
algorithm needs to be initialised using a seed number. 
This is achieved by discarding the first n random 
numbers, where n is the remainder for the system time 
in seconds divided by 10,000.  
 



Evaluation of the R250 implementation 

The R250 implementation was evaluated using the 
same Chi square test as for the standard rand() 
function. The hypothesis H0 was that the random 
numbers generated by the R250 algorithm are 
uniformly distributed. The number of categories was 
also chosen to be 101, which results in a degree of 
freedom of 100. 10,000,000 samples were generated 
and the Chi-square value was compared to the critical 
value for 5%. The value for the R250 implementation 
was 95.8075, well below the critical value of 124.3 and 
hence Hypothesis H0 was accepted and therefore the 
algorithm passed the Chi-square test. 
 
Generating Gaussian-mixture distributions 

As stated above, the error probability distribution for 
the transients is modelled using a Gaussian-mixture 
function. The pseudo-random numbers generated by 
the R250 algorithm are uniformly distributed and 
hence need to be mapped into the Gaussian-mixture 
distribution. The analytical approach of finding the 
inverted cumulative distribution function  
(Devroye 1996) cannot be applied, because the 
Gaussian function is not explicitly invertible.  
Therefore, only a numerical approach was used. In this 
work, von Neuman's acceptance and rejection method 
(Rubinstein 1981) was applied to generate random 
numbers from the Gaussian-mixture probability 
distribution. This method allows the generation of any 
known random number distribution from a finite 
interval [min, max]. For every trial, two random 
numbers are generated, the first one drawn from the 
range [min, max] determining the non-uniform random 
number, and the second one represents its probability, 
which must be below the required probability in order 
for the non-uniform random number to be accepted. If 
the probability is greater than the required one, the trial 
is rejected. As a consequence, the method is expensive 
in terms of resources, because many trials are rejected 
for small probabilities and hence the algorithm is less 
efficient.  
 
One problem associated with acceptance and rejection 
method is that the interval [min, max] must be defined 
in a way that all the expected non-uniform random 
numbers are drawn from this interval. In a normal 
distribution, this range would be approximately  
[-3�, +3�], because 99.7% of the values would fall into 
this interval. For the Gaussian-mixture density 
distribution used in this work, the cumulative 
distribution function cannot be found analytically.  
Therefore, the required range was estimated by 
numerically integrating the distribution function and by 
determining when this function converges towards 0.5.  
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Figure 5 –Estimating the input range for the acceptance 
and rejection method. 

As it can be seen from Figure 5, the cumulative 
distribution function approaches 0.5 after 
approximately 10�1. Therefore, the range was chosen 
to be [-10�1, +10�1]. 
 
MODEL EVALUATION AND VALIDATION 

In order to evaluate the efficiency of von Neumann's 
acceptance and rejection method, 10,000,000 pseudo-
random numbers have been generated from the 
Gaussian-mixture distribution and the average number 
of rejections was measured. On average, for each valid 
pseudo-random number that was generated, an average 
of 9.09 trails was rejected, representing 18.18 pseudo-
random numbers that were wasted. This has not only 
consequences on the efficiency of the simulation, but 
also on its quality, because it might exhaust the period 
of the pseudo-random number generator. 
 
To verify the correctness of the probability density 
distribution generated by the simulation, another Chi-
square test was carried out. The H0 hypothesis was that 
the pseudo-random numbers generated by the model 
are from the Gaussian-mixture probability density 
distribution described (Equation 6). The number of 
categories was chosen to be 101, resulting in a degree 
of freedom of 100. For the test, 10,000,000 pseudo-
random numbers were generated of which 500,000 
were valid ones (see above). The Chi-square value was 
calculated to be 123.347. This is below the critical 
value of 124.3 for a confidence level of 5%. Hence the 
hypothesis H0 was accepted and the method passed the 
Chi-square test. Figure 6 shows a graphical 
representation of the observed and the expected 
probabilities for the Gaussian-mixture distribution with 
� = 0, �1 = 1, �2 = 5, and � = 0.2. 
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Figure 6 – Observed and expected probabilities for the 
Gaussian mixture probability distribution. 

It can be seen that the observed probability density 
distribution agrees with the expected Gaussian-mixture 
distribution and hence the simulation is effective but 
might lack efficiency. 
 
CONCLUSION AND FURTHER WORK 

As it was shown above, a transient model for the 
Target Motion Analysis problem was successfully 
implemented in a C++ simulation program. This model 
incorporates a non-Gaussian model of the error 
probability density distribution for the time-delays and 
a model of false readings. The standard pseudo-random 
number generator could not be used for generating 
uniformly distributed random numbers due to poor 
performance. A shift-register based generator was 
developed instead, which is initialised using a hard-
coded sequence of true-random numbers and a seed 
value, which depends on the system clock. The quality 
of the random numbers produced by the new generator 
is superior to the ones generated by the standard 
generator. The mapping from the uniform distribution 
to the Gaussian-mixture distribution was achieved 
using a numerical method that was proven to be 
effective for the problem at hand.  
 
Figure 7 shows a world-centric representation 
(Cunningham and Thomas 2005) of the simulation 
output for a typical test scenario. The white diamonds 
represent the true positions of the target over time and 
the black diamonds represent the true observer 
positions. Figure 8 provides the noisy measurements of 
the transients for the same scenario. 
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Figure 7 – Typical test scenario. 

As it can be seen, the noisy measurements, which are 
all time stamped, could differ significantly from the 
real target positions.  
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Figure 8 – Simulated transient measures. 

In Figure 9 the crosses represent false readings, i.e. 
clutter. As it can be seen from the figure, the problem 
of estimating the state of the target based on the noisy 
measurements of the transient signals is very complex. 
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Figure 9 – Noisy measurements and clutter. 

 
 
 
 



 
The next step in this research will be to use it to 
generate the scenarios described by Carevic (2003). 
This data will then be used to test and to compare 
computational optimisation methods for the TMA 
problem. The first method that will be tested on the 
original error function as state estimator directly will 
be a Genetic Algorithm (Goldberg 1989). A second 
approach will be to use Artificial Neural Networks 
(Picton 2000) to predict the target state based on 
previously trained examples. Both approaches will be 
evaluated, based on experimental results, and 
compared with standard TMA methods.  
 
However, if the amount of random numbers necessary 
for these soft computing techniques exceeds the period 
of the random number generator, it might be necessary 
to revisit the mapping from a uniform distribution to 
the Gaussian-mixture distribution. One approach to 
reducing the number of wasted random numbers is to 
use an Artificial Neural Network to learn the inverted 
cumulated probability function. This should be 
possible, since Hornik et.al. (1989) have proven that  
standard multilayer feedforward networks with one 
hidden layer using arbitrary squashing functions are 
capable of approximating any measurable function 
from one finite dimensional space to another to any 
desired degree of accuracy and even to approximate 
their derivatives (Hornik 1991).  
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Abstract—This paper compares the performance of various rule-based
classification systems. In the classification problems in this paper it is as-
sumed that a misclassification cost is associated with each training pat-
tern. Thus, the task of classification is to minimize the total sum of mis-
classification costs rather than to maximize the classification rate. If-
then rules are being generated from a given set of training patterns. The
differences between the classification systems used in this paper are (a)
whether fuzzy sets or interval sets are used in the antecedent part of if-
then rules, and (b) how the consequent part of the if-then rules is de-
termined. In the determination of the consequent part of if-then rules
we consider cost-based and compatibility-based determination . In cost-
based determination, the consequent class of a rule is determined so that
the misclassification costs is minimal over the covered training patterns
by the antecedent part of the rule. On the other hand, in compatibility-
based determination the consequent class of an if-then rule is determined
from the compatibility of training patterns covered by the antecedent
part of the rule. The grade of certainty of the rules in both determina-
tion types is calculated by using the compatibility of training patterns
from each class. In a series of computational experiments, we examine
the performance of the classification systems for three real-world pattern
classification problems.

I. I NTRODUCTION

Fuzzy rule-based systems have been successfully applied
mainly to control problems [1], [2], [3] with one their ad-
vantages being their interpretability. Recently, fuzzy rule-
based systems have also been applied to pattern classifica-
tion problems. There are many approaches to the automatic
generation of fuzzy if-then rules from numerical data for pat-
tern classification problems [4], [5], [6], [7], [8], [9]. Ge-
netic algorithms can also be used to generate fuzzy classifi-
cation systems. For example [10] proposed a genetic algo-
rithm that selects a small number of fuzzy if-then rules from
a large number of candidate fuzzy if-then rules. Ishibuchi
et al. [11] proposed a Michigan-style fuzzy genetics-based
machine learning method that generates fuzzy if-then rules
from training patterns. Several heuristics for improving the
performance of Michigan-style fuzzy genetics-based machine
learning method were proposed in [12]. In [10] and [12] the
antecedent fuzzy sets are determined by genetic algorithms
while the consequent part is determined from given training

patterns that are covered by the antecedent part of the rule.
In some cases misclassification of a particular input pattern

causes extra costs. For example, in medical diagnosis of can-
cer, diagnosing malignant tumors as benign and hence mis-
taking a cancer patients as healthy could be penalized more
than interpreting benign tumors as malignant. In [13] a pattern
classification problem is re-formulated as a cost minimization
problem. The concept of a weight is introduced for each train-
ing pattern in order to handle this situation. The weight of
an input pattern can be viewed as the cost of misclassifica-
tion/rejection of the pattern. Fuzzy if-then rules are gener-
ated by considering the weights as well as the compatibility
of training patterns.

This paper compares the performance of various rule-based
classification systems. For classification problems in this pa-
per it is assumed that a misclassification cost is associated
with each training pattern. Thus the task of the classifica-
tion is to minimize the total sum of the misclassification costs
rather than to maximize the classification rate. If-then rules
are being generated from a given set of training patterns. The
differences between the classification systems used in this pa-
per are (a) whether fuzzy sets or interval sets are used in the
antecedent part of rules, and (b) how the consequent part of
the rules is determined. In the determination of the conse-
quent part of a rule we consider cost-based and compatibility-
based determination. In cost-based determination, the conse-
quent class of a rule is determined so that the misclassification
costs is minimum over the covered training patterns by the
antecedent part of rule. On the other hand, in compatibility-
based determination the consequent class of a rule is deter-
mined from the compatibility of training patterns covered by
the antecedent part. The grade of certainty of the if-then rules
in both determination methods is calculated by using the com-
patibility of training patterns from each class. In a series of
computational experiments, we examine the performance of
the classification systems for three real-world pattern classifi-
cation problems.



II. CLASSIFICATION PROBLEM

In this section we describe the pattern classification prob-
lems considered in this paper. Without loss of generality, we
assume that given training patterns are distributed over ann-
dimensional pattern space[0, 1]n. We also assume thatm
training patternsxp = (xp1, xp1, . . . , xpn), p = 1, 2, . . . ,m,
from C classes are given a priori. In standard pattern classifi-
cation problems the main focus is on how to construct classi-
fiers that minimize the number of misclassified input patterns.
In this case it is assumed that misclassification cost is specified
equally for all classes. Ifck denotes the cost of misclassify-
ing an pattern from classk then the cost for all classes are
specified as follows in the conventional pattern classification
problems:

ck = 1, k = 1, 2, . . . , C. (1)

In many real-world problems however, the misclassification
cost is different for different classes. As an example let us
consider the medical diagnosis of cancer where the task is to
diagnose a tumor as benign (not cancerous) or malignant (can-
cerous). Although any misclassification should be avoided,
more attention should be put into the correct diagnosis of ma-
lignant than of benign tumors as the misdiagnosis of a cancer
patient as not having the disease leads to a much higher costs
than the other way around. In this paper, we handle this situ-
ation by specifying different misclassification costs for differ-
ent classes and put more emphasis on minimizing the misclas-
sification cost rather than minimizing the number of misclas-
sified input patterns. Thus maximizing the classification rates
is less important than minimizing the misclassification cost.

Let us consider a simple example where ten training pat-
terns are given in a unit interval[0, 1] as shown in Figure 1.
Six training patterns are of Class 1, and the other four of Class
2. The task here is to describe the class of the unit interval
by only a single rule without any condition (i.e. to perform a
base classification). In standard pattern classification the in-
terval will be described as Class 1 as the number of Class 1
patterns is larger than that of Class 2 patterns. This is because
the misclassification cost of both classes is assumed to be the
same (c1 = c2).

0

: Class 1 : Class 2

0.0 1.0
 

Fig. 1. Ten training patterns in a unit interval[0, 1].

On the contrary, if we know that the misclassification costs
are specified asC1 = 0.001 andC2 = 1.0 beforehand, the the
classification of the unit interval should be Class 2 as this is
the optimal decision in terms of misclassification costs.

III. C LASSIFICATION SYSTEM

Classification systems for ann-dimensional pattern classi-
fication problem considered in this paper consist of a set of

classification rules of the following type:

RuleRj : If x1 is Aj1 and. . . andxn is Ajn

then ClassCj with CFj , j = 1, 2, . . . , N,
(2)

whereRj is a rule label,Aji is an antecedent condition for the
attribute valuexi, i = 1, 2, . . . , n, Cj is a consequent class,
CFj is the degree of certainty, andN is the number of classi-
fication rules in a classification system.

We categorize classification systems according to how clas-
sification rules in (2) are generated from given training pat-
terns. Table I shows the categorization of classification sys-
tems. Fuzzy sets and intervals are used for antecedent con-
ditions Aji, i = 1, 2, . . . , n. For determining the conse-
quent classCj and the degree of certaintyCFj , we employ
two formulae. One is cost-based calculation, and the other is
compatibility-based calculation. Detailed explanations on the
antecedent conditions and the formulae for determining the
consequent class and the degree of certainty are given in the
following.

A. Fuzzy and Interval Antecedent Part

The first step to generate a classification rule is the speci-
fication of the antecedent part (i.e.Aji, j = 1, 2, . . . , N , and
i = 1, 2, . . . , n. Fuzzy and interval antecedent parts are con-
sidered in this paper. Let us assume that we divide an input
axis intoL subsets. In the case of fuzzy antecedent part, we
use triangular fuzzy sets in the antecedent part as shown in
Figure 2 where four different partitions of an input axis are
illustrated.
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Fig. 2. Triangular fuzzy sets.

The compatibility of ann-dimensional input vectorx =
(x1, x2, . . . , xn) with a fuzzy ruleRj is calculated as a prod-
uct of the membership value for input attributes as follows:

µj(x) = µj1(x1) · µj2(x2) · . . . · µjn(xn), (3)

where µj(x) is the compatibility ofx and µji(·), j =
1, 2, . . . , n is the membership function of the antecedent fuzzy
setAji.



TABLE I : Categorization of classification systems.

Name Antecedent part Determination ofCj

Fuzzy cost-based Fuzzy Cost-based
Fuzzy compatibility-based Fuzzy Compatibility-based
Interval cost-based Interval Cost-based

In the case of interval antecedent part, we divide an input
axis based on the fuzzy partition. An interval set is generated
based on the fuzzy partitions as in Figure 3 where the four dif-
ferent interval partitions corresponding to the fuzzy partitions
of Figure 2 are given.
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Fig. 3. Interval sets.

Once the numberL of partitions for each input attribute is
specified, the total numberN of generated if-then rules in a
fuzzy classification system is given as:

N = Ln, (4)

where n is the dimensionality of the pattern classification
problem. From Equation (4), we can see that the total number
of generated if-then rules explodes when the dimensionality
of a pattern classification problem is high. On the other hand,
if the number of partitions is specified as a small value, the
constructed fuzzy classification system does not suffer from
the huge number of generated if-then rules although the clas-
sification performance often degrades.

B. Determination of Consequent Class

The consequent classCj for the if-then ruleRj is deter-
mined from the given training patternsxp, p = 1, 2, . . . ,m.
In [10] first the sum of the compatibility is calculated for each
class. Then the class with the largest value of the sum is taken
as the consequent class of the rule. The procedure of deter-
mining the consequent class in the conventional fuzzy rule-
based classification systems in [10] is summarized in the fol-
lowing procedure:

[Compatibility-based determination of Cj ]

Step 1: CalculateβClass h(j) for Classh as

βClass h(j) =
∑

xp∈Class h

µj(xp), (5)

where

µj(xp) = µj1(xp1) · . . . · µjn(xpn), (6)

µjn(·) is the membership function of the fuzzy set
Ajn.

Step 2: Find Classĥ that has the maximum value of
βClass h(j):

βClass ĥ(j) = max
1≤k≤C

{βClass k(j)}. (7)

Since the above procedure does not consider misclassifi-
cation cost, we propose a cost-based determination method
where the consequent class of a fuzzy if-then rule is deter-
mined from its compatible training patterns. Let us define the
number of compatible training patterns from Classk with the
fuzzy ruleRj asnk

j . A patternx = (x1, x2, . . . , xn) is com-
patible with ruleRj if the following condition holds:

µj1(x1) · µj2(x2) · . . . · µjn(xn) > 0, (8)

where µj1(·), µj2(·), . . . , µjn(·) are the membership func-
tions of antecedent fuzzy setsAj1, Aj2, . . . , Ajn of Rj . The
consequent class ofRj is determined as the class with the
maximum misclassification cost among thenk

j training pat-
terns. We use a multiplication operator to calculate the com-
patibility of ann-dimensional pattern with a fuzzy if-then rule
in this paper.

Cost-based class determination hence proceeds as follows:

[Cost-based determination ofCj ]
Step 1: Calculatenk

j for Classk, k = 1, 2, . . . , C.
Step 2: Calculate the misclassification costCostkj for Classk

by Rj as
Costkj = nk

j × ck, (9)

whereck is the cost of misclassifying a pattern from
Classk.

Step 3: Find Clasŝh that has the maximum value ofcostkj :

Costĥj = max
1≤k≤C

Costkj . (10)

C. Calculation of the Grade of Certainty

The grade of certainty can be viewed as a rule weight. Thus
if a rule has a high grade of certainty, it can be used for clas-
sification even if it has only a low compatibility grade with



an input pattern. The procedure of calculating the grade of
certainty is the same as the one proposed in [10]:

CFj =
βClass ĥ(j)− β̄∑

h

βClass h(j)
, (11)

where

β̄ =

∑

h6=ĥ

βClass h(j)

C − 1
. (12)

TABLE II : Data sets used in experiments.

Number of training patterns
Data set Attributes Class 1 Class 2

Appendix 7 21 85
Haberman 3 225 81
Wisconsin 9 444 239

Note that the grade of certainty cannot be calculated when
there are multiple classes that have the maximal value ofβ in
Equation (7) or the maximal cost in Equation (10) depending
on whether compatibility-based or cost-based determination
of the consequent class is employed. In these cases the rule
is not generated as the consequent classCj cannot be deter-
mined uniquely.

In the case of interval antecedent sets (i.e. interval cost-
based classification systems), the same values of the grade of
certainty as the fuzzy version are used.

TABLE III : Specification of misclassification cost.

Misclassification cost
Data set Class 1 Class 2

Appendix 4.05 0.25
Haberman 0.36 2.78
Wisconsin 0.54 1.86

D. Fuzzy Inference for Classification

Using the rule generation procedure in the last subsection,
we can generateN fuzzy if-then rules as in Equation (??).
After both the consequent classCj and the grade of cer-
tainty CFj are determined for all rules, a new patternx =
(x1, . . . , xn) is classified by the following procedure:
Step 1: CalculateαClass h(x) for Classh, j = 1, . . . , C, as

αClass h(x) = max{µj(x) · CFj |Cj = h}. (13)

Step 2: Find Classh′ that has the maximum value of
αClass h(x):

αClass h′(x) = max
1≤k≤C

{αClass k(x)}. (14)

If two or more classes take the maximal value, then the clas-
sification of x is rejected (i.e.x is left as an unclassifiable
pattern), otherwisex is assigned to Classh′.

IV. COMPUTATIONAL EXPERIMENTS

A. Data Sets

For evaluating the different classifiers we use three real-
world data sets: Appendix, Haberman, and Wisconsin breast
cancer. The appendix data set was used in [15] to examine the
performance of various pattern classification methods. The
Wisconsin breast cancer and the Haberman data sets are avail-
able from UCI machine learning repository. All the three data
sets are two-class pattern classification problems, Table II pro-
vides some details.

TABLE IV : Classification rates on training data for Appendix data set(%).

L Fuzzy compat. Fuzzy cost Interval cost
2 86.79 84.91 74.53
3 89.62 88.68 63.21
4 92.45 87.74 74.53
5 95.28 90.57 74.53

TABLE V : Misclassification costs on training data for Appendix data set.

L Fuzzy compat. Fuzzy cost Interval cost
2 11.18 9.43 5.4
3 7.24 6.37 8.0
4 7.06 6.43 2.6
5 5.00 8.12 9.2

TABLE VI : Classification rates on training data for Haberman data set(%).

L Fuzzy compat. Fuzzy cost Interval cost
2 73.86 26.47 26.80
3 74.18 30.07 30.07
4 77.12 42.81 35.29
5 78.76 47.39 40.20

B. Specification of Misclassification Cost

Since misclassification cost for training patterns is not pre-
specified in the original data sets, we assign a misclassification
cost to each training pattern in order to generate a synthetic sit-
uation where misclassification costs are given a priori. We as-
sume that the misclassifcation cost depends on the class from
which a misclassified pattern comes. It is also assumed that
the misclassification cost is determined based on the class dis-
tribution and determined the costck of an input pattern from
Classk as:

ck =
m−Nk

Nk
=

m

Nk
− 1, (15)

whereNk is the number of training patterns from Classk and
m is the total number of given training patterns. It is hence as-
sumed that misclassification cost is high for rare classes with
a small number of training patterns, a situation that is typi-
cal in medical diagnosis (for example, the number of patients
with malignant cancer is usually much smaller than that with
benign cancer).



We show misclassification costs for each data set in Ta-
ble III. For example, if an input pattern from Class 1 is mis-
classified as Class 2 for the Appendix data set, its misclassifi-
cation cost is 4.05.

C. Performance on Training Data

We applied the three classification systems to the three data
sets. First, we examined the performance on training data.
That is, the performance is measured on the whole data set
that is used to generate the classification systems. We exam-
ined the performance with different numbers of fuzzy/interval
partitions,L = 2, 3, 4, and 5. The results are given in Ta-
bles IV to IX.

TABLE VII : Misclassification costs on training data for Haberman data set.

L Fuzzy compat. Fuzzy cost Interval cost
2 222.22 88.25 80.64
3 214.61 108.47 79.46
4 198.61 77.51 78.53
5 170.88 89.39 82.8

TABLE VIII : Classification rates on training data for Breast cancer data

set(%).

L Fuzzy compat. Fuzzy cost Interval cost
2 95.90 97.36 95.31
3 98.24 98.24 97.95
4 100 99.27 98.54
5 100 100 100

TABLE IX : Misclassification costs on training data for Breast cancer data

set.

L Fuzzy compat. Fuzzy cost Interval cost
2 23.74 13.03 15.66
3 7.74 8.45 9.03
4 0 3.58 4.32
5 0 0 0

From these tables, we can see that the misclassification
costs of the cost-based fuzzy classification systems are lower
than that by the fuzzy compatibility-based one for all the three
data sets. On the other hand, the classification rates by the
fuzzy compatibility-based classification systems are higher
than that by the fuzzy cost-based ones which implies the fol-
lowing: The cost-based fuzzy classification systems focuses
on the correct classification of those patterns with a high mis-
classification cost and put less emphasis on patterns with a low
misclassification cost.

We can also see that the classification rate of interval cost-
based systems is similar to that of the fuzzy cost-based sys-
tems. The major difference is that the performance of fuzzy
cost-based system improves as the number of fuzzy partitions
increases while this is not the case for interval cost-based sys-
tems. This is because fuzzy classification systems can achieve

flexible classification boundaries with a large number of fuzzy
partitions for each input attribute.

Since the results shown in Tables IV to IX were obtained
by classifying the whole given training data and hence cannot
be considered as the true performance indicator we will also
examine their performance on unseen data.

D. Performance on Unseen Data

Ten-fold cross-validation technique was used where a set of
given training data is divided into ten disjoint subsets and each
subset is used as unseen patterns while the other nine subsets
are used to generate a classification system. The performance
is measured by the average performance on the ten test sub-
sets. We show the experimental results in Tables X to XV.

TABLE X : Classification rates on unseen data for Appendix data set(%).

L Fuzzy compat. Fuzzy cost Interval cost
2 87.00 82.27 65.27
3 86.91 85.09 61.37
4 86.00 78.55 66.09
5 82.37 72.82 60.27

TABLE XI : Misclassification costs on unseen data for Appendix data set.

L Fuzzy compat. Fuzzy cost Interval cost
2 1.12 1.06 0.69
3 0.84 0.85 1.00
4 1.03 1.08 0.88
5 0.96 1.40 1.48

TABLE XII : Classification rates on unseen data for Haberman data set(%).

L Fuzzy compat. Fuzzy cost Interval cost
2 73.21 24.18 26.14
3 72.20 31.02 28.74
4 71.87 40.79 33.69
5 71.23 44.45 35.97

TABLE XIII : Misclassification costs on unseen data for Haberman data set.

L Fuzzy compat. Fuzzy cost Interval cost
2 22.78 10.08 8.40
3 22.66 11.75 9.34
4 21.75 11.00 10.02
5 21.34 12.57 12.01

From these tables, we can see that the misclassification
costs by the fuzzy/interval cost-based classification systems
are lower than that by the fuzzy compatibility-based ones for
the Haberman data set. For the other two data sets, the mis-
classification costs by the fuzzy/interval cost-based classifi-
cation systems is low when the number of fuzzy partitions
L for each axis is small such as in the cases ofL = 2 and
L = 3. This shows that the performance of the fuzzy clas-
sification systems depends on the number of fuzzy partitions.



TABLE XIV : Classification rates on unseen data for Breast cancer data set

(%).

L Fuzzy compat. Fuzzy cost Interval cost
2 95.32 96.50 94.01
3 96.34 89.47 88.73
4 90.50 77.62 76.74
5 81.71 66.34 66.34

TABLE XV : Misclassification costs on unseen data for Breast cancer data

set.

L Fuzzy compat. Fuzzy cost Interval cost
2 2.77 1.69 2.12
3 1.72 6.14 6.21
4 5.37 13.81 13.99
5 11.08 21.09 21.09

Although the fuzzy compatibility-based classification systems
perform well when the number of fuzzy partitions is large,
they suffer from the curse of dimensionality in terms of the
number of generated fuzzy if-then rules. For example, when
a fuzzy classification system is applied to a ten-dimensional
pattern classification problem with the number of fuzzy par-
titions L = 5, the total number of generated fuzzy if-then
rules is510 = 9765625. On the other hand, the total number
of fuzzy if-then rules is only210 = 1024 when the number
of fuzzy partitions for each axis is two. Thus, there exists a
tradeoff between the performance and the compactness of the
rule-based classification systems.

V. CONCLUSIONS

In this paper we examined the performance of various clas-
sification systems for pattern classification problems. The as-
sumption in this paper is that a misclassification cost is as-
signed to each training pattern. The task of the classification
systems is then to minimize the total misclassification cost
rather than to maximize the classification rates.

We considered three classification systems. Two classi-
fiers are based on fuzzy if-then rules while the third is based
on interval if-then rules. Interval partitions are generated
from fuzzy partitions by separating the input attributes on the
crossing points of the triangular membership functions. We
also considered two determination methods of the consequent
classes: cost-based and compatibility-based determination. In
cost-based determination the consequent class of a rule is de-
termined as the class with the largest misclassification cost.
The dominating class in terms of the sum of compatibility is
determined as the class of a rule in the compatibility-based
determination.

In a series of computer simulations we examined the perfor-
mance of the three classification systems for three real-world
data sets. The experimental results showed that the perfor-
mance of the fuzzy/interval cost-based systems is better than
that of fuzzy compatibility-based ones.

In future works we will derive a more detailed analysis of
the performance of the classification systems. For example,

the sensitivity of the performance of the classification systems
against the cost specification should be investigated. Improve-
ment of the performance will also addressed in near future re-
search.
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Abstract 
An alternative to the traditional random method of 
generating the initial population of genetic 
algorithms is introduced.  The orthogonal arrays of 
the Taguchi method are used to create a population 
of chromosomes.  The performance of these 
populations is compared empirically with 
populations created in the conventional random way.  
Just one test function is consider here which 
adequately illustrates the strengths and weaknesses 
of the new techniques The addition of Gaussian 
noise to the new initialization routine is shown to 
further improve the results.  
 

1. Introduction. 
Genetic algorithms (GA)[Goldberg 1989] have 
proven to be a robust heuristic optimization 
technique based on natural selection[Holland 1975 
,Dawkins 1987]. In common with all heuristic 
methods, GAs cannot guarantee to locate the global 
optimum in any problem space in a reasonable time. 

All search techniques[Rich & Knight 1991, M.Lee 
1989], GAs included, are very demanding on 
computer resources in all but the most trivial of 
problems[Goldberg 1989, Holland 1975, Rich & 
Knight 1991] which can prohibit their use in 
applications where the resources of hardware and/or 
time are unavailable. In parallel with seeking the 
global optimum there exists the need to minimise the 
computer resources necessary to complete an 
optimization task in an acceptable time scale[Buckly 
et al 1997]. 
The two desires are at odds with one another. To 
increase the probability of finding the global 
optimum using a GA, all that need be done is to 
increase the size of the population, which will 
broaden the coverage of the problem space. 
However, any increase in the size of the population 
will mean extra demand for the resources of the 
computer i.e. the power of the processor, time and/or 
memory.   
 
It follows that if the population of a genetic 
algorithm can be kept small then it is possible to 
reduce the computer resources used. This approach 
brings other problems; a small population may 

encapsulate too little information for the search to 
progress without premature convergence.  Creating 
the initial population of a GA in the traditional 
random manner can in itself accelerate premature 
convergence if that population is small. The problem 
is clustering. 
 
The method described in this paper shows that 
creating the initial population in a structured way 
can, in some instances, aid a genetic algorithm to 
converge more effectively to an optimum. In this 
paper the method of creating initial populations with 
orthogonal arrays will be described.   The features of 
this technique and the results obtained will be shown 
in detail for the first Dejong problem (a three 
dimensional parabola).  A summary of results for the 
other Dejong functions is also included. 
 

2 Clustering 
To demonstrate the clustering problem, consider a 
simple 2-dimensional space this is divided into 25 
equal sub-areas. 25 pairs of random numbers are 
generated which create co-ordinates, the sub-area 
where the position which a pair of co-ordinates 
represents gives a count of +1 to that area.   Figure 1, 
shows such an experiment; it is clear that the 
distribution of co-ordinates is not even. Some sub-
areas are ‘hit’ more than once while many sub-areas 
are not hit at all. If this where a genetic algorithm 
and the random co-ordinates where used to create 
chromosomes, the population would leave large 
regions of the problem space unrepresented in the 
initial population.  If the desired optimum is in one 
of these areas the GA will have difficulty finding it.  
 

0 2 0 0 0 
0 2 0 2 0 
2 1 2 0 0 
2 1 1 4 1 
0 1 0 2 2 

Figure 1, Demonstration of Clustering 
 
The technique introduced in this paper uses the 
orthogonal arrays of Taguchi method to create the 
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initial population of a GA in an attempt to 
circumvent the clustering problem. 
3. Taguchi Method and Orthogonal Arrays. 
The ‘Taguchi method’ [Roy 1990] was developed 
after the second world war as a means of 
streamlining the experimental process and to 
increase the quality of manufactured products. 
The orthogonal arrays are the portion of Taguchi 
method pertinent to this paper. The origin of the 
arrays is the use of 'Latin squares orthogonal arrays' 
for experimental design [Roy 1990]. 
 

In the Taguchi method the orthogonal arrays are 
used to select the parameters for a series of 
experiments in such a way that the ranges of each 
variable and combination of variables are well 
represented.   In this way maximum information can 
be drawn from the experimental process with a 
minimum of effort.  The technique developed in this 
paper treats the process of creating an initial 
population for a genetic algorithm as if a series of 
experiments were being planned. 
 

An orthogonal array has three important features:- 
1. Factors- The variables or parameters in an 

experiment. 
2. Levels- The values assigned to a factor.  A factor 

will have 2 or more levels in an array. 
3. Trials- A combination of factors instantiated with 

levels to perform a single experiment. 
 

There are many different orthogonal arrays [ASI] 
with varying numbers of trials, factors and levels.  
However each array has the property of 
‘Orthogonality’.  This property is said to exist when 
any pair of factors has each possible combination of 
levels equally represented.  It is the orthogonal 
nature of the arrays which is exploited in this method 
by supplying the initial population with a structured 
coverage of the problem space. 
 
4. Initializing a Genetic algorithm Using 
Orthogonal Arrays. 
4.1 Creating Chromosomes Using Orthogonal 
Arrays.  
 

To create the initial population of a GA an 
orthogonal array, designated  (figure 2), with the 
ability to vary up to six factors each at five levels has 
been used throughout the experiments reported in 
this paper. The population size of 25 is at the higher 
end of what is deemed to be a small population 
[Reeves 1995] (<30).  The orthogonal property of 
the array gives coverage of the two dimensions space 
considered in section 2 as shown in figure 3.  
Comparing figure 3 with figure 1 it can be seen that 
all the 25 sub-areas are now represented.   

L25

 
It should be noted that figure 3 is a projection of the 
geometric positions of the chromosomes in the 
problem space onto any two dimensions.  The grid-
like appearance of the distribution of the 
chromosomes disappears when more dimensions are 

considered. Regardless of the number of dimensions 
the number of chromosomes is constant. 
 

1 1 1 1 1 1 1 
2 1 2 2 2 2 2 
3 1 3 3 3 3 3 
4 1 4 4 4 4 4 
5 1 5 5 5 5 5 
6 2 1 2 3 4 5 
7 2 2 3 4 5 1 
8 2 3 4 5 1 2 
9 2 4 5 1 2 3 

10 2 5 1 2 3 4 
11 3 1 3 5 2 4 
12 3 2 4 1 3 5 
13 3 3 5 2 4 1 
14 3 4 1 3 5 2 
15 3 5 2 4 1 3 
16 4 1 4 2 5 3 
17 4 2 5 3 1 4 
18 4 3 1 4 2 5 
19 4 4 2 5 3 1 
20 4 5 3 1 4 2 
21 5 1 5 4 3 2 
22 5 2 1 5 4 3 
23 5 3 2 1 5 4 
24 5 4 3 2 1 5 
25 5 5 4 3 2 1 

Factors (dimensions)Trials

1 2 3 4 5 6(chromosomes)

 
 Figure 2, the L  array 25

 
 

To make a population of chromosomes, the ‘factors’ 
of the orthogonal array should be considered as the 
dimensions of the problem space.  The trials then 
become the individual chromosomes of the 
population.   

 
 

 

1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 

Figure 3, 2 Dimensional Problem Space Instantiated 
Using the Orthogonal Array Technique.  

 
 

To illustrate the construction of a chromosome, 
consider any 2-dimensional problem space, where 
both dimensions have the range ±5.12.  As an 
example the ninth chromosome in the population 
will be constructed using the first two factor columns 
of L25 (the choice of these two columns is arbitrary, 
any different pair will do). The chosen  levels give 
an even spread across for a given dimension, they 
are as follows:-    
 

Level 1 = +3.40, Level 2 = +1.70, level 3 = 0.00, 
Level 4 = -1.70 and level 5 = - 3.40. 
 

From the L25 array the two parameters for 
chromosome 9, for dimension 1 becomes, 1.70 (level 
2) and for dimension 2; -1.70 (level 4). These values 
would then be encoded. 
 

4.2 The Demonstration Experiments. 
4.2.1 The Fitness Function. 
 



To illustrate the effects of employing the orthogonal 
array technique the results of a simple set of 
experiments will be discussed here. Important to the 
discussion is the choice of problem space. The first 
Dejong equation[Dejong 1975] is a three 
dimensional parabola as described by equation 1, 
with each dimension in the range ±5.12. 
 

            ……… equation (1) 
 
 
From equation 1, equation 2 has been developed as a 
fitness function.  A 2 dimensional version of the 
problem space created by equation 2 can be seen in 
figure 4.  
 
 

 .…….. equation(2) 
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Figure 4, “dimensional version of equation 2 

 

This problem space is simple, uni-modal with steep 
slopes leading to the global-optimum.  These 
properties make an ideal toy problem with which to 
gauge the performance of a GA initialised with an 
orthogonal array except for 1 more problem. The 
very position of the global optimum may well favour 
the levels chosen for use in creating the 
chromosomes.  As the position of the global 
optimum is at (0,0,0), if the value 0 is chosen for one 
of the levels it can be seen that that initial population 
will easily be able to converge of the global optimum 
as all its components are already present. So the 
experiments use a further modification to the fitness 
function as seen in equation 3. 
 

………… equation 3 
 
The additional factor ‘∆’ allows the position of the 
global optimum to move between experiments. In the 
experiments reported here ∆ is adjusted such that 

global optimum is moved from (-5,-5,-5) to (5,5,5) in 
increments of 0.1. 
   
4. 2. 2 Common experimental parameters. 
The experiments have been deliberately kept simple; 
the crossover rate was set to 1 and mutation rate to 
0.005 throughout the experiments.  The roulette 
wheel fitness proportional selection method has been 
used constantly.  The population was consistently 25, 
dictated by the L25 array.  Each experiment used one 
population generated using the Taguchi array and 
another produced in the traditional random manner 
as a bench mark.  All experiments were run 60 times 
and the results aggregated and averaged.  All the 
genetic algorithms ran for 130 generations. 
 
4.2.3 Performance Measure. 
A measure used throughout the experiment is the 
‘plateau value’.  When a single GA is run and 
convergence is achieved the fitness value of 
convergence is determined by a straight line through 
a set of points. 
 

4. 2.4 Experimental Results. 

The graph in figure 5 shows the results of the 
experiments described above with traditional binary 
encoded chromosomes.  The ‘Y’-axis of the graph 
shows the plateau value of the maximum fitness 
while the ‘X’-axis shows the ‘∆’ factor used.  This 
means that a point on either of the lines of the graph 
represents the maximum fitness found when a GA 
was run with the global optimum at (-∆,-∆,-∆).  The 
two lines represent the performance of the Taguchi 
& random initialised populations.  It is clear that the 
Taguchi population has areas of good performance 
and areas of very bad performance. However of all 
the genetic algorithm runs the Taguchi population 
produced a better result 55% of the time but those 
good results are very dependent on the position of 
the global optimum and the levels used.   
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Figure 5, the result for binary encoding. 

 

The results depicted in figure 6 are for the same 
experiment save that the GA has used floating point 
encoding; here the range of results is somewhat less 
dramatic but the peaks and troughs are still there.  



For floating-point encoding the Taguchi populations 
performed better than the random 70% of the time. 
 
 
4.2.5 Building Block Starvation & Noise.  
The method of creating the initial population using 
orthogonal arrays is at odds with schemata theory 
Goldberg, 1989, Holland 1975, Neubauer 1997].  
The initial Taguchi population is distributed in a 
manner that considers the geometry of the problem 
space.  In fact the worst performances of the Taguchi 
populations tend to occur when the global optimum 
is at large Euclidean distance from the co-ordinates 
of the nearest chromosome in the population.  
 

 
Figure 6, the result for floating-point encoding 

 
However, no consideration has been given to the 
building blocks necessary for constructing a large 
variety of novel chromosomes.  In an initial 
population created with the orthogonal array method 
each parameter will only be supplied with five 
different values with which to start the search.  An 
initial random population with 25 chromosomes can 
reasonably expect 25 different values for the same 
parameter.  To increase the number of distinct values 
and preserve most of the geometric distribution of 
the Taguchi arrays, experiments have been 
performed with Gaussian noise added to each value 
before it is instantiated into the orthogonal array.   
The range of the noise used was ± 1.50.  With this 
modified arrangement with binary encoding the 
Taguchi initialised population out performed the 
random 61% of the time. When float-point encoding 
is used the Taguchi initialised population out 
performed the random 76% of the time. This is an 
increase in relative performance when compared to 
the results where Gaussian noise is not used. 
 
5 Discussion 
This paper has introduced and reported the results of 
experiments of a new initialisation technique for 
genetic algorithms.  The results show a large degree 
of success for the new technique but by no means are 
they an unqualified success. Why does the structured 
approach not work under all circumstances for 
binary encoded chromosomes?  It has clearly been 

shown that random generation does indeed result in 
clusters of chromosomes in some points of the 
problem space and that the space is more evenly 
covered using the structured orthogonal array 
method.  However, consider the case of a experiment 
where the global optimum is not close to a point 
where its co-ordinates can be easily constructed by 
the values used by the orthogonal array. The 
orthogonal array population guarantees that there are 
no chromosomes close to the optimum.  However a 
randomly generated population has a probability that 
one or more are close to the optimum or contain the 
building blocks to build a good chromosome through 
crossover. The question is “Can initialisation with 
orthogonal arrays be recommended as a replacement 
for traditional random initialisation?”  The answer 
has to be no.  However it can be a useful 
supplementary way to investigate a problem space 
with a genetic algorithm. That is to say, when the 
opportunity exists to use both types of initialisation, 
use orthogonal initialisation for some runs of the 
algorithm and traditional random initialisation for 
others and pick the best result. The results for 
floating-point encoded genetic algorithms are much 
more encouraging.  As with the binary encoded 
genetic algorithms the better performance comes 
when the levels instantiated into the orthogonal array 
are close to the co-ordinates of an optimum in the 
problem space.  However the performance of the 
algorithm does not degrade to the same extreme as it 
does for binary encoded genetic algorithms, making 
the orthogonal array initialisation routine far more 
reliable.   It must also be noted that the difference of 
performance is not so marked between the standard 
genetic algorithm as it is for those initialising with 
orthogonal arrays, making this method a more 
reliable means for floating-point algorithms and a 
possible substitute for random initialisation. 
 
6 Further Work. 
The results of the experiments reported here have 
inspired techniques.  The new techniques exploit the 
observation that if the chromosomes created by 
orthogonal arrays are near the global optimum they 
perform well. This has lead to a new reproduction 
operator [Lee & Rowlands 1998], intelligent 
mutation operator[Lee & Rowlands 2000] and a new 
(non genetic) search algorithm based solely on the 
iterative use of orthogonal arrays[Lee 2003]. 
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ABSTRACT 

Presented here is a discussion of the computer age based 
CTSP and TSP measures for multivariate correlation.  
Three examples are reviewed and the multivariate big R
(which currently dominates correlation analysis) will be 
compared with a  CTSP or TSP analysis in each case.  
CTSP is effective in initial screening of large data sets. 

The data featured here consist of a four variable linear 
relationship, a five variable “ellipsoid” relationship and 
lastly a seven variable “elliptic paraboloid.” 

INTRODUCTION

The classic traveling salesman problem (TSP) of finding 
the shortest route to connect n points in a closed loop 
tour can be solved (or at least approximated) for fairly 
large n using the simulation based multi stage Monte 
Carlo optimization (MSMCO) with a desktop PC.  (See 
(Conley 1991) and (Conley 2000) for examples.)  Notice 
that (Conley 2000) makes the jump from the usual two 
dimensional (or occasionally three dimensional) TSPs to 
six dimensional “shortest route” problems.  Typically 
these problems are applied in operations research to 
reduce transportation costs and improve customer 
satisfaction. 

However, the TSP approach with MSMCO can be 
applied to connecting data points in a “shortest route” to 
discover relationships between the variables that gave 
rise to the data.  Let us look at three examples to see if 
our 21st century PCs can help us with some data 
analysis.

THE MSMCO TSP SIMULATION ALGORITHM 

Multi stage Monte Carlo optimization (MSMCO) is a 
general purpose simulation based optimization technique 
for linear and nonlinear problems.  It makes repeated 
“random” searches in an ever narrowing and 
repositioning search area (starting with the whole 
feasible solution space initially) which is continually 
recentered about the best answer obtained so far as the 

simulation proceeds.  This MSMCO approach in a sense 
has a look around the feasible solution space and then 
just heads in the direction that the best answers are 
coming from and then closes in on and finds the exact 
solution or a near approximation. 

It has been further adapted for the mathematically 
difficult traveling salesman problem (TSP) of finding the 
shortest route to connect n points in a closed loop.  The 
coordinates of the n points are read into the MSMCO 
TSP simulation algorithm.  Then the distances from each 
point to each other point are calculated and stored in an 
array.  Then this array is column ranked from smallest to 
largest.  Therefore, as an example, the first entry in 
column i (representing the ith point of the 1, 2, 3,…n
points) would be the distance from point i to its nearest 
point.  The second point in the ith column would be the 
distance from point i to its second nearest point.  The 
third point down from the top in the ith column would 
represent the third closest point to point i and so on. 

Then the MSMCO simulation would be done on the 
subscripts of this ranked array, always closing in on and 
repositioning as better and better shortest routes are 
found (connecting the n points in a closed loop).  The 
simulation should be started about 3 or 4 subscripts 
down from the top of the array for each point for best 
results.  This initially puts the MSMCO TSP search in 
the region where the best answer will be (points that are 
not too far away from the points).  Also, an important 
feature is continually checking the arrays to see that no 
doubling back takes place (each point is used once).

Even though MSMCO TSP is a “random” simulation 
approach (Conley 1991) has shown superior results to 
competing TSP algorithms on the famous (in the 
mathematics literature) Problems number 30 and 32.  
Additionally, the MSMCO TSP algorithm is adjusted for 
four, five and seven dimensions for the four, five and 
seven variable correlation problems presented here.  
Also, the definition of correlation is being expanded to 
include the recognition of any type of pattern between 
the variables.  Once this is established perhaps additional 
study with the standard multivariate R or the new DTSP 
distribution analysis (Conley 2005), TSP statistic will 
reveal more about the variables relationship. 



A FOUR VARIABLE PROBLEM 

The following 70 lines of data were collected on four 
variables.   

Table 1:  Four Variable Data 

X1 X2 X3 X4

1 52 100 38 58
2 1 60 39 27
3 71 100 69 76
4 75 81 19 56
5 78 90 46 69
6 28 77 1 29
7 52 7 94 56
8 54 7 75 50
9 70 81 63 70
10 36 37 6 25
11 3 32 55 27
12 74 56 84 73
13 56 54 27 45
14 87 25 91 74
15 46 19 9 26
16 31 20 47 34
17 45 35 12 31
18 17 62 12 25
19 75 69 46 63
20 10 50 100 50
21 24 92 21 38
22 55 9 80 53
23 69 14 81 60
24 76 28 1 38
25 68 31 89 66
26 100 85 12 65
27 92 45 61 70
28 66 91 53 67
29 22 11 75 38
30 35 32 79 49
31 84 85 71 79
32 7 6 75 30
33 24 33 79 45
34 30 56 65 48
35 68 1 18 35
36 9 0 23 11
37 90 35 26 54
38 29 95 96 67
39 50 15 51 42
40 59 35 94 65
41 5 4 80 31
42 64 30 22 41
43 16 83 40 39
44 21 13 99 46
45 59 75 24 50
46 38 98 35 50
47 35 0 95 47
48 51 92 91 74
49 100 12 88 75
50 47 61 47 50
51 55 21 44 43
52 77 55 52 63

53 73 42 13 44
54 61 41 5 36
55 1 30 65 30
56 9 48 99 49
57 95 20 96 78
58 33 100 96 70
59 94 63 51 71
60 48 50 72 56
61 67 56 39 54
62 100 33 16 55
63 13 95 34 39
64 65 88 49 64
65 76 96 98 88
66 74 97 18 59
67 43 43 79 55
68 13 26 37 24
69 83 28 43 56
70 53 75 74 65

The MSMCO approach (repeated ever more focused and 
narrowed simulation based solution attempts) is used to 
find a shortest route in four dimensional space for the 
data.  This value is A=1516.947 (using the four 
dimensional generalization of the Pythagoreon Theorem 
for a distance measure).  Then shortest routes were 
similarly found for four random sets of 70 four 
dimensional points in the same ranges as the original 
data (1-100 for X1, 0-100 for X2, 1-100 for X3 and 11-88 
for X4).

These shortest routes were 2025.959, 2022.519, 
1982.501 and 2058.072.  We let CTSP=A/(median of 
the random shortest routes) or in this case 
CTSP=1516.947/((2025.959+2022.519)/2)=.7494. 

The 4x3=12 ratios (CTSP’s for the random data) are all 
in the range .9633 to 1.038 (example 
1982.501/2058.072=.9633).  Therefore, our 
CTSP=.7494 is statistically significantly less than this 
range where most of these ratios would be under the null 
hypothesis of no correlation between the four variables 
under consideration.  Therefore, the null hypothesis can 
be rejected and the alternative hypothesis that the 
variables are correlated is accepted. 

A calculation of the standard multivariate big R for this 
data also confirms a relationship (R=.999 in this case).  
It turns out that the relationship is linear and  Equation 
(1) fits the data fairly well. 

Y=X4=.42X1+.23X2+.35X3                   (1) 

A FIVE VARIABLE PROBLEM 

The following 109 lines of data were collected on five 
variables.   



Table 2:  Five Variable Data 

Point number X1 X2 X3 X4 X5

1 74 70 75 26 67
2 37 27 35 69 84
3 88 68 38 37 70
4 83 65 68 27 68
5 30 20 56 52 83
6 52 50 41 3 64
7 66 36 43 39 93
8 40 52 49 40 98
9 49 82 47 69 82
10 41 35 55 7 68
11 36 23 23 37 75
12 73 12 42 39 66
13 75 35 60 43 89
14 42 18 49 22 74
15 31 53 33 37 91
16 24 46 57 34 89
17 43 60 78 34 86
18 56 25 63 52 90
19 35 73 47 45 93
20 49 82 48 71 81
21 51 54 73 56 94
22 36 56 6 61 64
23 35 64 66 23 83
24 9 40 48 33 71
25 80 38 36 77 73
26 22 59 50 80 77
27 39 34 64 74 87
28 65 31 17 33 73
29 44 8 71 37 51
30 82 77 36 46 72
31 24 62 49 51 91
32 59 50 82 45 87
33 69 78 57 57 85
34 60 77 24 77 65
35 62 38 85 64 78
36 30 51 37 75 86
37 41 38 67 59 94
38 51 56 89 26 69
39 50 50 65 41 97
40 42 36 40 22 87
41 34 43 54 41 96
42 49 85 67 61 78
43 45 55 26 80 81
44 30 43 89 46 73
45 19 53 39 66 84
46 53 36 59 25 90
47 72 85 67 56 70
48 12 57 23 40 63
49 22 45 72 20 67
50 60 13 58 22 61
51 85 52 72 66 73
52 22 74 33 57 78
53 33 57 48 84 82
54 54 41 72 67 90
55 47 37 12 50 79
56 39 88 69 40 30
57 65 60 80 79 44

58 81 25 51 78 40
59 78 23 63 65 26
60 43 18 42 81 31
61 30 74 65 37 17
62 43 60 79 36 14
63 29 55 66 9 40
64 37 47 58 25 10
65 65 54 49 20 13
66 88 73 66 55 35
67 56 58 55 14 17
68 54 18 41 84 37
69 81 43 56 50 12
70 50 63 29 22 17
71 55 78 73 52 17
72 52 52 47 28 5
73 57 46 76 44 9
74 84 81 43 52 33
75 23 80 61 67 30
76 78 68 21 39 30
77 66 18 39 71 25
78 54 33 30 89 34
79 27 13 49 69 37
80 34 64 73 75 20
81 68 79 76 54 25
82 82 57 29 74 30
83 46 75 33 45 11
84 79 56 45 74 18
85 45 44 70 24 13
86 42 21 64 86 42
87 36 31 69 28 17
88 16 50 50 62 15
89 40 51 45 20 12
90 71 39 16 60 24
91 60 64 51 44 4
92 52 76 85 41 28
93 66 53 40 78 13
94 51 71 74 12 46
95 40 85 48 46 17
96 16 70 65 75 41
97 53 54 58 70 5
98 64 48 24 24 19
99 96 51 66 45 40
100 51 89 70 42 29
101 51 67 48 4 41
102 72 10 40 44 36
103 92 45 75 44 43
104 22 80 74 37 45
105 34 66 91 53 33
106 77 52 38 75 18
107 56 27 80 22 35
108 64 88 50 33 28
109 52 73 71 83 30

Again, the MSMCO TSP algorithm (modified for five 
dimensions) was used and produced a shortest route 
(connecting the data in a closed loop) of A=2818.906.  
(This used less than one minute of computer time on a 
2003 model PC.) 



Then shortest routes were similarly found for four 
random sets of 109 five dimensional points in the same 
ranges as the data under consideration (9-96 for X1, 12-
89 for X2, 6-91 for X3, 3-89 for X4 and 4-98 for X5).  
These shortest routes were 3505.722, 3591.132, 
3557.813 and 3593.164.  We use the median of these for 
B in our CTSP=A/B.  This gives us 
CTSP=2818.906/((3591.132+3557.813)/2)=.7886. 

The 4x3=12 ratios (CTSP’s for the random data) are all 
in the range .9757 to 1.025.  Therefore, CTSP=.7886 is 
statistically significant and the null hypothesis of no 
correlation can be rejected.  The idea here is that points 
that are closer together (than random points in the same 
ranges) are related in some fashion.  Note that this is a 
more general view of correlation that looks for any 
relationship. 

The big R did not do so well on this problem yielding a 
value of R=.233 for our data.  Therefore, perhaps the 
relationship is not linear. 

It turns out that Equation (2) fits the data well.  This is 
an “ellipsoid” (rugby ball shape) generalized to five 
dimensions. 
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A POLLUTION REDUCTION MODEL 

A power plant has come under government pressure to 
reduce its emissions of a certain chemical compound.  
Its environmental and chemical engineers have tried 
extensive experiments over 80 days of adding varying 
amounts (in kilograms) of six chemicals that should 
reduce the emissions of the troublesome compound. 

The data is given below with X1 through X6 being the 
varying amounts (in kilograms) of the six abatement 
chemicals and Y=X7 is the percentage amount of the 
dangerous compound still going into the atmosphere 
each day when compared with current daily 
unacceptable 100%.  Therefore, if Y=X7=33, for 
example, the polluting chemical compound daily 
emission is about one third of its previous value.  A 
value of Y=X7=0 would indicate complete success in 
removing the pollutant.   

Table 3:  Seven Variable Data 

X1 X2 X3 X4 X5 X6 X7

1 100 80 94 50 86 66 46
2 67 41 63 4 84 52 25
3 83 43 32 17 21 75 27
4 65 7 83 16 86 52 38
5 100 66 100 9 88 26 60
6 39 85 55 89 40 64 21

7 99 43 100 24 55 5 51
8 15 51 63 24 97 54 29
9 72 67 69 19 23 69 21
10 81 1 14 73 98 32 52
11 93 33 97 69 67 96 47
12 91 8 72 41 16 36 36
13 10 22 40 43 2 40 33
14 17 9 5 56 74 46 36
15 70 64 68 40 51 46 7
16 80 95 63 46 21 27 30
17 74 21 87 17 54 68 28
18 59 21 17 16 51 52 21
19 3 95 17 87 47 23 50
20 75 80 13 87 89 66 40
21 27 23 99 73 69 71 33
22 50 1 86 80 21 41 37
23 30 54 53 43 96 82 24
24 42 81 100 84 21 100 54
25 78 61 85 61 27 26 22
26 90 54 36 46 55 24 17
27 80 82 91 16 5 100 62
28 7 83 10 49 100 51 47
29 95 99 52 50 41 2 45
30 34 69 0 12 64 67 34
31 29 60 98 45 18 10 37
32 47 17 99 16 48 37 32
33 83 83 62 48 46 48 16
34 81 26 61 24 16 88 33
35 2 83 58 20 17 26 40
36 93 5 34 51 100 46 44
37 54 90 48 0 100 65 46
38 52 36 64 58 86 96 26
39 13 25 29 49 32 64 20
40 82 80 59 55 6 62 27
41 86 73 88 78 99 97 58
42 2 66 55 51 19 75 28
43 49 93 11 66 83 13 41
44 51 53 68 39 38 91 15
45 60 40 9 11 87 100 49
46 69 10 72 27 34 68 24
47 91 62 80 22 44 61 24
48 87 90 74 56 89 27 38
49 95 62 41 0 47 71 35
50 95 47 60 42 25 82 26
51 27 58 100 77 84 18 40
52 30 43 93 63 61 9 29
53 100 17 37 64 52 50 26
54 1 56 12 90 7 74 53
55 11 50 98 32 44 77 33
56 7 95 78 34 26 59 37
57 100 19 38 55 89 41 35
58 61 28 43 2 45 38 21
59 38 70 79 48 100 76 30
60 10 20 27 86 57 94 42
61 92 88 13 21 1 32 54
62 48 34 92 31 90 50 27
63 62 16 61 9 34 14 31
64 9 61 73 100 48 18 39
65 92 10 67 100 20 20 53
66 6 9 0 27 52 66 46



67 34 96 53 89 53 44 26
68 91 70 22 53 73 66 23
69 31 30 8 86 26 5 43
70 19 9 85 9 26 68 43
71 28 45 13 91 6 60 37
72 0 33 92 38 30 49 34
73 17 95 100 64 6 92 63
74 55 51 13 45 42 55 10
75 64 66 32 16 14 45 22
76 97 95 4 16 54 73 54
77 89 44 94 62 53 71 27
78 92 83 92 14 97 29 57
79 85 33 62 72 81 48 21
80 61 39 2 80 39 39 25

Therefore, the MSMCO TSP algorithm is adjusted for 
seven dimensions and n=80 sets of data points.  About 
one minute of PC run time reveals a shortest route of 
TSP=4094.999.  Then in the ranges of the data under 
consideration (0-100 for X1, 1-90 for X2, 1-100 for X3,
0-100 for X4, 1-100 for X5, 2-100 for X6 and 7-63 for 
X7) ten sets of n=80 random seven dimensional points 
were selected and their shortest route TSP values were 
calculated to be 4245.925, 4139.702, 4412.964, 
4256.414, 4302.403, 4269.953, 4410.044, 4415.784, 
4265.486 and 4461.941.  Notice that our TSP=4094.999 
is less than all of these.  However, because the values are 
close, we will look at the distribution of the TSPs more 
directly. 

If the hypothesis of no correlation (in our pollution 
abatement study) is correct, then it would be a fifty-fifty 
(H0: p=.5) or even chance that any of the shortest routes, 
were more or less than our data standard of 4094.999. 

However, our 4094.999 was less than all ten random 
tries; therefore, .510=.000977.  So there is less than a 
chance in one thousand of being incorrect if we reject 
the hypothesis of no correlation, and conclude that our 
six chemicals do influence the abatement of the 
dangerous chemical.   

Again, R=.218 (for our data) was not too helpful because 
of the nonlinear nature of the process.   

                         (3) 
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 Equation (3) is a pretty good fit for the data.  This is an 
“elliptical paraboloid” (cereal bowl shape) extended to 
seven dimensions. 

The problem is further complicated by the fact that the 
company’s accountants want to keep the daily cost (of 
this abatement process) under 1000 dollars a day.  The 
cost per kilogram of the six input chemicals are 3, 12, 6, 
8, 4, and 2 dollars respectively.  Also, the engineers 
know that the power generation process can not 

efficiently sustain more than 200 kilograms of these 
chemicals per day. 

Therefore, a short MSMCO program to minimize 
Equation (4). 

6
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subject to 
,0iX i=1, 2, 3, 4, 5, 6 

10002486123 654321 XXXXXX  dollars 

and 200654321 XXXXXX  kilograms 

yields 
X1=40     X2=18     X3=33
X4=29      X5=37      X6=43

With Y=13.813 percent of the harmful pollutant. 
Note that the MSMCO technique is a completely general 
optimization algorithm.  In addition to minimizing in 
this problem, maximizing a function with multi stage 
Monte Carlo optimization (if that is desired in say a 
profit equation) is also possible. 

AN EXPANDED VIEW OF CORRELATION 

One of the classic statistics books to deal with the 
multivariate correlation coefficient R (Anderson 2003) 
presents much of the subsequent analysis of R assuming 
that samples were taken from multivariate normal 
distributions.  The new TSP and CTSP correlation 
statistics do no dispute any of this classical theoretical 
analysis.  However, CTSP (correlation using the 
traveling salesman problem) is expanding the idea of 
correlation to include the detection of any pattern 
between the k variables represented by k columns of n
rows of numbers. 

Think of n points on a circle.  The shortest route 
connecting those points (approximately 3.14159 times 
the diameter) will be surely shorter than the shortest 
route connecting n random points (no pattern) in the 
same ranges.  Think of three dimensional points on a 
pyramid.  The shortest route connecting them will surely 
be less than the shortest route connecting the same 
number of random points in the same ranges. 

Shorter shortest routes indicate a “topologically” 
reduced space where the points are landing because they 
are following a pattern.  Once this is established then the 
classical multivariate R coefficient analysis could be 
pursued.  Additionally, the new DTSP multivariate 
distribution tests (Conley 2005) or the chi square 
goodness of fit tests could help to establish which 
distributions the data may have come from.  



STATISTICAL OPTIMIZATION 

Computers are being used today to carry out the 
calculations (for large data sets) for the classical 
statistics that have been developed over the last few 
hundred years.  This, of course, saves a lot of time and 
money in applications in engineering, science and 
business. 

However, the new TSP class of statistics (especially 
CTSP and DTSP for correlation and distribution 
identification) are an attempt to develop a new set of 
sophisticated and powerful multivariate statistics for 
work on the most complex statistics problems.  The 
solution technique used to carry out the TSP statistics 
calculations (when screening large data sets) has been 
multi stage Monte Carlo optimization (MSMCO).  This 
computer simulation based optimization technique (and 
others like it) are really working in a new developing 
field of statistics (made possible by computer 
simulation) that could be called statistical optimization 
which complements classical statistics.  It is using 
statistical techniques and fast desktop computers to 
quickly cross the feasible solution space of any 
multivariate optimization problem to its minimum 
(minimum cost or pollution or error, etc.) or to its 
maximum (maximum profit or yield, etc.) 

The presentation here of the CTSP multivariate 
correlation examples is really using both areas of 
statistics.  It is using the new statistical optimization 
techniques to solve difficult TSP problems with the goal 
of using those results to make decisions (classical 
statistics) about whether correlations or patterns exist 
between variables in an initial screening of large 
multivariate data sets. 

Then if it appears as though a pattern or correlation 
exists, subsets of the variables could also be tested and 
some of the classical statistical tests (R, r and least 
squares, for examples) could be used to further identify 
the complex relationships that may be present between 
the variables. 

CONCLUSION 

The challenge in statistics for hundreds of years was to 
standard normalize as many formulas and statistics as 
possible to take advantage of the power of the central 
limit theorem.  This is still important.  The fact that 
Equation (5) is approximately standard normally 
distributed (for large n) remains very useful today. 

nSXZ //)(                        (5) 

However, our computer age (and new simulation based 
optimization algorithms such as MSMCO) afford us the 
opportunity to create new statistics to try to shed light on 
the most complex multivariate relationships.  The CTSP 

and TSP correlation statistics hopefully will complement 
big R in that quest. 
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Abstract— The paper proposes the use of Petri Nets
(PN) and Business Processes Management Notation
(BPMN) formalisms for building the models of multi-
modal logistics chains. The business processes related
to logistics operations are defined and represented in
BPMN model. This model is then expressed in terms of
Petri Nets. Finally, the PN formalism is used to build a
simulation model of the entire multimodal logistics chain
of operations. Some examples of the formalisms used are
presented

I. Introduction

The problems of modelling and simulation of multi-
modal logistics chains seems to be an important issue
in modern economic and engineering considerations.
However, it is not so easy to model and then to sim-
ulate the direct link that exists between the business
processes part of the logistics chain and its representa-
tions in the simulation model. This paper is an early
attempt to employ the rigorous Business Process Mod-
elling Notation to represent the business processes and
then to translate them into the language of discrete
events modelling nad simulation i.e., Petri Nets. In
Section II we present the basics of multimodal logis-
tics chain modelling using the BPMN. In Section III
the process of translating the BPMN onto Petri nets
formalism is introduced and discussed. Finally, in Sec-
tion IV some simulation experiments with the models
introduced are described.

II. Modelling of Multimodal Logistics Chains

In each logistic problem there exist transportation
nodes, and connections among them. Particular nodes,
in classical problems, differ from each other only in val-
ues of parameters. However in more detailed analysis
such level of distinction is insufficient. Therefore the
precise description of behavior of each element type in
multimodal logistic chain is needed.

In this article will be presented a problem of multi-
modal logistic chain, where the transportation unit is a
single container. In such a situation we can distinguish
three basic types of nodes.

• Road terminal.
• Railway terminal

Fig. 1. Model of railway terminal defined in BPMN

Fig. 2. Model of seaway in BPMN

• Sea port

Within the framework of each node a single container
is processed (one container is a seed of process). Op-
erations in each terminal type are defined with the use
of BPMN [7] (example figure 1). Difference between
two terminals is defined by the parameters (for example
port of Hamburg, and Gdansk have different MPU’s).

To connect two single nodes three types of transport
facilities are used :

• Truck
• Train
• Ship

Each mean of transport is described by process in
BPMN (for example look in figure 2). A single con-
nection between two terminals can be described by one
or more processes, depending on number of phases of
transportation stage.



Fig. 3. Generic flow of the Multimodal Logistic Chain

III. Definition of model in terms of Petri

Nets

In previous Section there was presented informa-
tion about models of single elements of logistic chain.
Each of them was described with the use of BPMN.
This notation have some elements similar to Petri Net
(states/places event/transitions).

Additionally in Petri Nets there exists a mechanism
which allows dynamic building of complicated nets from
group of subnets. Such mechanism is defined in hierar-
chical Petri Nets[1],[2].

A. Hierarchical Petri Nets

Whole structure of the net can be divided into levels.
High level of the net is called a superpage, and lower
a subpage. The superpage, contains socket, and each
subpage contains ports. Each socket must be assigned
to a port with an identical color set. There is no need
to assign all ports to a socket.

There exist many types of hierarchical Petri Nets,
but the most popular are two of them:
Substitution Transitions - in this case a single transi-
tion is substituted by a subpage. That means that all
sockets and ports are described as places.
Substitution places - is similar to substitution transi-
tions but substituted is single place. In this case sockets
and ports are described as transitions.

It is also possible to join this two solutions. But in
this situation it is impossible to substitute two adjacent
elements.

So, there exists simple method of joining several nets
(subpages), using one superpage. That means, that to
build a generic simulator of multimodal logistic chain,
based on Petri Nets, we must define: generic superpage
(3), and all basic elements of the chain with their pa-
rameters. In current stage we have presented patterns
of business process of particular modes. The next stage
is to present them in terms of Petri Nets, and then join
suitable components with use of superpage.

B. Mapping BPMN diagrams into terms of PN.

It is possible to distinguish on BPMN diagrams ele-
ments characteristic to Petri Nets: states and events.
However, it is not possible to built a Petri Net in pre-
cise and unequivocal way on the grounds of BPMN dia-
grams some operations can be made automatically and
they can simplify subsequent activities. Hence, there
are two stages of mapping BPMN diagrams to Petri
Nets.

The first stage delivers a skeleton of Petri Net. All
operations which must be executed are simple and do

Fig. 4. Replacement of gates in BPMN diagram

Fig. 5. Petri Net skeleton for railway terminal

not require expert knowledge.
To create Petri Net skeleton, the following operation

must be made:

1. Create Places up to the pattern in BPMN diagram.
2. If next to state there is defined an event then: add
event to Petri Net skeleton and link it with the state.
3. All links in BPMN diagram must be replaced by
links between suitable elements of the skeleton (look in
Figure 4). If link is leading from an event then make
an assumption that the event was created in previous
step.
4. In gate XOR exists additional synchronization state,
which can appear. This additional state is linked with
an event form other fork gate XOR or another fork gate.
5. When link is leading from event to gate then there
must be added a state after the event. After that a
proper rule from the figure 4 can be used.
6. In the skeleton ther must be denoted the message
flow. It is not presented as an element of Petri Net,
but by a dashed arrow. This notation is used by an
expert in the next stage of creating Petri Net.

As a result of the presented operations the skeleton of
Petri Net is received . It will be used in the next stage
of generation of final net. For example, in Figure 5 is
presented a skeleton, which was generated from BPMN
diagram of railway terminal.

Second stage consists of adapting Petri Net’s skeleton
to real system and its characteristics. In this stage it is
possible to distinguish two phases: integration of skele-



Fig. 6. Two experiments with 300 independent samples

Exp. 1 Exp. 2 Total
EX 37.2131 37.2277 37.2204
VarX 1.1119 0.9077 1.0081
Minimum 33.4984 34.0648 33.4984
Maximum 40.4440 39.6891 40.4440

TABLE I: Experiments results in days.

tons created from BPMN diagrams and adding configu-
ration elements of the net. These elements are used for
example to: define time, delays, weights of events and
arcs. This phase is strongly connected with gathered
data about the system, and also with validation of the
model.

Unfortunately it is not possible to describe how the
net must look like after final changes, and what op-
eration should be made to get proper net. Final net
is strongly contingent to modeled system and expert
knowledge about it and about Petri Net.

IV. Simulation Examples

To validate the proposed model some simple sim-
ulations were made. They proved that the theoreti-
cal model of generic multimodal transportation chain
works in the proper way. All modes have been joined to-
gether in one Petri Network, which was ready to work.
It was necessary to configure initial marking.

For simulation purposes a theoretical transportation
model was prepared. The model presents transporta-
tion chain from Hong Kong to Narvik through Shanghai
and Rotterdam. The model did not give consideration
to ports nodes. Ship which transports containers passes
the middle ports without coming alongside. The model
was also dependent on the influence of weather.

Two major experiments were made. In each one 300
independent test were made. The result of these ex-
periments is presented in Figure 6. The final result
shows, that the mean transportation time of the con-
tainer equals to 37 days with one day variance (look at
table I for more details). In Figure 7 it can be noticed
that the lots of containers may be delayed one or two
days. The results of simulation are close to the timing
of real ships and they look very promising for future
works.

The next step is to gather proper information about
single modes of transportation, and nodes in trans-

Fig. 7. Total simulations result

portation network. After this operations the verifica-
tion of model will be made. It is possible that some
more elements can appear in BPMN diagrams, but with
usage of presented algorithms they can be easily trans-
formed to new Petri Nets. The most important is that
the single mode can be expanded, without modification
of the others.

V. Conclusions and future works

In the article the part of simulation model was pre-
sented. It was created to study multimodal transporta-
tion processes. The model was preliminarily defined in
terms of BPMN. On the ground of it were created sev-
eral Petri Net. Each net defines a single phase of a
complicated logistic chain. Proper union of this nets
gives a generic simulation model, which can be used in
experiments.

In this article we have presented a set of rules, which
can help in conversion of BPMN to Petri Net. In fu-
ture works this set can be supplemented with additional
ones, and perhaps a Petri Net skeleton which is created
during this process will be more advanced.

Presented model, depends on level of complication,
and number of transportation modes, it can be a big
composition of places and events. It can cause compu-
tational problems, but in such a situation methods for
distributed simulation ([4], [6]) can be used.

The main goal of future works is to verify the model
(for large multimodal chains), and to perform greater
number of simulations for real transportation problems.
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SUMMARY:

The paper presents a new way of hyperelastic
materials specimens testing. For some time now Finite
Element Method (FEM) Software allows to calculate
stress in this kind of materials which make
an engineering work easier. Unfortunately the results
of the classical hyperelastic materials tests done so far
do not give a possibility to use full abilities of FEM
software. Furthermore, the attempts of conversion
of classical type of data to FEM expected ones, do not
lead to a correct solution. Such input data are accepted
by software, but not physically correct. The specimens
used for new types of elastomer tests are completely
different, they are of different shape, they have to be
hold and measured in a different way. These differences
are described in the paper.

PROBLEM STATEMENT

All experiments defined by ISO or ASA are the tests
which can deliver a lot of important information.
Unfortunately most of this information is not
appropriate to apply in mathematical material models
used by FEM software. Only few laboratories
or manufactures give more data then Shore hardness,
IRH hardness, abrasiveness, temperature resistance,
fluids resistance, oxidation resistance and others defined
by standards. Mathematical models are non-linear

models, it means that data in numerical form – as one
single number representative - is not usable. Expected
data is a set of stress/strain functions in discrete form
(Fig. 1). Such tests are provided, but in a different way
than expected. Most popular in this group of tests is the
simple tension test.

Fig. 1 A typical final data set for input into a FEM
software in discrete form.

The simple tension test in a classical way is made on
the bone shape specimen. This way of testing,
especially when the standardized wide/length ratio
of specimen is low, is very imprecise. The problem
is that measure points are the clamps. Even when you
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use modern measuring tools the border width between
measured area and clamp area is very significant
in proportion. Furthermore, even if a simple tension test
is done in a laboratory, the result is given as a tensile
strength, extension by break off, and stress by 100%,
200% and 300% extension. That is not enough to make
approximation of real curve. The other way of simple
tension test is a measurement of tension of an elastomer
ring (Fig. 2). This test is better than dog-bone style
specimen, but also the clamp area is very significant.

Not as widely used is the compression test. This one
is performed using specimens in cylindrical shape.

Fig. 2 Test of an elastomer ring tension

In this test one does not have any problems with
measuring, you just measure a distance between
compressing plates, but all other problems described
in the tensile case are still valid. Also load imputation is
a problem, when you achieve pure uniaxial
compression.

Fig. 3 Compression test

In the first phase of an experiment on a top and
a bottom of a specimen appear cones where
is no deformation (Fig. 4A) because of friction which
holds this part of the specimen motionless. Everywhere
else you can see a pure compression. One moment later
appear shear effects and characteristic shape of a barrel
(Fig. 4B). Subsequently, the cones contact each other
and compression force is suddenly growing. In most
cases the tests are conducted until phase “C”
[Jaroszyñska 1978].

Fig. 4 Compression test pattern

Because of friction there is not only a pure
compression (Fig. 3), but also shear and tensile. Even
though most of elastomers in industry are sheared, the
rarest conducted test from physical properties tests
group is a shear test. What more, there are several
different ways of shear testing. Representative for a non
FEM aim is a test of four elastomer plates between steel
plates as shown on Fig. 5.

Fig. 5 Specimen for a shear test

PROBLEM SOLVING

Each of the tests described previously has its
equivalent in a form designated for FEM. The shear
test, recommended by many authors, is a test which
completely doesn’t look like a shear test (Fig. 6).
At a first glance the experiment appears to be nothing
more than a very wide tensile test. However, as the
material is nearly incompressible, a state of pure shear
exists in the specimen at a 45 degree angle to the
stretching direction. The most significant aspect of the
specimen is that it is much shorter in the direction
of stretching than wider.

Fig. 6 Shear test

The objective is to create an experiment where the
specimen is perfectly constrained in the lateral direction
in a way that all specimens thinning occur in the
thickness direction [Osiński, Amborski 2004].

Finite element analysis of the specimen geometry
shows that the specimen must be at least 10 times wider
than the length in the stretching direction.



This experiment is very sensitive to this ratio. A non
contacting strain measuring device must be used
to measure strain away from the clamp edges where
the pure strain state occurs.

The compression test performed in the same way
as the one described above is allowed, but only when
you know already all other data, it means shear curve,
pure tensile curve and pure compression curve. In this
case you can use this test to calculate a friction
coefficient between specimen and plates. Even small
friction may cause substantial shearing strains that alter
the stress response to straining (Fig. 7). Often, the
maximum shear strain exceeds the maximum
compression strain.

Fig. 7 Friction effects on stress-strain curves at low
strains.

Another experiment that also provides compression
information is the equal biaxial extension experiment.
This may not seem obvious at first glance. However,
as an elastomer is radial strained in all directions
in a single plane as shown in Figure 8, the free surfaces
come together. For incompressible materials, the state
of strain in the material is the same as that in simple
compression and free from friction. The measured
experimental parameters are the radial strain
and the radial stress.

As an academic exercise, these biaxial strains
and biaxial stresses can be converted directly
to compression strains and compression stresses
as follows:

σc = σb (1 + εb)3

εc = 1/ (εb +1)2 -1;

where:
σc is nominal engineering compression stress,
σb is nominal biaxial extension stress,
εc is nominal engineering compression strain,
εb is nominal biaxial extension strain.

Typically it is not necessary to do this conversion
because most curve fitters accept equal biaxial
extension data directly. As with the compression
experiment, analysis of the equal biaxial extension
specimen is necessary to examine its suitability.

An additional advantage of using equal biaxial
extension in place of simple compression is that the
biaxial extension specimen can be cut from the same
sheet of material as the simple tension and pure shear
specimens while most compression specimens need
to be molded separately. By cutting all specimens from
the same sheet, consistent material properties
and therefore a consistent data set can be developed.

Fig. 8 The biaxial extension experiment using
a laser extensometer

The test described as a first one in this paper was the
simple tension test. Also for a FEM such a test is very
important because tension is not just a mirror opposite
to the compression. The difference is in the shape of
specimens. However, the experimental requirements for
analysis are somewhat different than most standardized
test methods. The most significant requirement is that in
order to achieve a state of pure tensile strain, the
specimen is much longer in the direction of stretching
than in the width and thickness. One can perform finite
element analysis on the specimen geometry to
determine the specimen length to width ratio. The
results of this analysis show that the specimen needs to
be at least 10 times longer than the width or thickness.



Since the experiment is not intended to fail the
specimen, there is not a need to use a “dog-bone” shape
specimen. There is also not an absolute specimen size
requirement.

The length in this case refers to the specimen length
between the instrument clamps. Specimen clamps create
an indeterminate state of stress and strain in the region
surrounding the clamp in the process of gripping.
Therefore, the specimen straining must be measured on
the specimen, but away from the clamp, where a pure
tension strain state occurs. A non-contacting strain
measuring device, such as a video extensometer or a
laser extensometer, is required to achieve this aim. The
wire tensile tests are used as well.

VIDEO EXTENSOMETER

In comparison to steel hyperelastic materials can not
be tested using classical contact extensometer. There are
two main reasons for this. Firstly, a much more
complicated way of force input into specimen and
clamp influence. The second reason is the pressure
of the extensometer on the specimen, which
is negligible in case of steel, but may be significant
in case of elastomers. There are two types of non
contact extensometers – laser extensometer and video
ekstensometer. Laser extensometers are not useful
for elastomer deflections because of small measurement
range. Thanks to constant growth of photo matrix
technology, matrixes’ current resolution allows to make
them a measuring tool in video extensometers.

Principle of operation and possibilities

The principle of video ekstensometr operation
is exposure of the markers on the digital photo matrix
and calculation of photo elements between them. Such a
discrete picture is analyzed by computer program. First
the histogram of the picture is made. Using histogram
the two maxima are found – background lumination and
markers lumination. The markers pixels are counted.
The first source of inaccuracy is the lens, the second is
the matrix. Both of them have finite resolution. The lens
gives a possibility of arbitrary change of the measure

range by changing the focal length. This change does
not influence the constant precision of the matrix.

The method allows analysis of more than one
dimension simultaneously, which makes it possible
to measure Poisson ratio or Cauchy stress.

One of the advantages of measuring by analyzing
a picture is a possibility of synchronization force and
strain readings. In case of strength testing machine with
digital output it is obvious. But if strength testing
machine does not have digital output, one can also
make the measurement putting the indicator in the
camera field of view. Then one can start a computer
program to analyze also this picture.

Depending on the resolution of the matrix used,
scanning frequency, speed of the analyzing procedure
and speed of the deflection one can have a result in real
time or after the test is finished. The problem with real
time results will always exist because along with the
increase of the processor speed the resolutions of the
matrix and number of data to analyze also increase.

Modification Offer
Video extensometers used until now analyze

a distance between contrasting borders of markers. This
method is very sensitive to nonlinearity of the markers
borders. During following shots it is possible, that such
edge will be considered for analysis by software in
other way than in previous shot and the measurement
will be incorrect. Using this method it is also necessary
to use very clean specimen in optical sense. It can occur
that in some shots some dust on specimen can
be interpreted as edge, causing also incorrect results.

The offer is not to analyze a distance between
borders, but a distance between centers of gravity
of markers surfaces. First of all such a measurement has
double precision, secondly sensitivity to non-regular
shape of markers is much lower. The markers may be
just track after ball pen. That kind of picture analysis
procedure finds the biggest blurs and only those are
taken into consideration. It is the way, by which also
low contrast pictures and with a lot of dust may
by analyzed.

Fig. 9 shows a window of a program which compare
different algorithms for picture analyze. The same
program analyzes speeds of the algorithms.



Fig. 9. A window of program which compares different algorithms for picture analysis.

The next modification is a multiplication of resolution
in beginning phase of a measurement.
The photo matrix, which is a measurement element,
is made of single photo elements regularly distributed
along the entire matrix. It means that when there is a big
deflection during the measurement, at the beginning
phase of the measurement, only few elements take part
in the measurement with nominal precision. The more
elements are between markers, the more precise the
measurement is.
It is suggested to measure complete deflection dividing
it in phases, which will be measured using different
focal lengths to use as many elements as possible and
get constant precision during the whole measurement.
Such a video extensometer is called transfocal video
extensometer. The result of such measurement is a set
of curves which are matched using C2 continuity. The
low precision in glue points are compensated
by multiplicated precision in the rest part of the
measurement. The patent for this solution is pending.

CONCLUSIONS

Although both ways of testing hyperelastic materials
are very significant and useful data are gained, the
newest one seems to be more accurate, especially
because of possibility of making most of specimens
from one piece of material and because experiments are
more clearly divided – one experiment, one pure strain
state, one variable measured. On the other hand

hyperelastic materials are commonly used to damp
vibrations. Energy is absorbed because the load
characteristic is different from unload characteristics.
You may calculate this energy using damping
coefficient, but not in classical FEM. In FEM the load
and unload characteristics are the same, nowadays.
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SUMMARY:

The paper presents a method of hyperelastic
materials analysis. For some time now Finite Element
Method (FEM) software allows to calculate stress
in this kind of materials, which make an engineering
work easier. In the paper a comparison of quasi-
analytical method of behaviour modeling
of elastometric sleeve is presented with the results
obtained with use of FEM software and experimental
results. Each FEM software offers a choice of large
number of mathematical models of materials. The paper
presents a comparison of eight hyperelastic material
models and points out the best one for given material.
All the calculations were made as a prediction of a
vibration damper piston dimensions. The calculations
were verified during experiments.

QUASI ANALITICAL SOLUTION

The first step to predict dimensions of a sleeve –
damper piston was quasi-analytical evaluation.
Evaluation was made on the basics of Lame's problem
and secant method. The Lame’s problem assumes
infinite tube, it means that all the stresses are only
in radial and circumferential, the axial stresses are not
taken into consideration (Eq. 1-4, Fig 1).
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Where:
σr, σt – radial and circumferential stresses,
E – Young modulus,
ν – Poisson ratio,
ε – strain,
u – displacement.

Fig. 1. A schema of Lame’s problem.

In the original form of the Lame’s problem a Young
modulus was used as a constant, but in case
of nonlinear material there was no such possibility.
To point integral constants C1 and C2 and solve those
equations a secant method was used. It is possible in the
case when the border conditions are displacements. The
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solution of Lame’s problem is given as Eq. 5.
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where:
rc – radius of cylinder
rt – radius of piston

To evaluate the axial force, the result was put into
classic Coulomb friction equation:

tr FA =⋅⋅ µσ

where:
A – surface of cylindrical part of piston,
µ – hypothetic friction coefficient
Ft – axial force on the piston rod.

Those analyses give first estimate of interference for
numerical solution.

NUMERICAL SOLUTION

The first step in numerical solution is a choice
of mathematical model of the material. The software
offers large number of the models. Eight of them were
analyzed in several forms. There were Neo Hookean,
Mooney–Rivlin, Polynomial, Blat–Ko, Ogden, Aruda–
Boyce, Yeoh and Gent models analyzed. The best one
was a 5 parameter Moonney–Rivlin model. An example
of not a proper model is shown on Fig. 3, whereas
Fig. 4 presents the Mooney model.

Fig. 2. Model of a damper with
 an elastometric sleeve.

Fig. 3. Correspondence between the behavior of not
proper model and experimental data.

Fig. 4. Correspondence between the behavior of proper
model and experimental data.

After choice of a mathematical model of material
behavior, a FEM model has been build. Taking into
consideration axial symmetric of sleeve, only 30° piece
has been build, simulating other part by boundary
conditions. All the models were built using hexagonal
elements, which give better accuracy. Because of simple
geometry there was no reason to use more then 2000
elements. Every calculation was made when inner
surface of sleeve was fixed. The contact pairs were used
between sleeve and cylinder and between sleeve and
resistance plates, when they were used. The friction
coefficient was calculated using bisection method. All
the calculations were made in two phases: first the
interference were given, and then axial displacement.

Fig.5.  Numerical solution for elastometric
sleeve by radial displacement.

(5)

(6)



Fig. 6. Numerical solution for elastometric
sleeve by radial and axial displacement.

EXPERIMENTAL VERIFICATION

All the tests and experiments were conducted in the
Institute of Aviation in Warsaw. There were about 30
combinations of various materials, various interference
and various resistance plates tested. The force on a rod
was analyzed as a function of its displacement. The
applied displacement was equal ±12 mm by frequency
2Hz. The temperature and its influence were also
measured.
The entire test confirmed calculations. On Fig. 7 there is
a visible point between static and kinematical friction.
Changing dimensions of the piston one can change the
placement of the point. The differential coefficient of
force curve may be changed using whether different
material for the sleeve, or changing resistance plates.

Fig.7.  Example of an answer of a system.

CONCLUSIONS

All the experiments show that FEM calculations
may be used for prediction of dimensions of sleeve,
even when contact problems have to be considered.
Furthermore, the simulated elasto-frictional forces
calculated using Finite Element Method were measured
also in real experiment. In the future the dynamic
problems will be analyzed.
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ABSTRACT 

A fault diagnosis method for complex dynamic 
processes and systems is proposed in the paper. It uses a 
special modular knowledge base, which is a collection 
of modules for some typical faulty and normal 
conditions of the system. Each module is considered as 
a kind of compressed information model, which keeps 
in a compact form the most representative 
characteristics of the original data, collected for the 
concrete system condition. Here a modified version of 
the neural-gas learning algorithm for creation of all 
compressed information models is proposed in the 
paper, where a preliminary assumed number of neurons 
is used. The collected data from the current operation of 
the system are also transformed into a respective 
compressed information model by the same learning 
algorithm.  
The proposed fault diagnosis method is an evaluation 
procedure for the similarity degree between the 
compressed information model for the current operation 
and all the modules form the knowledge base. Here 
three different measures of similarity are used, with the 
“center-of-gravity distance” showing the best results.  
Real experimental data taken from different operations 
of a hydraulic excavator are used in the paper to analyse 
and prove the applicability of the proposed fault 
diagnosis method. 
 
INTRODUCTION 

The methods for fault diagnosis and condition 
monitoring play important role in the safe and faultless 
operation of complex systems and machines, such as 
hydraulic excavators and other construction machines, 
chemical plants, heavy trucks etc.  
The high dimensionality of the data obtained from a 
large number of sensors, as well as the large amount of 
the obtained data during the machine operation create 
real difficulties in solving the fault diagnosis problem. 
Here an appropriate “information compression” method 
could be very helpful for efficient saving and 
processing of the bulky data. Then, a respective fault 
diagnosis, method, being able to work with this 
“compressed information” will be needed.  

The most often used approaches for fault diagnosis are 
the model-based approach and the pattern recognition 
approach with many methods and algorithms developed 
for each of them.  
The model-based fault diagnosis approach (Gertler 
1999) deals with parameters estimation and state 
estimation of the system. Here the model parameters of 
the current system are compared with those of the 
“healthy system” in order to make a decision about the 
faulty state of the system.  
The pattern recognition approach for fault diagnosis 
(Zhao 2004) uses certain responses of the system from 
different operating conditions and tries to classify them 
into groups (clusters or rules). that represent clearly 
some faulty conditions. While this approach is easier to 
apply since it does not need a rigorous model of the 
system, it has the disadvantage of being data-dependent. 
It means that it tends to “remember” the specific data-
set used for training and therefore lacks good 
generalization ability.  
Different applications of the Fuzzy Logic and Fuzzy 
Models (Isermann 1998) and also the Neural Networks 
(Bishop 2003, Kohonen 2002) have improved the 
general pattern recognition approach. Here both types, 
namely the supervised and unsupervised learning have 
been successfully applied.  
In this paper we are dealing with the fault diagnosis 
problem for dynamic processes and complex systems 
working under differet conditions. The specific 
difficulty here is that there could be different dynamic 
behaviors of the complex system that still represent a 
“normal (healthy) state” of the system. . Such typical 
examples are a “healthy” machine, working under many 
different (and even time-varying) loads. Obviously, it 
would be not practical to apply some fault diagnosis 
methods (Zhao 2004) that try to remember the process 
behaviors in the direct form of transient processes for 
many faulty states. Another (more “compressed way”) 
of remembering the system behaviors is needed  
In this paper we propose an efficient computational 
strategy for analysis and detection of changes and 
deterioration trends in operation of construction 
machines. It is a knowledge-based fault diagnosis, 
which uses the concept of information compression of 
the original large number of “raw data” into a smaller 
portion of “information granues” (Pedrycz 2005) in the 
form of neurons in the multidimensional space.   
 



 

 

THE PROPOSED FAULT DIAGNOSIS METHOD 
AND SYSTEM  
The general structure of the fault diagnosis method and 
system proposed in this paper, is shown in Fig. 1. This 
is a knowledge-based fault diagnosis concept, in which 
the preliminary created Modular Knowledge Base 
(MKB) plays a critical role for the correctness and 
plausibility of the results from the fault diagnosis. The 
MKB consists of a collection of L preliminary created 
Knowledge Modules (KM), each of them keeping the 
most essential features of one typical (faulty or normal) 
operation of the complex system (machine). This is 
done by a special learning procedure which creates the 
so called Compressed Information Model (CIM) by 
using the raw data, collected for this specific operation 
of the complex system. The CIM is considered as a kind 
of Neural Model which represents the information, 
contained in the raw data set in a highly compressed 
(usually at least 20 times) form. The method for this 
information compression is explained in details in the 
sequel of the paper. 
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Figure 1: The Proposed System for Fault Diagnosis by Using 

Compressed Information Models 

When a current operation status of the complex system 
should be diagnosed, first of all M raw operation data: 

1 2[ , ,..., ], ,...,s s s s Kx x x s 1,2 M= =x  are taken as 

measurements from K sensors, which creates a data set 
with M data points in the K-dimensional space. The 
time period for such data collection should be long 
enough to ensure that sufficient “representative” 
information about the working condition of the machine 
is obtained. Depending on the machine dynamics and 
also on the sampling period of the sensors, usually 
many thousands of data are collected for further 
analysis and diagnosis. Then an information 
compression method is used to produce the CIM for this 
operation condition, according to Fig. 1.  
The proposed fault diagnosis method can be generally 
considered as a computational procedure for evaluation 
of the degree of similarity between each of the 
knowledge modules (KM) in the knowledge bas (MKB) 
and the compressed information model (CIM) for the 
current operation. The “most similar” KM to the current 
CIM suggests that the current operation of the complex 
system most “resembles” the fault described by this KM. 

The method proposed here is similar to the previously 
proposed fault diagnosis method (Vachkov, 2005) 
which compares directly the raw data set from the 
current operation with the compressed models from the 
Knowledge Base. The main difference is that here, 
according to Fig. 1., we evaluate the similarity degrees 
between pairs of two compressed information models, 
namely the current CIM and a KM from the MKB.  
A feasible method for evaluating the similarity degree 
between two CIMs could be the use of the reciprocal 
measure of the distance (the degree of dissimilarity) 
between two CIMs, as shown graphically in Fig. 2. 
Here 100% denotes the shortest distance (the biggest 
similarity) between the SIM for the current operation 
and a KM from the MKB.  
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Figure 2: Illusration of the Fault Diagnosis Idea by Using the 
Notion of Distance between two CIMs. 

 
COMPUTING THE DISTANCES BETWEEN THE 
COMPRESSED INFORMATION MODELS   

The compressed model CIM, created from M raw data 
by a learning algorithm (explained in the next Section 
of the paper), consists of N neurons with two groups of 
parameters, as follows: Neuron Centers (Locations) 

1 2{ , ,..., }N=C c c c  in the K-dimensional space and 
Neuron Weights 1 2{ , ,..., }Ng g g=G , where 

1 2[ , ,..., ], ...,i i i iKc c c i 1,2, N= =c   and  

, ,...,i0 g 1 i 1,2 N< ≤ = with 
1

.
N

i
i

g 1
=

=∑  

Every CIM is considered as a data cluster and there 
could be different ways of computing the distances 
between any two CIMs (any two clusters), as studied in 
(Pedrycz, 2005). In our fault diagnosis approach, we 
use three methods for computing the distances between 
the Compressed Information Model A, which represents 
the current operation of the complex system and a given 
Knowledge Module B from the MKB. The number of 
neurons in A and B are denoted as AN  and 

BN respectively.  



 

 

a)  Center-of-Gravity Distance (COGD) : 
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with the Center-of-Gravity (COG) of each model 
computed as:  

1 1
( ) , ,..., .

N N

i j i i
i i

COG j c g g j 1,2 K
= =

= =∑ ∑       (2) 

b) The Weighted Average of the Minimal Distances 
(WAMD): 

min * *
1 1

( , ) ,
A AN N

p p q p q
p p

WAMD D g g g g
= =

= ∑ ∑A B (3) 

where minpD is the minimal Euclidean distance between 

the p-th neuron from A and a neuron from B, found 
with the q*-th neuron from B.  

c) The Weighted Average of All-Pair Distances: 
(WAPD): 

1 1
( , ) ( , ) ( )

A BN N

A B
p q

WAPD D p q N N
= =

= ×∑ ∑A B (4) 

The above methods for distance compuation  are also 
graphically illustrated in the following Fig. 3.  
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Figure 3: Three Different Ways of Computing the Distances 
between two CIMs: A and B  

THE METHOD FOR INFORMATION 
COMPRESSION  

This is a two-stage procedure which first locates the 
neuron centers and then computes the neuron weights..  
Location of the Neuron Centers by the Unsupervised 
Neural-Gas Learning 
The aim of this computational procedure is to achieve 
the “most appropriate” location of the neurons in the K-
dimensional space. A natural way to do this is to use the 
information about the density distribution of all 
available data points , ,...,s s 1,2 M=x  in the space.  
Basically, the learning methods in this case belong to 
the group of the competitive unsupervised learning 
methods and algorithms (Bishop 2003; Kohonen 2002). 
Among them are the well known and widely used 
clustering algorithms (Pedrycz 2005; Bishop 2003), the 
Self-Organized (Kohonen) Maps (Kohonen 2002), 
Neural Gas Algorithm (Martinetz et al. 1993) etc. All 
these are “data-driven” methods that tend to locate the 
neurons in the densest area of data in the input space.  
Further on in this paper we use a modification of the 
popular Neural-Gas unsupervised learning algorithm 
(Martinetz et al. 1993) with some minor algorithmic 
improvements and simplifications.  
Initialization and Learning Parameters: There are some 
parameters that have to be set in advance, before the 
unsupervised learning starts. First of all a preliminary 
fixed number of N neurons ( N M ) is assumed and 
their initial locations (centers) are set randomly in the 
K-dimensional space:, as follows:  

0 0 0 0
1 2[ , ,..., ], ..., .i i i iKc c c i 1,2, N= =c  

The maximum number of iterations T for the 
unsupervised learning is also fixed in advance (usually 
between several hundreds and several thousands).   
The gradually decreasing Learning Rate 

( ), ( ) , ,...,R t 0 R t 1 t 0,1,2 T≤ ≤ = is used to control 
the convergence speed of the whole learning process. It 
is defined by the Initial Learning Rate 0R  and the 
Steepness CT  (Time-constant) of the learning, 
according to the following equation: 

( )0( ) exp ( 1) , ...,CR t R t T t 1,2, T= − − =       (5) 

An illustration of the learning rate ( )R t with different 
assumed maximum number of iterations T is given in 
Fig. 4. In order to decrease the number of the learning 
parameters, further on in this paper we use the 
following relationship between CT  and T: / 5.CT T=  
The exponentially decreasing neighborhood 
function ( , )sH t r is another learning parameter that 
plays an important role in the Neural-Gas unsupervised 
learning algorithm. It is a kind of variable scaling factor 
for the amount of the update for each neuron, depending 
on the relative distance of this neuron to the current s-th 
data point sx  and also on the current iteration t.   
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Figure 4: Illustration of the Decreasing Learning Rate R(t) for 

Different Number of Iterations 

The relative distance is measured as an integer 
ranking position { , ..., }r 1,2,3 N∈ of this neuron, 
compared with the positions of all other neurons in the 
space to the same data point sx . Then, the 
neighborhood function is computed as:  

( )( , ) exp ( 1) ( ) , ,...,sH t r r B t t 1,2 T= − − =   (6) 

where ( )B t is the current Width of the neighborhood 
function, computed as follows: 

( )( ) exp ( 1) , ...,BB t t T t 1,2, T= − − =       (7) 

It is seen from (7) that the width is also gradually 
decreasing function of the iterations. The steepness 

BT of the width ( )B t  controls the speed of decreasing 

the widths. We assumed in this paper .B CT T=  

For a given data point sx , the ranking positions 
{ ,..., }r 1,2,3 N∈  for all N  neurons    are computed 

through a sorting procedure in ascending order of the 
Euclidean distances ( )SD n between all the neurons 

, ,...,n n 1,2 N= and this data point:  

( )2

1
( )

K

S s j n j
j

D n x c
=

= −∑              (8) 

The neuron with the minimum distance to sx (the 
nearest neuron to this data point) is called “winning 
neuron” and gets the ranking position r 1= . The 
second-nearest neuron to the same data point gets 
position r 2=  and so on until certain neuron is ranked 
as the last one ( r N= ) being the furthest neuron to the 

data point sx .   
The following Fig. 5. illustrates the evolution of the 
neighborhood function ( , )sH t r during learning with T 
= 100 iterations.  
It is seen from the figure that during the iterations, the 
neighborhood function (6) gradually decreases the 
amount of update for all the neurons, except for the 
“winning neuron” which gets always the full update 

( , )sH t r 1.0=  , since r 1= . 
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Figure 5:  Evolution of the Neighborhood Function for the 

First 10 Neurons. 

Learning Step: This step consists of a fixed number 
of T iterations: t 1,2 ,...,T= at which all available 

learning data: ,s s 1,2,...,M=x from the given 
learning data set are used. The purpose is to gradually 
move the centers , ,...,i i 1,2 N=c  of all N neurons 
into the areas in the parameter space with a bigger data 
density. This is done by the following general 
incremental learning rule: 

 ( ) ( ) ( ), ...,i i it t -1 t i 1,2, N= + Δ =c c c        (9) 

The increment ( )i tΔc for the movement of each 
neuron’s center is computed as: 

( ) ( ) ( , ) ( ) , ,...,i s s it R t H t r t -1 i 1,2 N⎡ ⎤Δ = − =⎣ ⎦c x c (10)                       

An illustration example for creating a compressed 
information model by using the above unsupervised 
learning algorithm is presented in the next Fig. 6. by 
using 759 normalized raw operation data from a diesel 
engine of a hydraulic excavator. The information from 
these data is approximated (compressed) by using N = 
25 neurons.   
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Figure 6: Compression of 759 Raw Data by using 25 Neurons 

Computing the Neuron Weights G 

The neuron weights 1 2{ , ,..., }Ng g g=G are scalar 
values, which serve as strength levels for each neuron, 
evaluated by the number of data points that are 
“represented” by this neuron. In order to find this 
number of data for each neuron, we use again the notion 
of “winning neuron” from the Neural-Gas learning 
algorithm.  



 

 

First of all, for each data point , ,...,s s 1,2 M=x we 
find the respective “winning neuron” ,s sn 1 n N≤ ≤ as 
the nearest neuron to this data, i.e. the neuron with a 
minimum Euclidean distance (8) to sx : 

{ }
1

( ) min ( )s s sn N
D n D n

≤ ≤
=                  (11) 

This information is further used for separating all M 
data into N subsets: , ...,n n 1,2, N=M , each of them 
containing the data points , ,...,nm n 1,2 N=  for which 
the same n-th neuron has been “winning neuron”. In 
more details, the following conditions hold: 

 ; , ..., ;n n nm 1 m M n 1,2, N= ≤ ≤ =M        (12) 

 
11

; .
N N

n n
nn

m M
==

= = =∑M M M∪        (13) 

Finally, the normalized weights of the neurons are 
computed simply as: 

; , ,..., ,n n ng m M 0 g 1 n 1,2 N= < ≤ =      (14) 

Each subset of data , ...,n n 1,2, N=M  forms the so 
called “Voronoi polygon” (Martinetz et al. 1993; 
Kohonen 2002) in the K-dimensional space, as shown in 
the next Fig. 7. for the example with 25 neurons from 
the previous Fig. 6. 
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Figure 7: 25 Voronoi Polygons used for Computing the 

Weights of the Neurons 

FAULT DIAGNOSIS OF A DIESEL ENGINE OF 
HYDRAULIC EXCAVATOR 

The above described knowledge-based fault diagnosis 
method and the learning algorithms are illustrated in the 
sequel on the example of the performance of a diesel 
turbo-engine of a hydraulic excavator.  All data are real, 
but have been normalized before their usage for the 
purpose of information security. 
The following three parameters (K = 3) are considered 
hereafter as most important for the fault diagnosis: P1 – 
Engine Speed [rpm] ; P2 – Boost Air Pressure and P3 – 
Fuel Consumption.  
First of all, experimental data from the diesel engine 
were collected,  while the excavator was working on a 
special proving land under different conditions, as 
follows: five faulty (abnormal) conditions, denoted as  

F1,F2,…,F5 and three normal conditions with different 
load (High, Medium and Low), denoted as NH, NM and 
NL respectively.  
The list and explanations for each operating condition 
are given in Table 1. The abnormal operations F1-F5 
were obtained by emulating different types of faults in 
the diesel turbo-engine, through special changes 
(deviations) in the tuning of the disel engine parts.   

Table 1: List of the Preliminary Selected Operations 
Code Label Operation Description 

1 F1 Fuel Spray Nozzle deactivated 
2 F2 Turbo-Charger Deterioration 
3 F3 Valve Clearance Changed 
4 F4 Air Filter Obstruction (High) 
5 F5 Air Filter Obstruction (Low) 
6 NH Normal Operation (High Load) 
7 NM Normal Operation (Medium L.) 
8 NL Normal Operation (Light Load) 

 

All eight collected data sets from Table 1. (one for each 
operation) consists of equal number of 1200 raw data 
which were used to create the Knowledge Modules in 
the MKB from Fig. 1.   
The respective KBs were created by using the above 
described neural-gas algorithm with an equal number of 
neurons: N = 60 and the following learning parameters: 

0; 6; / 5; .C B CT 300 R 0. T T T T= = = =   
For the purpose of the Fault Diagnosis, additional 12 
data sets, named as DS1 – DS12 were collected, each of 
them with  number of raw data, close to 1200. The first 
8 data sets: DS1 – DS8 were taken from the same 8 
operations (5 faulty and 3 normal), shown in Table 1., 
while the remaining 4 data sets: DS9 - DS12 were taken 
during a real everyday working of the excavator 
(considered to be Normal) , but under slightly different 
working load. The respective CIMs for all data sets DS1 
– DS12 were created by the same neural-gas algorithm.  
The Fault Diagnosis results, obtained by using the 
Center-of-Gravity Distance (COGD) as a “dissimilarity 
degree” are shown in the following Table 2. The first 
three diagnosis results are only given in this Table, 
arranged in a descending order of the COGD and 
denoted as. No. 1, No.2 and No. 3 respectively.  

 Table 2: Results from the Fault Diagnosis 
Fault Diagnosis Decision Data.

Set 
Expected

Fault No. 1 No. 2 No. 3 
DS1 F1 F1 F2 F5 
DS2 F2 F2 F1 F5 
DS3 F3 F5 F3 NH 
DS4 F4 F4 F5 F2 
DS5 F5 F5 F3 NH 
DS6 NH F4 NM F2 
DS7 NM NM F4 F2 
DS8 NL NM NL F4 
DS9 Normal NM NL F4 
DS10 Normal NL NM F4 
DS11 Normal NL NM F4 
DS12 Normal NM F4 F2 



 

 

As seen from the Table, from all 12 operations, 9 have 
been properly diagnosed, while the decisions for the 
remaining 3 operations (the shadowed areas in the 
Table) were mistaken. However this misjudgment is not 
so big since we notice that the actual (true) fault is listed 
as No. 2 candidate in two of the cases in Table 2.  
Our experience showed also that the other two methods 
for similarity evaluation, by using the distances (3) and 
(4), showed slightly worse performance. Even if they 
properly diagnosed the cases DS3, DS6 and DS8, they 
failed in some other cases from Table 2.  
Obviously the accuracy of the fault diagnosis method 
depends not only on the method itself, but also on other 
factors, such as: proper selection of the number and list 
of parameters, used for fault diagnosis (K = 3 used in 
this paper); the real complexity of the obtained data and 
also the “quality” of the respective trained CIM and KM 
in the Knowledge Base.  
In order to estimate “how difficult” is this concrete 
problem for Fault Diagnosis, we plotted the Centers-of-
Gravity of all 8 KMs from the Knowledge Base in 
Table 1. The plots for all 3 pairs of parameters: P1-P2; 
P1-P3 and P2-P3 are displayed in  the next Fig. 8.  
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Figure 8: Locations of the Centers-of-Gravity (COG) of all 

eight Knowledge Modules (1 – 8) from the Knowledge Base 

The plots show that most of the faulty conditions are 
“quite closed” to each other, which means that a big 
overlapping exists between the raw data sets (and the 
respective CIMs) of the different operations. This 
creates additional difficulties to the proper solution of 
the fault diagnosis problem and explains why some 
methods for similarity evaluation do not work well.  
By computing the distances COGD between all-pairs of 
the knowledge modules and sorting them in descending 
order it was discovered that the closest modules (the 
most difficult operations to distinguish) are as follows: 
1) F3 - F5;  2) F2 - F5 and  3) F1 - F5. The pair F6 - F8 
(NH - NL) is the farthest, thus the easiest to distinguish.   
 

CONCLUSIONS 

The proposed knowledge-based fault diagnosis method 
in this paper uses a special technology for creating the 
so called compressed information models (CIM) for 

both the current operation data and for all modules in 
the knowledge base. This is an efficient and 
economilcal way of keeping the most representative 
information about any operation condition of the system.  
Further research in this direction is aimed at improving 
the quality of the compressed information models by 
using improved learning methods, such as growing and 
evolving learning, as well as at finding a more precise 
way for computing the similarity degree, which would 
further improve the fault diagnosis results.  
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ECMS’2006 – TRACK ON BOND GRAPH MODELING

INVITED LECTURE:

"BOND GRAPHS: AN ENGINEERING TOOL FOR INTEGRATED MODELING, ANALYSIS, DIAGNOSIS AND CONTROLLER SYNTHESIS OF

PHYSICAL SYSTEMS"
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BSTRACT: Three are the most important features that make of the bond graph methodology a powerful
technique for graphical and mathematical modeling of physical systems: the representation of the power

flow  among  components  which  stand  for  the  basic  energy  phenomena  in  physics,  the  exhibition  of  the
interconnection structure coupling these components, and the capture of the computational causality relating the
system variables.  Indeed,  representing  the  energy  exchange  among  components  through power  ports  helps
constructing  modular  models  through coupling  –a  so-called  object-oriented  modeling  approach–,  procedure
pretty much similar to the real construction of  complex engineering systems. This modularity is supported by the
structure  of  components  and/or  subsystem  interconnection,  which  is  explicitely  displayed  in  the  finished
graphical model. Moreover, the assignment of computational causal relationships to the system variables allows
for  the  derivation  of  mathematical  models  of  the system, which are  both of  theoretical  value as  well  as  of
practical interest to the aims of simulation of the system behavior.

The main subject of this lecture will be the exploitation of these three essential features of bond graphs, be it
individually or in a combined manner, to the aims of the analysis of dynamic properties, the synthesis and design
of control systems, and the diagnosis of physical systems.

Among the  issues  selected  for  the  exposition  are  the  derivation  of  other  energy-based  models  like  the
classical  Euler-Lagrange  and  Hamiltonian  formalisms,  as  well  as  the  so-called  port-controlled  Hamiltonian
systems with dissipation, recently introduced in the domain of nonlinear control theory. Crucial to this aim is the
use of the energy in the storages as a function of the states linked to the causal lecture of equations on the abstract
representation of a generic bond graph through its decomposition in fields interconnected by a power-conserving
junction structure.

Properties like the stability of equilibria and input-output passivity can be assessed also on bond graphs with
the support of the information about the stored energy, the continuity of power flow, and the help of causality,
which allows to apply the second method of Lyapunov directly on the graphical domain.

The previously mentioned results, in some cases coalesced with model decomposition techniques that exploit
the information furnished by the BG interconnection structure, permit the synthesis of control laws (regulation,
stabilizing, tracking controllers) for (possibly) nonlinear systems. Some of these synthesis methods proceed in a
purely  heuristic  manner,  while  other  can  be  systematically  derived  from,  or  put  in  close  relation  to  well
established methods supplied by the nonlinear control theory.

The obtention and application of input-output inverse models will also be reviewed. I/O-inverse models are
essentially higher order differential equations relating system outputs to inputs. The main tool for derivation of
inverse models is the celebrated bicausality technique. The synthesis of trajectory tracking controllers and the
sizing of actuators are among the most important BG-applications of inverse models to be discussed in this talk.
A particular choice of outputs allows for the full description of the system dynamics without the need of using
any other internal variable. These particular output variables are called flat outputs. Recent studies and results on
flatness of linear and, most important, nonlinear BGs models will be also addressed in this lecture, including
results in control and diagnosis problems.

Fault detection and diagnosis (FDD) is an important domain of system automation. Some results  on the
application of FDD techniques on BGs, mostly the method of the analytical redundancy relationships, will be
also presented.

From these and other results addressed in the lecture it is concluded that the bond graphs still constitute an
important  source  of  research  for  the  BG-community,  whose  ripeness  and  consolidation  will  convert  this
technique into more than “just” a powerful modeling and simulation tool.  Indeed, it is foreseen that the bond
graph  methodology  will  further  evolve  into  a  valuable  integrated  tool for  modeling,  simulation,  analysis,
diagnosis and control system synthesis of physical systems in engineering problems.
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ABSTRACT 

In this work, the bond graph approach is employed to 
develop an integrated chemical reactor model, able to be 
exploited for supervision and diagnosis of industrial 
process. The obtained model is evolutive and generic 
comparing with the first principle methods. Moreover, 
this methodology is based on systematic approach 
which allows to represent the dynamic behaviour of 
complex process under non linear state space equations. 
The application discussed in this work is a chemical 
process including CSTR (Continuous Stirred Tank 
Reactor), where it occurs two exothermic reversible and 
irreversible reactions. To illustrate the modelling 
procedure, a simulation results have been performed in 
the cases when the mixture is considered as ideal and 
real aqueous solution.  
 
INTRODUCTION 

In the present paper, the bond graph approach is 
adapted to model chemical reactors, which represents in 
process engineering, one of the most complex systems 
to model because of there non linear behaviour due  to 
the interactions between the different energy (hydraulic, 
thermal and chemical) within the system. The modelling 
approach used here, reproduce an integrated model 
using a graphical unified language. Furthermore, the 
elaborated model is associated readily with industrial 
equipments models (centrifugal pumps, compressors, 
heat exchangers, …etc) to get the overall process bond 
graph model, needed for supervision and FDI (Fault 
Detection and Isolation) procedures using model based 
methods (Iserman 1984).  
 
Previously, the bond graph tool has been designed for 
hydraulic and electrical systems (Paynter 1961), and 
after that its application has been extended to chemical 
reactions (Auslander et al. 1972), thermofluid systems 
(Thoma 1971) (Karnopp and Azerbaijani 1981). 

However, for chemical reactors, the approach is not 
well developed yet. Among published works, we cite  
(Delgado et al. 1999) (Breedveld et al. 2003).  
In the pseudo bond graph models elaborated in 
(Delgado and al. 1999), the concentration has been 
chosen as effort variable in chemical domain to describe 
the reaction kinetic in the case of irreversible reactions. 
However, in our case, when the reaction is reversible, 
the choice of concentration is not well adapted to 
represent, and analyse the reaction dynamic behaviour, 
particularly near of the equilibrium. That is why; an 
adequate variable is required to be employed in such 
case (reversible and irreversible reactions). Thus, the 
chemical potential µ  is chosen in this paper as effort 
variable, used before by (Auslander et al. 1972), 
(Cellier 1991), (Thoma and Ould Bouamama 1999). 
 
In contrast to the model proposed by (Breedveld et al. 
2003), where the entropy flow S  is chosen in thermal 
domain as flow variable, we have proposed to choose  
in our application the enthalpy flow H , suitable in the 
case of open systems (industrial equipments, continues 
reactors,…etc), where the heat is transferred by 
convection (Karnopp and Azerbaijani 1981). 
 
So to get the integrated reactor model needed, the 
choice of enthalpy flow H  is suggested instead of 
entropy flow S , in order to use the overall process for 
supervision and diagnosis applications.  
 
The paper is organized as follows: after brief 
description of the application example, the process word 
bond graph is presented, and the reactor bond graph 
model is developed in details to be written after under 
state space representation generated systematically. In 
the simulation part the bond graph model is 
implemented in SYMBOLS software (Mukherjee and 
Samantaray  2001) to get results which will be 
discussed and commented. Finally, the conclusions and 
perspectives are presented according to the results 
obtained before. 



 

 

PROCESS DESCRIPTION 
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Figure 1: Chemical process diagram 

 
The studied application shown in Fig. (1) represents 
chemical process including: CSTR, tanks, heater circuit 
coupled with heat exchanger. Within the reactor vessel 
occurs two exothermic reversible and irreversible 
reactions of esterification and saponification, which the 
forms are respectively expressed by:  
 

2 4 2 2 6 4 8 2 2C H O +C H O C H O +H O �  (1) 
 

OHC+NaHCNaOH+OHC 6232284 →  (2) 
 
In the esterification, the reaction of acetic �acid 
CH3COOH with ethanol CH3CH2OH will produce ethyl 
acetate CH3COOCH2CH3 and water according to the 
Equation (1). For saponification, the ethyl acetate 
CH3COOCH2CH3 produced from the estirification, 
reacts with sodium hydroxide (NaOH) to produce 
ethanol and sodium acetate (CH3COONa) according to  
Equation(2). In order to simplify the notations after, the 
two reactions cited above are designed as reaction (1) 
for estirification, and reaction (2) for saponification.  
They are expressed under the general forms:  
 

A B C D A +  B  C +  Dν ν ν ν � (3) 
 

C E F B'  C + '  E '  F + '  Bν ν → ν ν  (4) 
 
Where CH3COOH, CH3CH2OH, CH3COOCH2CH3, 
H2O , NaOH, CH3COONa, correspond respectively to 
A, B, C, D, E, F, and ji , ν′ν  (for i= A, B, C, D, j= C, B, 

E, F) are the stoichiometric coefficients. The reactor is 
supplied by two tanks through two feed valves 
controlled manually to insure the constancy of the inlet 
volume flows AV and BV . It is supposed that a quantity 
of NaOH (sodium hydroxide) is added after. The 
mixture is drained out of the reactor through servo valve 

1V  controlled in position VU to maintain the volume 
mixture V constant. The heat is transferred to the 

mixture from the heater circuit through the coil heater. 
The temperature T of the mixture is maintained constant 
due to the control position TU  of the servo valve 2V . 
Within the heater circuit, circulates a coolant fluid, 
whose the volume flow jV  is maintained constant due 

to centrifugal pump entrained by electrical motor.  
 
REACTOR BOND GRAPH MODELLING 
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Figure 2: Word bond graph  

 
The process word bond graph model shown in Fig. (2) 
represents the technological level of modelling 
procedure (Thoma and Ould Bouamama 1999). This 
architectural representation allows to model each 
subsystem independently; the submodels elaborated are 
then combined to reproduce the complete model 
representing the system bond graph model. Whereas, in 
this work we will present only the bond graph model of 
the reactor since the discussion will be about the 
phenomena occurring in this part. As it is presented in 
Fig.(2), the process is decomposed into subsystems 
represented by blocks diagram, the inputs and outputs 
of  each subsystem is a pair of conjugated variables 
(effort e , flow f ). In our case the pairs: (temperature T , 
Q heat flow); (temperature T, H enthalpy flow); 
(pressure P , mass flow m ); (chemical potentialµ , 
molar flow n ); (torque τ , angular velocityω ) are 
associated respectively with thermal (conduction, 
convection), hydraulic, chemical and mechanical 
domain.  
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Figure 3: Bond graph model of the reactor 

 
The bond graph model Fig. (3) represents the physical 
level of modeling, where the model is developed in 
details. The energy directions and causalities are 
assigned to allow the generation of the state space 
model representing the system dynamic after. 
 
Multiport element C field 
The stored powers, particularly chemical, hydraulic and 
thermal ones, are modeled by the capacitance multiport 
element C which appears in Fig. (3). The causality 
assignments of this element deals to write the effort 
variables ie ( ,T,P)= µ  in term of displacement 
variables iq = (n ,H,m)  as it will be explained in details 
after. In hydraulic and thermal domains, the constitutive 
laws representing the power storage dynamic are 
deduced from thermodynamic and hydrostatic laws, and 
they are expressed as: 
 

g
SP = dm∫  (5) 

1
mCp

T= dH∫  (6) 

 
Where S is the vessel section, g is the gravity constant; 
Cp is the specific heat of the mixture. Concerning the 
chemical power stored in the reactor, the constitutive 
law describing the element dynamic is expressed  
 

according to the general form of chemical potential:  
 

i i iRT ln(a )µ = µ °+  (7) 
 
Where the effort iµ  is written in term of displacement 

in   since the activity is expressed as i ia (n )=Φ . 
Therefore, in our case where the mixture is considered 
as real solution the capacitance constitutive laws of each 
component are written as flowing: 
 

( )ni
i i i VRT lnµ = µ °+ γ  (8) 

 
Where iγ is the activity coefficient of the component i.  
Gathering all the Equations (5), (6) and (8), the global 
constitutive law of multiport C element is then 
presented by: 
 

A A A
A

B B B
B

C C C
C

D D D
D

E E E
E

F F F
F g

S
1

mCp

RT ln( n V)
RT ln( n V)
RT ln( n V)
RT ln( n V)
RT ln( n V)
RT ln( n V)

mP
T H

µ °+ γ 
µ   µ ° + γ   µ   µ ° + γ µ  

µ ° + γ   µ   = µ ° + γ   µ
  µ ° + γ 
µ   

   
       

 

 (9) 

 
Flow sources Sf 
The hydraulic flow sources hSf  correspond to the inlet 
mass flows Am , Bm , and the outlet mass flow outm  of 
the mixture expressed as:  
 

h out V S outSf : m =U C (P -P )  (10) 
  
And from Equation (5) we get:  
 

g
h out V S outSSf : m =U C ( m -P )  (11) 

  
Where SC  is a constant depending on the valve kind 

outP  is the pressure at the outlet. The other flow sources 

tMSf  , cMSf  of thermal and chemical domain 
respectively are modulated and written in term of mass  
flow sources HSf  according to the expressions:  
 

t i i p ii

t out out p

c i(in) i i

c i(out) out i

MSf :H = m  C T , for i=A,B

MSf :H = m  C  T

MSf :n = m  (1/M ), for i=A,B

MSf :n =(m /( V)) n , for i=A,B,C,D,E,F






 ρ

(12) 

 



 

 

Where iM  is the molar mass, ρ  is the density of the 
mixture, iT  is temperature of A, B before entering to 
the reactor vessel, pC  is the specific heat.  

Other thermal flow sources tMSf  are independent from 
mass flow sources, as heat flow source coming from 
coil heater and heat reactions, written as:  
 

t j
(1) (1)

t r 1 r
(2) (2)

t r 2 r

MSf : Q = (T-T )

MSf : H  = J H

MSf : H  = J H

 λ
 ∆ ∆


∆ ∆

 (13) 

 
Where λ is the conduction coefficient, Tj is the coolant 
fluid temperature, 1 2J ,J  are the reactions rates and 

(1) (2)
r rH , H∆ ∆ are the reactions heats.  

 
The junctions 
The 0 junctions correspond to flow conservation, and 
consequently 0t, 0h, 0c , correspond respectively to the 
mass, heat and components equations balance as it is 
shown in Fig.(3). For 1 junctions, they correspond to 
flow equality, so they represent in our case for chemical 
domain the mass action laws of the reactions expressed 
by:  
 

- n - n n nAreac Breac Creac Dreac
1 A B C D

- n' - n' n' n'Creac Ereac Breac Freac
2 ' ' ' 'C C B F

J = = = =
 

J = = = =

ν ν ν ν

ν ν ν ν







(14) 

 
Where nAreac, nBreac, nCreac, nDreac, nCreac, n′Creac n′Ereac, 
n′Breac, n′Freac are the number of moles consumed or 
produced in the reaction (1) and (2). 
 
Mutliport elements R field 
Inside the reactor, the reactions kinetic is modelled by 
the R multi-ports elements Fig. (3). Below we will 
explain how the constitutive laws representing these 
elements are deduced. According to (Auslander et al. 
1972), the mass action law expressing 1J  near of the 
equilibrium is written in term of activity ia . For the 
irreversible reaction, 2J  is expressed in term of 
concentrations Ci.  
Using the classical mass action law, the reactions rates 

1 2J ,J are written then under the form:  
 

(1) (1)i i
1 rf i i

i A,B i C,D

(2) i
2 f i

i C,E

J = k a - k a V

J = k C V

α α

= =

α

=

  
  

 
  


 
 
   

∏ ∏

∏
 (15) 

To get the constitutive law cited in (Auslander et al. 
1972), which relates the reaction rate J with affinity A , 

2J  must be written in term of affinity, so replacing the 
concentration Ci in Equation (15) by its value from 
Equation (8), we get: 
 

( ) i(2) 1 i
2 f ii

i C,E
J = k a V

α α
γ

=

 
 
 
 

∏  (16) 

 
Where iα  is the partial reaction order of the component 
i . Replacing the activity by its value deduced from 
Equation (7) we obtain : 

 

( )

° °(µ -µ ) (µ -µ )(1) (1)i i i i i i
1 rf RT RT

i A,B i C,D

°i (µ -µ )(2) 1 i i i
2 f RTi

i C,E

J = k exp  - k exp V

 

J = k exp V

α α

= =

α α
γ

=

  
  

 
  


 
 
   

∏ ∏

∏

                                                                                (17) 
 

We have the reactions affinities (1) (1) (2)
rfA ,A ,A , are 

expressed by:  
 

(1)
i if

i A,B
(1)
r i i

i C,D
(2)

i if
i C,E

A =  µ

A =  µ

A =  µ  

   

=

=

=


 ν

 ν



′ν


∑

∑

∑

  (18) 

Since it is considered in our case that the order of 
reactions correspond to the stoichiometric coefficients 

i i i'α = ν = ν  , we get the constitutive laws of the 
multiport R after replacing in Equation (17) the 
affinities values expressed in Equation (18) , thus the 
reactions rates  

1 2J ,J  are written in term of affinities and expressed by:  
 

( )

(1)° A-µ(1) i i f
1 f RT RT

i A,B

(1)°-µ A(1) i i r
r RT RT

i C,D

(2)°i A-µ(2) 1 i i f
2 f RT RTi

i C,E

J = k exp  exp - 

       k exp  exp V

J = k exp  exp V

α

=

α

=

α ′α
γ

=

     
     
       
               

     
     

       

∑

∑

∑

                             

                                                                               (19) 
 

 
 



 

 

STATE SPACE MODEL GENERATION 

The state space equation can be easily deduced from 
bond graph model due to the causal property. The state 
variables represent the displacement variable q in C 
elements. Thus the state space variable vector x is 
expressed by :   
 

( )TA B C D E Fx n n n n n n m H=  (20) 
 
The state space representation will be generated 
according to the general form:  
 

x=f (x,u)
y=h(x,u)





 (21) 

 
Where the inputs u are the flow sources A Bm  ,m , and 
valve control position VU . The output y is the measured 
variables, which is the temperature in our application. 
 
The generation procedure can be realized using the 
SYMBOLS software, where the bond graph model 
elaborated in Fig. (3) is implemented. The reactor state 
space representation is generated systematically, and  
we get the flowing equations system presented by:  
 

g
V S outS1

A A A 1MA

g
V S outS1

B B B 1 2MB

g
V S outS

C 1 2C

g
V S outS

D D 1

g
V S outS

E E 2

g
V S outS

F F 2

g
A B V S outS

U C m -P
n = m - n - J

V

U C m -P
n = m - n - J +J

m

U C m -P
n = - n +J - J

m

U C m -P
n = - n + J

m

U C m -P
n = - n - J

m

U C m -P
n = - n + J

m

m=m + m - U C m -P

H=m

ρ

A A A B B B

(1) (1) 1
1 r 2 r jmCp

1
m Cp

Cp T + m Cp T

      +J H +J H + H-T

y= H






























  ∆ ∆ λ   




 (22) 

 
Where 1 2J ,J are written in term of 

A B C D E Fn , n , n , n , n , n  according to Equations (9), (8) 
and (17). 

SIMULATION AND RESULTS 

In this section we will put the emphasis on the 
simulation results to illustrate the adequacy of our 
variable choice, and the efficiency of the bond graph 
tool to treat readily such complicated process.  
For this aim we have proceeded to implement the 
reactor bond graph model in SYMBOLS software. To 
avoid the control law synthesis, it is assumed that the 
volume mixture is maintained constant V=0.25 m³.  
For that, the outlet volumes flow and inlet volume flow 
are considered constant where :  

A B outV =V = 0.003 m³/s = 2 V = 0.006 m³/s × .  
Thus, the evolution of the different components is 
presented in Fig. (4) below. 
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Figure 4: Components moles number 

 
To justify the choice of the chemical potential as effort 
variable to represent the reaction kinetic for reversible 
and irreversible reactions, the influence of activity 
variation on the reaction evolution is studied.  
We have proceeded to compare between the cases when 
the solution is considered ideal and real, and as it is 
shown in Fig. (5) there is a difference between the two 
behaviour, where the disappearance of the component A 
in the case of ideal solution is more important if we 
compare it with the second case (real solution).  
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Figure 5: The component A reaction evolution 

 



 

 

In the first case (ideal solution) the activity coefficient 
i =1γ , whereas for the second case (real solution) we 

have i <1γ  , that is why the activity ia and chemical 
potential iµ  will be more important in the first case  
contrary to the second, and consequently the increase of 

iµ will increase too the reaction rate 1J  according to 
Equation (18) and (19), which explain the 
disappearance phenomena of the component  A in the 
two cases. 
  
CONCLUSIONS 

In this work the use of bond graph approach to model 
chemical reactors has allowed to elaborate graphical 
model able to be integrated in industrial installation. 
Moreover, it can be modified easily according to 
assumptions that we wish to take in consideration.  
Due to the causality property we have generated 
systematically the state space model which can be used 
in the analysis or supervision applications.  
Furthermore, due to the power variable choice, the 
impact of activity variation on the reaction behaviour 
has been illustrated.  
Finally, this contribution adds and opens a new ways in 
the modelling process engineering, and will help us to 
resolve more complicated problems of chemical 
reactors modelling. However, the adequate choice of 
power variables is not sufficient; other considerations 
related to the system property must be taken into 
account, such compressibility, density variation....etc.  
Further work deals with bond graph model for 
supervision design of chemical reactors will be 
proposed. 
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ABSTRACT 
 
The aim of this paper is to study the structure of the 
bond graph model for solving the input-output 
decoupling problem. First a graphical procedure is 
proposed for the analysis of the LTV models and then a 
technique for determining the decoupling matrices using 
the bond graph representation of the system is 
introduced.  
 
INTRODUCTION 
 
The input-output decoupling problem has received 
much attention since the first development proposed in 
(Falb and Wolovich 1967). This problem is usually 
decomposed in several steps such as: input-output 
decoupling study, control law calculus (decoupling 
matrices) and analysis of the stability property of the 
controlled model. 
 
The first development was concerned with linear 
models from a state representation. An extension to the 
time-varying models was proposed in (Porter 1969) and 
later similar approaches to nonlinear models have been 
proposed. 
 
In the 80’s, new approaches gave new insight in this 
problem. These approaches were based on different 
representations, such as the transfer representation or 
the graphical representation (Commault and Dion 1982, 
Dion 1983). 
 
In (Bertrand 1997), a bond graph approach was first 
proposed for linear models. The input-output 
decoupling problem was solved with the concept of 
causal paths and the control law expression was 
characterized with the joint application of the geometric 
approach and the graphical approach. The stability of 
the controlled model was then studied. 
 
In this paper the study of decoupling problem for the 
linear time-varying models, using graphical approach 
provided by the bond graph model. This study is divided 
into two parts: the analysis of the system, which 
involves determining whether the system can be 
decoupled or not, and the synthesis of the decoupling 
law. 

Our interest is primarily with the time-varying 
multivariate linear differential system in equation (1), 
where I is an interval. 

  (1) 
( ) ( ) ( ) ( ) ( )

,  
( ) ( ) ( )

x t A t x t B t u t
t I

y t C t x t
= +

∈
=

⎧
⎨
⎩

In the sequel we consider the system to be square, with 
m inputs and m outputs, therefore u and y are m-tuples. 
The state variable x is an n-tuple and the matrices A, B, 
C have the compatible dimensions. The decoupling is 
performed using the feedback law (2), where w is an m-
tuple which represents the new input of the system and 
again F and G are matrices of compatible dimensions. 

 ( ) ( ) ( ) ( ) ( ),  u t F t x t G t w t t I= + ∈  (2) 

The plant is said to be decoupled if the ith input affects 
only the ith output for 1,2, ,i m= … . 
 
Using the bond graph representation, we propose a 
method for decoupling linear time-varying models. In 
this study it has been considered that the time-varying 
parameters of the system are the characteristic functions 
of the elements of the bond graphs (C, I, R, TF, GY, Se, 
Sf) and not the topology of the graph.  
 
The following section presents a short theoretical recall 
of numerical decoupling of LTV models. In the sequel 
some definitions for the bond graphs models are 
introduced in the time-varying case. In the third section, 
the theoretical main result is presented, followed by an 
application which is well known to the system control 
community. 
 
 
PRELIMINARY DEVELOPMENTS 
 
In this section the methods developed for the decoupling 
are reviewed.  
 
Decoupling Problem 
 
The procedure proposed by (Porter 1969) for input-
output decoupling of linear time-varying systems is 
recalled. The algorithm is defined for numerical 
purposes, but it offers a lead over the steps to be 
followed. 
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The differential operator  is defined. It can 
be applied to the state vector as defined in (3). The 

operator s is 

TL sI A= +

d
s

dt
= . 

  (3) ( )( ) ( ) ( ) ( ),  TLx t sx t A t x t t I= + ∈

If ,  denotes the iic 1, 2, ,i = … m th row of the matrix C, 

then indices  can be defined as in equation (4). in

 { }( 1)min ( )( )( ) 0 ,  T j T
i in j B t L c t t−= I≠ ∈  (4) 

In case of LTV models the indices { }1, ,in i m= …  

are time dependent and not necessarily finite. 
 
Using the differential operator and the indices defined 
above, the matrices A  and B  are defined like in 
equations (5) and (6) respectively. 

  (5) 

1( 1)
1

( 1)

( ) ( )
( ) ,  

( ) ( )m

T T

T T
m

L c t
A t t I

L c t

α

α

−

−

=

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

∈

 ( ) ( ) ( ),  B t A t B t t= I∈  (6) 

Property 1: The LTV model defined by (1) is decoupled 
by a static feedback (2) iff matrix ( )B t  is non-singular.  
 
The relations (7) and (8) give the expression of matrices 
F and G, where  is an arbitrary diagonal matrix 
which may impose a desired behaviour to the decoupled 
system (Porter 1969). 

( )tΛ

 1( ) ( ) ( ) ( ) ( )( ) ,  F t B t A t A t sA t t−= − + ∈⎡ ⎤⎣ ⎦ I  (7) 

  (8) ( ) ( ) ( ),  G t B t t t I= Λ ∈

The steps taken for the decoupling of linear time-
varying systems in (Porter 1969) are: 
1. Determine the indices for each output; in

2. Calculate the matrices  and ( )A t ( )B t ; 
3. Verify whether property 1 is true, if not the 

procedure stops; 
4. Calculate the inverse matrix for ( )B t ; 
5. Determine matrices ( )F t  and  according to 

the relations (7) and (8). 
( )G t

 
The algorithm can be split into two separeted parts: the 
first three steps represent the analysis and the last two 
the synthesis of the decoupling law. 
 
MAIN RESULT 
 
Even though in (Bertrand 1997), a bond graph approach 
has been proposed for the decoupling of LTI models, 

this perspective has it is limitations and it cannot be 
applied for the linear time-varying models. The 
algorithm has to be generalized. Even a simple 
multiplication of two polynomials in s, with coefficients 
variable in time has to be redefined to suite equation (9). 

 sa as a= +  (9) 

The non-commutative aspects have to be taken into 
account. Mason's rule, used for determining the transfer 
function in a bond graph, does not hold any more for the 
time-varying systems and therefore a new approach 
should be used for the non-commutative rings. This rule 
is called Riegle's rule and it was introduced for 
calculating the transfer function for the time-varying 
systems modelled by bond graph in (Achir et al. 2004). 

 

Seeing the aspects involved, the article presents new, 
more general definitions for the concepts used in system 
decoupling. In the following subsections the procedure 
for solving decoupling problem is discussed in the 
context of linear time-varying models.  
 
System Analysis 
 
The first step is to enunciate the problem: 
 
Given the system (1), is it possible to determine a 
regular static feedback control law (2), which decouples  
the global system? 
 
The answer to this question is given by studying the 
structure at infinity of the system. In (Descusse and 
Dion 1982), the case of linear time-invariant systems is 
studied by means of the structure at infinity. 
 
Theorem 1: (Descusse and Dion 1982) The LTI square 
system ( , , )C A BΣ  can be decoupled by a static regular 
control law if and only if the orders of infinite zero are 
respectively equal to the orders of infinite zero of the 
row sub-systems , . ( , , )ic A BΣ 1, ,i m= …
 
But the interest of this article is with the linear time-
varying systems’ case. Therefore the definitions for the 
global orders of infinite zero, the orders of infinite zero 
for the row sub-systems, as well as the procedure for 
their computation have to be updated.  
 
The aim of this section is to offer a graphical technique, 
by means of the bond graph representation to determine 
whether the system can be decoupled or not. 
 
Definition 1: Given a Smith-McMillan form at infinity 

( )sΦ  of the transfer matrix  in equation (10), the 

coefficients 

( )T s

in′ in decreasing order are the orders at 
infinite zero of the system. 



  (10) 

1 0

( )

0 0

r

n

n

s

s
s

′−

′−
Φ =

⎡ ⎤
⎢ ⎥
⎢
⎢ ⎥
⎢ ⎥
⎣ ⎦

⎥

Property 2: (Falb and Wolovich 1967) The orders of 
infinite zero are equal to the minimal number of 
derivations of each output variable necessary so that the 
input variables appear explicitly and independently in 
the equations. 
 
Definition 3: The order of infinite zero for the row sub-
system  is the integer , which verifies 
condition (11). 

( , , )ic A BΣ in

 { }1min ( )(( ( ) ) ( )) 0T j T
i in j B t A t sI c t−= + ≠  (11) 

Property 3:  is equal to the number of derivations of 

the output variable  necessary for the input 
variables to appear explicitly. 

in
( )iy t

 
There are some differences between the time invariant 
definitions of the structural properties of the bond 
graphs and the time-varying case caused by the fact that 
the elements of the bond graph (C, I, R, TF, GY) are 
time dependent and therefore the definition of gain of a 
causal path and other aspects concerning the differential 
equations need to be reviewed from the non-
commutative perspective. 
 
Definition 4: The length of a causal path is equal to the 
number of dynamic elements in integral causality along 
the path. 
 
Property 4: The order of infinite zero for the row sub-
system  represented by a bond graph model 
is equal to the length of the shortest causal path between 
the output detector and the set of input sources. 

( , , )ic A BΣ

 
Property 5: The orders of infinite zero of a global bond 
graph model is calculated according to equation (12), 
where  is the sum of the k shortest different input-
output causal paths. 

kL

  (12) 1 1

1k k k

n L

n L L −

′ =

′ = −

⎧
⎨
⎩

According to property 4 and theorem 1, it is then 
possible to conclude on the decoupling property of the 
bond graph model only with a graphical approach. 
 
This algorithm is not very different from the one 
proposed by (Bertrand 1997) for the LTI models, the 
definitions have been generalized so that they are 
adequate to the LTV systems.  
 
 

Control Synthesis 
 
Once the indices  are determined, the next step is to 

determine the matrices  and 
in

( )A t ( )B t , which consists 

in calculating the vectors (  and ) 1inT T
iA sI c

−
+

( ) 1inT T
i
TB A sI c

−
+  respectively. The procedure is 

similar for determining the two matrices, therefore we 
focus on , afterwards the differences for 

calculating 

( )A t
( )B t  will be pointed out. 

 
For an easier comprehension of the procedure, the graph 
representation of a bond graph is used, but the technique 
can be directly used the same way on a bond graph 
model. 
 

First, the graph associated to the system is rewritten. 
The state nodes are the derivatives of the state variables 
and the operators on each edge of the graph are 
calculated accordingly as in equation (13). 

 
1

1

( ) ( ) ( ( )) ( ) ( )

( ) ( ) ( ( ))

sx t A t s sx t B t u t

y t C t s sx t

−

−

= +

=

⎧⎪
⎨
⎪⎩

 (13) 

 

 
Figure 1. Graph Representation 

In figure 1 the sets In, State and Out represent the sets 
of input sources, state variables and output detectors 
respectively. The gains of the arcs between the nodes in 
the sets In and State are equal to the values from the 
matrix B(t). The gains of the arcs between the nodes in 
the set State and between the nodes in the sets State and 
Out are equal to the values from the matrices A(t) and 
C(t) multiplied by 1s− . 
 
Property 6: The vectors  are 

determined according to the formula (14), where 

1( ) in T
i

T cA sI −+

ijp  is 

the number of paths of length  between the i( 1in − ) th 

output and the jth state variable and  is the 
gain of the path which is calculated according to the 
relation (15). 

( , )k j iG X y



  (14) 1

1
( ) ( ( , ))i

ij
T
i

p
nT

k j i
k

cA sI G X y−

=

=+ ∑ jX

)r r s 
1

1

(( , )
i

k
r

j iG gX y
α

γ
−

=

= +∏  (15) 

In equation (15) rg  is the gain of the rth arc along the 

path and rγ  is a parameter which is one if the rth arc has 
the same node as head and tail and zero otherwise. 
 
Property 6 allows calculating the formal expression of 
the vectors  directly on the bond graph 
representation using a graphical technique. The 
expression determined for these vectors after the 
procedure presented above represents a multiplication of 
polynomials in s with time-varying coefficients. 
Therefore some simple transformations should be made 
according to the commutation relation (9). 

1( ) in T
i

T cA sI −+

For determining the matrix ( )B t  the only difference 
which should be added is that instead of using the paths 
between the state and the output, the paths between the 
input and the output have to be used. Once the matrices 

 and ( )A t ( )B t  are calculated, matrices F and G are 
obtained, according to relation (7) and (8) respectively. 
 
The advantages of the bond graph approach can be seen 
both in the analysis of the decoupling problem and in 
the control synthesis. In the analysis, the user does not 
have to perform the tedious work of computing the 
vectors, until he finds the order of infinite zero. And 
then verify whether a non-singular matrix is obtained. 
Only by identifying the causal paths on the bond graph 
we can determine whether the model can be decoupled 
or not. In the control law synthesis the matrices  

and 

( )A t
( )B t can be easily calculated by using the gain of 

the causal paths. 
 
 
EXAMPLE 
 
The example considered in this section is well known. It 
was used in (Bourlès and Marinescu 1999) and 
represents a transmission line (Fig. 2). 

Figure 2. Time-Varying System – Transmission Line 

The bond graph model of this system is presented in 
figure 3 and its state representation is described in 
equation (16). The system is considered time-varying 
and the time-dependence is reflected by the values of 

the bond graph elements C, I and R which are time 
functions.  

Figure 3. Bond Graph Model 
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(16) 

In order to facilitate the comprehension of the 
procedure, the graph representation of the bond graph is 
also presented in figure 4 and the discussion is related 
on the two graphic representations in parallel.  
 
The first step consists in determining the order of 
infinite zero  for each sub-system . The 

shortest path for 
in ( , , )ic A BΣ

1D  is 1 1 1E C D− − , which has the 

length 1 and therefore 1 1n = . Analogously the shortest 

path for the second output 2D  is 2 2 2E C D− −  and 

2 1n = .  
 
Secondly the orders of infinite zero of the global system 
have to be determined. The shortest causal path is 

1 1 1E C D− −  and has a length of 1, therefore 

11 1L n′ == . The two shortest different causal paths are 

1 1 1E C D− −  and 2 2 2E C D− − , therefore 2 2L =  and 

2 2 1 1n L L′ == − . 
 
The orders of the infinite zeros of the row sub-systems 
are  and the orders of the infinite zeros of the 
global system are {1 . According to theorem 1, this 
model can be decoupled by a regular static law of type 
(2). 

{1,1}
,1}



 
Figure 4. Graph Representation of the system 

 
Once the indices  are determined one can proceed to 

the computing of matrices 

in

( )A t  and ( )B t . Applying 
property 6 is straight-forward: for the first output, the 

causal path gain between 1C D1−  is 
1

1
( )C t

; for the 

second output, the causal path gain between 2 2C D−  is 

2

1
( )C t

. Matrices defined in relations (17) and (18) are 

respectively: 
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The inverse of matrix ( )B t  is determined (relation (19)
) and then it remains only to apply relations (7) and (8) 
to calculate the decoupling matrices  and 

(equations (20) and (21). 
( )F t

( )G t

  (19) 11

2

( ) 0
( )

0 (
C t

B t
C t

− =
⎛ ⎞
⎜
⎝ ⎠)

⎟

 

1

1

2

2

( )1
0

( ) ( )
( )

( )1
0

( ) ( )

C t
L t C t

F t
C t

L t C t

=

⎛
⎜
⎜ ⎟
⎜
⎜
⎝

⎞
⎟

⎟
⎟
⎠

)⎟

 (20) 

  (21) 1
2

2

( ) 0
( ) ( )

0 (
C t

G t B t I
C t

= =
⎛ ⎞
⎜
⎝ ⎠

Figure 5. Graph Representation of the decoupled system 

The graph of the new decoupled system is presented in 
figure 5. In order to determine the transfer function of 
the decoupled system, Riegle's rule (a short recall is 
presented in the appendix of this article) can be applied. 
But the result is known here, because this mdel is 
decoupled 

The global transfer matrix can be computed, a diagonal 
matrix (eq. (22)) is obtained. 
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Remark 1: After the decoupling, it is possible that 
certain poles of the system become unobservable and 
therefore it is important that these poles should be 
stable. In (Bertrand 1997) a procedure for decoupling 
LTI models using a pole placement has been developed, 
using a geometrical approach. The use of (A,B)-
invariance for the pole placement has not been so 
simple to generalize and this issue remains a perspective 
for our work.  
 
 
CONCLUSIONS 
 
In this paper a new graphical technique for the 
decoupling of linear time-varying systems, based on the 
bond graph models of the systems was introduced. The 
procedure can be applied very easily and diminishes the 
amount of time allocated to the tedious computing of 
the matrices which are used in decoupling.  
 
Future work concerns the application of these 
procedures for the decoupling of the nonlinear bond 
graphs by using the variational bond graph. Also 
decoupling with stability for the linear time-varying 
models is an issue which will be considered.  
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APPENDIX 
 
Riegle's gain formula 
 
The gain formula over a non-commutative ring was 
introduced in (Pliam and Lee 1998) for the non-
commutative graph, and was extended by (Achir et al. 
2004) to the time-varying bond graph models. It can be 
calculated as in the equation (23), where  is called 
the path product of the k

( )kP
th path from input node to exit 

node and has the expression (24). 

  (23) ( )k
k H

T P
∈

= ∑

  (24) 
1

1
( )

1

(1 )k k
k n i

i n

P A S A−

= −

= −∏ k
i

k
iA  is the ith edge operator along the kth path and  is 

the self-gain of the node following the i

k
iS

th arc with the 
remaining nodes along the path. 
This formula is used to calculate the transfer function 
for a time-varying system modelled by a bond graph 
and was introduced for proving directly on the bond 
graph representation that the decoupling actually takes 
place. 
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ABSTRACT 

This paper presents a method for controller synthesis in 
the bond graph domain. A dynamic feedback 
linearization and decoupling controller of rotor speed 
and rotor-flux amplitude of a current-fed induction 
motor is derived on the basis of a flatness analysis 
entirely conducted on a two-input nonlinear bond graph 
model of the motor. Once the rotor speed has been 
found as the first flat output, a technique which uses a 
variational bond graph and its associated quotient bond 
graph (modulo the differential of the first flat output) 
allows identifying the second flat output as being the 
angle of the rotor flux-linkage space vector. The flat 
output parameterization of the control outputs is later 
used to derive the control law. Simulation results are 
given to demonstrate the control system performance. 
 
INTRODUCTION 

The main concern of this paper is a methodological 
approach on bond graphs (BG) to the development of 
control laws for nonlinear physical systems, thereby 
linking theoretical methods of nonlinear control with 
physically based modeling formalisms. 
Some available results for multivariable models, based 
on  differential geometry theory, exploit the notion of 
relative degree for the input-output decoupling, 
disturbance rejection  and exact linearization problems. 
Nevertheless, these techniques which  have a nice 
graphical (BG) interpretation in the linear case 
(Bertrand et al. 1997), cannot easily  extended to 
nonlinear BGs. Moreover, they are restricted  to systems 
without unstable zero dynamics. 
A relatively recent and elegant technique that solves 
complex control problems is based on the property of 
flatness introduced in (Fliess et al. 1995). This 
technique, that enables to overcome the problem of 
unstable zero dynamics and to solve trajectory planning 
and tracking problems, has shown itself well suited to 
be performed on graphical models of dynamic systems. 
The most effective method to analyze the flatness 
property is based on the freeness of the tangent 

(variational) module associated with the nonlinear 
model. Indeed, in most cases the flatness property itself 
and the differential parameterization of the system 
variables by the flat outputs are not easily pointed out 
directly on the nonlinear system model. A variational 
approach introduced in a previous work for nonlinear 
BG models (Achir and Sueur 2005) enables to identify 
the flat outputs of non linear systems. Although the 
proposed algorithm is easily applicable   in case of 
single input BGs, it comes up against the problem of 
computing the  Kronecker indices in the multi input 
case. Nevertheless, it was shown that many BG tools 
developed for linear systems are no longer valid due to 
the fact that the model coefficients are time dependent 
and therefore new rules dealing with such problems 
have been proposed.  
In this paper, the synthesis on the BG domain of a 
dynamic feedback linearization and decoupling 
controller of rotor speed and rotor-flux amplitude of a 
current-fed induction motor (IM) is proposed. As this is 
a multivariable (two-input, two-output) application of 
flatness, the method of the quotient BG is introduced in 
order to help  obtaining the second flat output once the 
first flat output variable has been guessed on the base of 
physical grounds. This technique is an adaptation to the 
BG domain of a previous result (Fossas et al. 1998). 
The article is organised as follows: Second Section 
presents a BG model of the current-fed IM which is well 
adapted to perform the flatness analysis that follows in 
the same section. Third Section addresses the controller 
synthesis of the IM. Next, Fourth Section presents some 
simulation results demonstrating the closed-loop 
performance of the control system. The conclusions are 
presented in Fifth Section. Some mathematical 
background on flatness, the concept of ring BG are 
recalled in the Appendix. 
 
FLATNESS ANALYSIS ON A BG MODEL OF 
THE IM 

BG Model of Current-Fed Induction Motor  

A BG model of a current-fed induction motor 
convenient for the purposes of this paper is given in Fig. 
1. It is set forth in a stationary (or stator fixed) reference 
frame with orthogonal axes d and q. The controlled flow 
sources  impress the stator currents isd,q. The energy 



 

 

variables associated to both generalized inertia 
components I:Lr are Φrd,q, the rotor flux linkage 
components. The inertia I:J  is related to the angular 
momentum Jω; linear friction with coefficient b is 
assumed. The coefficients M and Lr denote the mutual 
and rotor self-inductance, respectively; Rr is the rotor 
resistance, and p the number of pole-pairs. 
Applying standard BG equation-reading procedures 
(Karnopp et al. 1990) on each of the three 1-junctions 
associated to the mentioned energy storages, this BG 
yields the set of voltage and mechanical balance 
equations (1) and (2), respectively. Note that the driving 
torque (3) is exclusively supplied by the diagonal-
placed MGYs (moduli pMΦrx/Lr) on the left of the BG, 
while both MGYs on the right (moduli pΦrx) provide a 
zero net effort on the mechanical 1-junction. Equations 
(4) and (5) relate the pair of BG-currents (id , iq) to (isd , 
isq) and (ird , irq), the stator and rotor currents, 
respectively. 
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Fig. 1. d-q reference-frame BG-model of current-fed IM 
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Flat Outputs Determination on the BG Model  

As the system has two control inputs, two flat outputs 
are to be determined. This task is performed on the BG 
model applying the four-step procedure reported in the 
Appendix. 
1) Variational Bond Graph: Build a Tangent or 
Variational BG (VBG) via differentiation of the original 
nonlinear BG. 
2) Quotient VBG (QVBG): Guess a trivial basis of the 
VBG (a differential 1-form) and quotient the VBG 
modulo this basis (two-input model reduced to a single-
input one). 

3) QVBG Basis: Identify the basis (a second differential 
1-form) of the  QVBG. 
4) Integration: Integrate both differential 1-forms to 
find the flat outputs of the original nonlinear BG. 
The application of this procedure will show next that the 
rotor speed and the angle of the rotor-flux-linkage 
space-vector (or the rotor flux angle, for short) are the 
two flat outputs looked-for. 

1) Constructing the VBG 
Applying the Kähler differential operator (see 
Appendix) to the nonlinear BG of Fig. 1 yields the 
VBG, which is built by simply connecting the VBG-
images of the original BG components, due to the 
linearity of the Kähler operator. The only images to be 
determined are those corresponding to the nonlinear 
components, i.e., the modulated gyrators. To deal with, 
consider the modulated gyrator depicted in Fig. 2. Its 
constitutive equations are given in (6). Their 
differentials are given in (7), where m is a nonlinear 
function depending on the state variables and even on 
the input variables in general case. 

MGY 11

:me1 e2
f1 f2  

Fig. 2. Modulated gyrator 

 2 1 1 2,e m f e m f= = . (6) 

 2 1 1

1 2 2

de m df f dm
de m df f dm

= +
= +

 (7) 

These equations suggest building the VBG by 
augmenting the initial modulated gyrator with two effort 
sources as shown in Fig. 3. Therefore, the VBG of the 
current-fed IM is  built as shown in Fig. 4. 
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Fig. 3: VBG of a modulated Gyrator 
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Fig. 4. VBG of current-fed IM 

 
In the sequel, the following generalized notation will be 
used for the input and state variables, according to the 



 

 

standard usage in control theory: 

             ( ) ( )1 2, ,
tt

sd sqdu du du di di= =                         (8.1) 

             ( ) ( )1 2 3, , , ,
tt

d qdx dx dx dx di di dω= =                (8.2) 
2) Constructing the QVBG 
The VBG of Fig. 4 represents  the module Ω  modeling 
the tangent system. An obvious choice of a basis is the 
mechanical speed 1 3dy dx= . In order to get the second 

basis, a quotient modulo 1dy  is made, which results in 

the new module 1 1/ dyΩ = Ω . Performing this 

quotient operation is equivalent to setting 

3 3 0dx dx= = . This means that the flow and the effort 
in the BG-elements I: J and R: b are equal to zero. By 
removing them, the 1-junction associated to dx3 gives 
the algebraic relation (9) between 1ud  = sdid  and 2ud  

= sqid  (the bars denoting variables in the quotient 

space). 
 

      0rq sd rd sq sd rq sq rddi di i d i dφ φ φ φ− + − =          (9) 
 
Solving (9) for 2ud  and replacing 2ud  in the VBG of 
Fig. 4 leads to the QVBG of  Fig. 5. 

 
3) Calculating the basis of the QVBG model 
The QVBG just obtained has only one single input 
source, and it is thus possible to apply the procedure 
given in the appendix to identify the second basis. Let it 
be 

                 2 1 1 2 2dy   C dx   C dx= +                         (10) 

GY

GY

11

0 1

MSf:disd
disd did= Lr

Φrdd

diq= Φrqd
Lr Rr

LrI:

R:

LrI:

RrR:

MSf:

npLr

:
:

M
Lr

Rr

M
Lr

Rr

MSf: Φrq
Φrd ωdisd GY :

MSf: isq
Φrd

dΦrd

isd
Φrd

dΦrq

Caminos
Causales

dx1

dx2

du1

 
Fig. 5. Quotient BG model 

 
G1( 1ud , ixd ) stands for the gain of the causal path of 
length one between the input 1ud  and the storage having 

ixd  as state variable.  

        ( ) ( )1 1 1 1 2 1 1 2, , 0C G du dx C G du dx+ =                  (11) 

The values of these gains are easily calculated on the 

QVBG of Fig. 6 as given in (12), (13). As regards the 
notation in (13): it has been set x2 / x1 = iq /id in 
accordance with the definitions (8.2). Indeed, note that 
the gain read on the QVBG is MΦrq/TrΦrd, which equals 
that given in (13) because of the definitions (4). 

              ( )1 1 1, /r rG du dx MR L=                             (12) 

              ( )1 1 2 2 1, /r rG du dx MR x L x=                     (13) 

Choosing C1 = x2 yields the solution C2 = – x1. Therefore 
the basis of the module 1Ω  is given by (14). 

                2 2 1 1 2dy   x dx   x dx  = −                         (14) 

Consequently, the bases of Ω  are as given in (15). 

1 3

2 2 1 1 2 3

                               
( )d

dt

dy   dx   
dy   x dx  x dx  p dx
 =


= − +
                    (15) 

 
4) Integrating the Differential 1-forms 

The first 1-form is trivially integrable, and the second is 
integrable after multiplying it by the integrating factor 

2 2 1
1 2( )x x −+  and setting the polynomial ( ) 0d

dtp = . 
Finally, the flat outputs of the original nonlinear BG are 
given by (16). As anticipated when starting this section, 
they are the rotor speed ω and the rotor flux angle ρ. 
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Rotor-Flux Parameterization by the Flat Outputs 

It is well-known that all system variables can be 
differentially parameterized by the flat outputs. Next, 
the parameterization of the rotor-flux amplitude is 
calculated, what will be useful for the purposes of 
controller design. 
The time-derivative of y1, the first flat output, is just the 
rotor-speed state equation (17). On the other hand, (18) 
is the expression of the time-derivative of the second 
flat output y2, with 2 2( )rd rqφ φ∆ = +  = 2

rψ , the square 

of the rotor flux amplitude. Both equations can be 
immediately derived from Fig. 1 applying standard BG 
equation-reading procedures (Karnopp et al. 1990) (see 
next section).The second term in the right-hand side of 
(18) is the (dynamic) slip-speed between the speed of 
the rotor flux vector and the rotor speed, the latter being 
measured in electrical radians per second. 

               ( )1 1 1 2 2 1
r

b p My y x u x u
J J L

= − + −              (17) 

               
( )1 2 2 1

2 1
r

x u x uMy p y
T

−
= +

∆
                 (18) 

Its is easy to derive (19) by elimination of the 
parenthesis (x1 u2 – x2 u1) from (17) and (18). This 
equation entails the parameterization of the rotor flux 
amplitude by the two flat outputs. 
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CONTROLLER SYNTHESIS 

The flatness property enables to transform the system 
represented by the bond graph of Fig. 1 into a linear 
controllable one without zero dynamics by means of an 
endogenous dynamic feedback and change of 
coordinates. This can be achieved by applying the 
standard input-output decoupling algorithm, that 
involves differentiating the outputs until auxiliary inputs 
appear in a non singular way. This may require the 
intermediate addition of integrators on the input 
channels, which become states of the dynamic 
compensator. 
After the synthesis of the dynamic feedback 
linearization controller, a linear overriding controller is 
designed in order to solve a tracking task for both, the 
rotor speed and the amplitude of the rotor flux vector. 
 
Dynamic Feedback Linearization and Decoupling 

The design of this compensator is supported by the BG-
model of Fig. 1. The first derivative 1y ω=  of the first 
flat output is obtained by evaluating the effort at the I:J 
storage  element using its associated 1-junction 
equation. 

                 1 ( )rd sq rq sd
r

b My p i i
J JL
ω φ φ= − + −           (17) 

The first derivative 2y  of the second  flat output is 

given in (20), with rdφ  and rqφ  as in (21). The latter 
equations are obtained by evaluating the efforts in the 

: rI L  storages using the constitutive relationships of 
their associated 1-junctions and following the causality 
rules. 
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Finally, replacing (21) in (20) yields (22), a slight 
variation of the anticipated equation (18). 
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The decoupling matrix is then 
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This decoupling matrix G1 is singular because 
det(G1)=0. Therefore, the flat outputs must be 
differentiated again. Setting ( )rd sq rq sdi iξ φ φ= −  and 

differentiating again the first flat output leads to (23), 
with 1v ξ= . 

       
1 1
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b b M My p p v
J J JL JL

ω ξ
 

= − − + + 
 

        (23) 

 
Differentiating again the second flat output yields 

2 1 2
r r

r r r

R RM b My v M p p
L L J JL

ξ ω ξ
 ∆

= − + − + ∆ ∆  
,   (24) 

with  ( )2 2r r
rq sd

r r rd

R MR i
L L

φ ξ
φ

∆ = − ∆ + + ∆ ,        (25) 

Set 2sdi v= , then 
 

( )2 1 22 2 2

                                                   

r r r r
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r

R MR R RM My v v
L L L L

b pMp
J JL
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+ − + 

 

 (26) 

The new decoupling matrix is regular 
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thus, the control law can be calculated after (27).  
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The control laws for the original system are: 
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(28) 

                           2 1
2

1

x uu
x

ξ +
= ,                          (29) 

With this controls the system is equivalent to a chain of 



 

 

two integrators 

                        1 1

2 2

y w
y w

=
 =

,                                       (30) 

with w1 and w2 the new input variables. The 
compensator dynamics is 

           
2

1 2
rJL b bMw p

pM J J Lr
ξ ω ξ

  = − +     
,            (31) 

The control laws are implemented as shown in Fig. 6. 
Note that they are not defined for 0ξ =  and 0rdφ = . 
This can be remedied by adding a small constant value 
for the measured state rdφ  and a suitable constant value 
to the compensator state ξ . 

Current-Fed
  Induction
     Motor

             Dynamic Feedback
             Exact Linearization
                    Controller

Tracking
Controller

Φrd, Φrq, ω

y2*
1
*y 1w

2w

Controller
isd

isq

 
Fig. 6  Controller scheme 

 
Trajectory Tracking 

To ensure tracking of given references *
1y  and *

2y , one 

can define the reference errors *
1 1 1e y y= −  and 

*
2 2 2e y y= − , and prescribe the second order errors 

dynamics 

                               1 11 1 12 1

2 21 1 22 2

0
0

ë k e k e
ë k e k e
+ + =

 + + =
,              (32) 

where k11, k12, k21, and k22 are such that the tracking 
errors converge asymptotically to zero. Replacing these 
error expressions in (30), the control laws are obtained 
to be 

         
* *

1 1 11 1 1 12 1 1
* *

2 2 21 2 2 22 2 2

( ) ( )
( ) ( )

w y k y y k y y
w y k y y k y y
 = + − + −


= + − + −
.            (33) 

Note that y2 is not a control output  per se, as is the case 
of y1. In order to assure the tracking of a flux-amplitude 
reference *

rψ , the parameterization (19) is used under 
the form (34). 

                 
* *

* * 1 1
2 1 2

( )r

r

b R y J b y
y p y

p ψ ∗

+
= +                (34) 

 
SIMULATION RESULTS 

The closed loop control system has been simulated with 
the IM parameters given in Table I and the following 
values for the controller parameters: k11 = 20, k12 = 100, 
k21 = 200, and k22 = 10,000. A very good tracking 
performance is observed for the flat outputs as well as 
for the control outputs (Figs. 7-9). It can also be seen 
that the control inputs as well as the internal variables 
remain between admissible bounds for the machine at 
hands and behave smoothly (Figs. 10 and 11). 

Table I. Induction Motor Parameters 
Rated Power 17.65 Kw 
Rated Speed 1430 r.p.m 
Rated Frequency 50 Hz 
Rotor Resistance 0.415 Ω 
Rotor Self-Inductance 87.62 mH 
Mutual Inductance 84.62 mH 
Number of pole-pairs 2 
Load Torque Linear Coefficient 0.7869 Nm/s 
Stator Self-Inductance 86.94 mH 
Stator Resistance 0.371 Ω 
Rated Voltage 3x380 v 
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CONCLUSION 

A multivariable nonlinear tracking control problem has 
been solved via the application of a flatness-based 
method on the BG model of a current-fed induction 
machine. A technique for the systematic identification 
of the flat outputs has been addressed as part of the 
method. The work shows the feasibility of applying 
advanced and sophisticated nonlinear techniques on 
physically-based graphical models which are well-
known to modeling and simulation practicionists. 
Further work will address the derivation of the 
controller completely in the graphical domain using 
inversion techniques on bond graphs. Also of interest is 
extending the methodology to the more complex case of 
the voltage-source controlled induction machine, and to 
other kinds of physical plants. The later seems feasible 
(Achir, 2005), yet constructing the VBG, finding its flat 
outputs, and integrating them could be laborious for 
higher order, strongly nonlinear systems. 
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APPENDIX 

Basic Definitions  

A brief recall on differential algebraic module theory as 
introduced in control theory in (Fliess et al. 1995, Fliess 
1989, 1990, 1998) will help understanding the 
foundations of the method presented in this paper. 
Assume L and K two differential fields. A non linear 
dynamic system is a finitely generated extension L/K, 
i.e.; there exists a finite set 1( ,..., )nξ ξ ξ=  in L such 

that L is differentially generated by L and ξ . 
 Similarly, a linear system is a finitely generated left 
[ ]dtdK -module Λ . A linear dynamics with input 

1( ,..., )mu u u=  is a linear system which contains u 

such that the quotient module /[ ]uΛ  is torsion.  
To a finitely generated field extension L/K associate a 
mapping :d L →Ω  called Kähler differential and 
where Ω  is a finitely generated left [ ]dtdL -module. 

The left [ ]dtdL -module Ω is called the variational 
linear system  associated with the system L/K.  
 
 Flat Outputs  Identification Procedure 

First, a procedure of identification of the flat outputs of 
non linear BG-models based on the notion of variational 
BG-model is recalled from (Achir et al. 2004), then a 
technique based on quotient of modules already 
presented in (Fossas et al. 1998) is applied  to bond 
graphs. 
Let ( , )x f x u=  be a state variable representation of a 
given non linear BG-model. x and u are the  state and 
input  variables associated with the dynamic elements 
and the input sources  respectively. Applying Kähler 
differential operator, the variational BG-model is 
described by the following  state variable representation  
 

                  ( , ) ( , )d dx A x u dx B x u du
dt

= +              (A.1) 

 
where ( ) dxdfuxA =, , ( ) dudfuxB =,  and dx 
and du stands for the Kähler differentials of x and u 
respectively. 
If  its  associated module is free, then  the nonlinear 
model is strongly accessible (Fliess et al. 1995) and the 
nonlinear model is flat if the bases of  Ω  are integrable. 
Consider the following change of coordinates given by  
 
                               dx Pdz=                                (A.2) 
 
P  is the controllability matrix represented by (A. 3) 

( ) ( )( ) ( ) ( )( ) ( )[ ]uxBdtduxAuxBdtduxAuxBP n ,,,...,,,,, 1−−−=
(A.3) 

 
The flat output is  clearly the last variable nz  of the 
considered controller  form.  In terms of state  variables, 
the flat output take the following form: 

                         
1

( )   
n

i i
i

dy C x dx
=

= ∑                        (A.4) 

As a consequence of (A. 1-4), the row vector C with 
entries Ci satisfy the following set of algebraic equations  
 

-1

-1

[ ( , )  ] ( , ) 0     
      

[ ( , )  ] ( , ) 0                         

kd
dt

nd
dt

C A x u B x u k n
C A x u B x u
 − = <


− ≠
     (A.5) 

 
The entries of the column vectors of the matrix P; i.e: 

( -1)[ ( , )  ] ( , )kd
dtA x u B x u−  are obtained from the 

variational bond graph model by means of  the 
following formula:  

-1{[ ( , ) ] ( , )} ( , )kd
i k idt

H
A x u B x u G du dx− =∑   (A.6) 

( , )k iG du dx  denotes the gain of the causal path  of 



 

 

length k connecting  the input variable du  to the state 
variable idx  and H denotes the set of all the  causal 
paths existing in the  variational bond graph. 
 
Remark: Due to the non commutative aspect, the gain of 
a causal path has to be calculated backward, i.e: from 
the output (sensor) variable to  the input (source) 
variable. 
 
 In case of VBG-models with m input sources, assume 
that m–1 flat outputs have already been guessed. In 
order to obtain the last flat output, a quotient of  module 
is made. Let mΩ  be a module representation of the 
resulting BG-model: 

                 
1 1,...,m

mdy dy −

Ω
Ω =                        (A.7) 

The resulting VBG-model is a single input source and  it 
is possible to apply the above procedure to identify the 
mth basis.  Let it be mω .  Therefore, the bases of Ω  are: 

                

1 1

2 2

1

1

                      
                      

:                       

( )
m

d
m m i idt

i

dy
dy

p dy

ω
ω

ω ω
−

=

=
 =


 = +


∑

                 (A.8) 

The polynomials ( ), 1,..., 1d
i dtp i m= − , with 

elements in d
dtL   must be chosen such that the above 

set of one forms is integrable. 
 
Theorem (Fliess 1989) 
A set of 1-forms 1( ,..., )mω ω , of class 1C and 

1( ,..., )mrank mω ω =  is integrable  if and only if   

         1 ... 0     1i md i pω ω ω∧ ∧ ∧ = ≤ ≤      (A.9) 

Λ stands for the skew tensor product  
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ABSTRACT

This study proposes a method for automatic
reconstruction of models that present modelling
inconsistencies.
It first describes a general procedure, derived from the
bond graph modelling process, which builds generic
(independent of physical and technological domains)
models. By applying different elimination criteria we
extract those models that comply with our demands.
This general algorithm is adapted for the reconstruction
of a tympanometer’s model with a frequential problem
observed after the construction phase. 

INTRODUCTION

Nowadays the systems to be modelled have become
increasingly complex, and need accurate models in
order to understand and control their behaviour.
As engineering systems today are multi-domain, they
require the combined work of several engineering
disciplines. In order to automate the design or revision
of multi-domain systems, the bond graph methodology
has been chosen. 
The main concern of an engineer confronted with a
modelling problem is to make an abstraction of the
system he needs to model. It is a difficult task to
determine which aspects or properties are relevant for 
the system at hand. Sometimes these choices may be the 
source of models with inconsistencies that will fail in
the analysis or control phase. Several physical aspects 
of the system (friction, fluid inertia, etc) that were not 
taken into account may be the cause of an inconsistent
model.
Other problems may appear after the modelling phase
when certain aspects of the system do not comply with
the specifications. This proves that modelling is an
iterative task and the model proposed is constantly
adapted and revised until it satisfies the designer’s
needs and that a large part of the modelling process
consists in revision and adaptation.
This study proposes an automation of this aspect of
modelling.
Following the well-known process of bond graph 
modelling, we want to provide models that respond to

specifications, expressed here in terms of frequency and 
transfer function.
Section 2 shows the first step of the procedure, the
structure generation. All possible junction structures
with a certain number of 0- and 1- junctions are 
provided (Pirvu et al. 2005). In order to avoid duplicate
structures, several algorithms are thus applied. By using
rules of equivalence (Lamb et al. 1993), redundant
structures are eliminated.
Section 3 deals with causality rules and element
placement.
In section 4 the specifications are expressed in terms of
frequency response. All different structures verifying
the previously defined rules and satisfying the
specifications are obtained. The result is thus a set of
complete bond graph models, which can be, in a next
step, interpreted in terms of technological devices in
different physical domains.

STRUCTURE GENERATION 

Building of the structures 

The first task is to develop all possible junction
structures with a certain number of 0- and 1-junctions.
These junction structures are like skeletons as they 
consist only of junctions and their connecting bonds 
(Ort and Martens 1973; Birkett and Roe 1989, 1990). 
The bond graph designing process has been developed
around a set of basic rules described as assumptions A1

and A2:
A1: No two consecutive junctions of the same type are 
allowed
A2: All external elements are added on the 1- junctions 
(derived from the systematic procedure of constructing
bond graph models described in (Karnopp and 
Rosenberg 1975)) 
For representing a skeleton, a Boolean matrix is 
introduced where a connection between a 0-junction
and 1-junctions is signalled by adding the value “1” in
the corresponding cell of the matrix as shown in figure
1.

1 2

1

2

1 1
0 1 0

0 1 1
M

Figure 1:  A BG Skeleton and its Structure Matrix 



The algorithm starts the generation process from a 
minimal structure. This minimal structure may be the
matrix M = (1) which represents the most simple
junction structure with only two junctions as shown in
figure 2(a) or it may be a more complex one if the
modelling process is not at the beginning.
As we are discussing a tool that adapts and reconstructs
inconsistent models, our starting point will be a more
complex junction structure that corresponds to an
already existing model like in figure 2(b).

(a) Basic structure 

(b) A more elaborate structure 
Figure 2:  Starting BG Structure 

It is preferable to begin this process with an already 
existing skeleton that represents the most vital or simple
to design part of the model. In every modelling case, the
engineer can always determine a certain part of the
model considered the “backbone” of the whole design.
Every already developed structure is considered as a 
starting point for further structures with an increasing
number of junctions.
Assumption A2 states that elements (R, I, C, Se, Sf, De, 
Df) cannot be connected directly to 0-junctions.
To speed up the generation process and to permit
element placement, we will add a 0-junction coupled 
with a 1-junction.
From figure 3 (a), adding a 0-junction leads to figure 3 
(b) with a new matrix M. 

1 2

1

1 1
 0 1 1M

(a) Initial Structure and Corresponding Matrix 

1 2 3  1 1 1
0 1  1  01

20 1 1 1
M

(b) Final structure and corresponding matrix
Figure 3:  Adding a New 0-junction

As it can be observed, adding junctions means adding
rows and columns to already existing matrices (rows for
0-junctions and columns for 1-junctions).

A junction added to an already existing structure can be 
connected in multiple ways as in figure 4. Every time
we obtain a new valid structure. By exploring all
possibilities of connecting a new junction, the algorithm
will provide all new structures derived from a given
base.

(a) Adding a 1-junction
1 2 3 4 5

1
1

2

  1 1 1 1 1
0 1 0 1  1  1

0 0 1 1 1 0
M

1 2 3 4 5

1
2

2

   1 1 1 1 1
0 1 0  1  1  0

0 0 1 1 1 1
M

1 2 3 4 5

1
3

2

 1 1 1 1 1
0 1 0  1  1  1

0 0 1 1 1 1
M

(b) Corresponding matrices
Figure 4: Developing Structures

From the bond graph point of view, structures 1M and

2M  are equivalent even if their matrices are different. 

As the process of structure developing provides all
possible configurations, the problem is how to detect
and eliminate these redundant structures.

Eliminating redundancies

Each junction has associated a number of internal bonds 
that connect it to other junctions. Each time a matrix is 
developed, it has to be compared with previous ones to
decide whether it is redundant or not. We do this by
comparing the number of internal bonds for junctions of
the same type. At the matrix level this information
consists in summing each row and each column. All 
sums per rows (columns) are retained in a vector. 
For the matrices described below the numbers are:

1 1

1 0
M   (2, 1) for 0-junctions; (2, 1) for 1-junctions

1 0

1 1
M    (1, 2) for 0-junctions; (2, 1) for 1-junctions

We proposed the following procedure:
Procedure P1

-Step 1 
If vectors for the same type of junctions are
different (order is not important as a change in
order means a permutation of junctions), the
second structure is original and is kept as a
possible configuration. Otherwise it is not
possible to conclude, and thus go to step 2. 

-Step 2 
Calculate all the minors for the considered
matrices to be compared.



Example:
1 0 1

1 1 0
M  and its minors (absolute value)

1 0
1

1 1
;
1 1

1
1 0

;
0 1

1
1 0

If they are the same, the structures are equivalent and 
only one of them has to be kept.

CAUSALITY AND ELEMENT PLACEMENT 

The generation procedure has provided all possible and
unique configurations of 0 and 1-junctions.
In the process of transforming these structures into bond
graphs, the next step is about applying causality.
Causality is represented by introducing in the M- matrix
(+) and (-) signs: a causal stroke “far” from a 1-junction 
is coded with –1 and a causal stroke “close” to the 1-
junction is coded with 1. The rule for 1-junctions states
that one causal stroke “far” will impose all the others
“close”. This means that only one (–1) is permitted for
every column. For rows the logic is reversed: one (–1) 
means a causal stroke “close” to the 0-junction and this
imposes all other causal strokes “far” i.e. coded with
(+1).
Every 1-junction has several internal bonds (connecting
them to 0-junctions) and one or more external bonds for 
supporting elements. The external bonds are treated as 
0-junctions and are represented by new rows in this
matrix, coded as described for 0-junctions.
An example of this convention is shown in figure 5. The 
last row of the matrix corresponds to the external bond
of each 1-junction.
When there is no predefined model, the algorithm
generates all causality solutions i.e. constructs all 
matrices of causality for every structure. Notice that for
the structure in figure 5 another possible causality
solution is shown in figure 6. 

1 2 3 4

1

2

1

e ef fder derS ,C,D ,R,I  S ,I,D ,R,C

1 1 1 1
0 1 1 1 0

0 0 1 1 1

1 1 1 1ext

Figure 5: Example of Causality Representation 

Another assumption was introduced at this point of the
study:
A3: A causality loop is not allowed (an infinite sum may
be obtained when calculating the gain of the loop) 
Because of assumption A3, a solution as shown in figure 
6 is dropped.

Figure 6: One causality Assignment to be rejected

For each causality solution, there are specific elements
that fit in. A (-1) in the causality matrix indicates that a
member of the “outgoing flow” family

f e derS ,I,D ,R,C will be chosen as element for that 1-

junction, (+1) indicating a candidate from the “outgoing 

effort” family e f derS ,C,D ,R,I .For each causality

solution the algorithm provides all possible
configurations of elements. This idea is followed also in 
the case of a partially developed model.
Models are reconstructed following two procedures: 

adding new elements
adding new junctions

These two steps are intercalated in the case of a total 
reconstruction of a bond graph model.
In the process of adding new elements each 1-junction 
is considered a support for new storage elements.
If the 1- junction already detains external elements that 
were considered vital, the algorithm will not permit the 
addition of elements of the same type. In the example of
figure 7 only an I-element in derivative causality may
be introduced. 

Figure 7: Adding Dynamic Elements

If the procedure of adding new elements has not given a 
solution to our specifications, a modification in 



The bond graph model of the right part of the system (in 
the box) is described in figure 9. The descriptions of 
compliances, fluid inertia and fluid resistance are as 
following:
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structure is triggered. The algorithm is reloaded from
the junction structure phase, where an already existing 
structure is completed with new junctions. The
introduction of TF-junctions is also permitted at this
stage if the algorithm considers a new physical domain
should be explored. 

TRANSFER FUNCTION 

We have chosen to introduce at this stage the power 
transfer direction and the corresponding half arrows. As 
we discuss here about SISO models, we set the
following assumption:

6

4

 s  18 10

,  ; ,

=

8
f tube length radius of the tube

dynamic visco ity of air Pa s

L r
L

R
rA4: the power propagates from the source to every

branch of the structure.
For the power flow representation, the same logic as for 
causality is used, by introducing a power flow dedicated 
matrix whose terms are equal to (+1) if the half-arrow 
enters the 1-junction, (-1) if the half-arrow leaves the 1-
junction. The half-arrow for external bonds always
points out of the sources and into the other elements.

Figure 9: Bond graph Model of Tympanometer
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1 1
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Figure 8: a) Power Oriented BG and its Corresponding
Matrix

Using causal loops and path gains, the Mason’s rule 
may be implemented. For each generated solution we 
calculate the transfer function and compare it with the 
one given as specification.

In the production phase this device was not functioning
as supposed and needed a more elaborate analysis.
Apparently a “slip-stick” friction of the piston-cylinder
was injecting noise into the ballast volume.
The transfer function of the dynamical system in figure
9 was calculated as described below: APPLICATION

1
1 2

1

( )
1 1 1

( )

e b fe

f

f f e b

C C IP
H s s

Q R
s s s

I I C C

What is described above is a general procedure for the 
automatic design of bond graph models that exhibit a 
desired dynamic behaviour. This procedure is adapted 
for the reconstruction of a device that determines the
health of the internal ear. This example was presented 
by D. Margolis in (Margolis 2002) as a design error that 
could have been avoided if further analysis had been 
made during the conception phase. A solution was 
found after the production phase and we want to prove 
that this solution could have been automatically
indicated by the proposed algorithm.

where is the pressure in the ear given byeP 1eD
According to actual values provided for this device the
natural frequency was found to be 220 Hz.

2 1 1 1
440  close to 226 Hzn

f b eI C CThe device called tympanometer uses an acoustic signal
to detect the health of the internal ear. Its schematic
description is shown in figure 10. 

The system’s dynamics were amplifying noise at almost
the exact frequency necessary for the treatment of the
signal.A small rubber cone is introduced into the ear and a

motor-pump system pressurizes the ear cavity to 20 mm
of Hg. Then the pressure is backed down with 5 mm of 
Hg decrements and an acoustic signal of 226 Hz is
transmitted into the ear cavity. The acoustic pressure is
measured by a microphone and analyzed to determine
possible anomalies.

The solution to this problem may be the introduction of
a pair of zeros in the transfer function that would
eliminate the desired frequency.
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Figure 10: Schema of the Tympanometer

The actual value of this zero has to be adjusted to 
eliminate the frequency of 226 Hz and avoid the
propagation of noise at this frequency.
The bond graph model from figure 9 can be used as a
starting point for further models that should provide a
double zero to this system. The desired transfer function
is

2H s and considered as a specification for the 

generation procedure.
Information must be provided to the generation 
procedure in order to establish: 

Which part of the initial model should be
reconstructed and implicitly which part is 
considered vital and should not be changed?
How radical this reconstruction should be, 
meaning only an addition of storage elements
or also a junction structure modification?
What are the specifications for the new 
dynamic behaviour?

Because this device was already in the production phase 
when the malfunctioning was observed, the main
concern is to keep as much as possible from the original
system. Our goal is to obtain a model that introduces the
zeros needed, preserves the order of the model and
triggers minimal modifications in the design of the
device. Since no modification in structure is needed yet,
the algorithm will not take into consideration the stage 
of developing a new skeleton. 
If modification in structure should be permitted, the 
algorithm would load the minimal structure, figure 11,
and start developing new possible ones (adding 
junctions).
The device itself introduces some constraints that are 
considered as vital parts: we inject air (Sf) into the
ballast chamber (C1); we measure the pressure (De) into 
the ear cavity (C2) and there is a tube introduced in the
ear cavity (R).  All these components have already been 
produced and therefore the designer prefers them
unchanged.
Since we already have a source, the power flow matrix
is imposed. The source of air will also impose it’s
causality on the first 1-junction and the third 1-junction
has its causality imposed by the second 0-junction. The 
rest of the causality matrix will be completed
automatically, as well as new storage elements.

1 2 3 4 5

1

2

1 1   1  1 1
0 1 1 0 0 1

0 0 1 1 1 0

Ext 1 1 1 1 1

M

Figure 11: Minimal Junction Structure and Imposed
Causality

As it can be observed, the design of the tympanometer
imposed certain constraints on the generation
procedure, each step of the algorithm working with 
some predefined information.

The generation procedure provided only two possible 
solutions that correspond to specifications: 



Figure 12: Possible Solutions 

Model 12(a) introduced an additional I-element ( 2I )

that provided a pair of complex zeros necessary for the
reject of a certain frequency. Indeed the new transfer 
function is: 
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The volume of the ballast has been preserved but is
separated from the original tube by a smaller tube the
length of which we may calculate so that to reject
226Hz. It is precisely the solution found by the designer
for the redesign of the device and it corresponds to a
Helmholtz oscillator. The side branch was easily 
installed without too much affecting the schematic of
the device as seen in figure 13: 

Figure 13: Redesign Solution 

Solution 12(b) introduces the I-element for the pair of
zeros and also a C-element (C3). This solution has four 
dynamic elements. An ulterior analysis of this system
proved that a simplification null pole-null zero is made
and that the C3 is not controllable. Due to this stability
and controllability issues the second solution is not 
considered viable. 

CONCLUSIONS

In [Margolis2002] the applicability of the bond graph 
modelling methodology during the conception phase of 
a design process is proved. The case of a modelling
error in a hand held medical instrument has been treated
and bond graph modelling has proved to be an excellent 
tool for extracting state variables, equation formulation
and simulation.
We want to point out another capability of this method,
that of a reconstruction tool, which may indicate to less 
experienced modellers, a possible solution in case of an
inconsistent with specifications design. In the case of
the medical instrument the most simple and efficient 
solution was found by the algorithm and it corresponds 
exactly to the solution pointed out by the engineers. 

REFERENCES

Birkett, S.H. and P.H. Roe. 1989. “The mathematical
foundations of bond graphs-I Algebraic Theory”.
J. of Franklin Institute, Vol. 326, No.3, pp. 329-
350

Birkett, S.H. and P.H. Roe. 1990. “The mathematical
foundations of bond graphs-III Matroid Theory”.
J. of Franklin Institute, Vol. 327, No.1, pp. 87-108 

Karnopp, D.C. and R.C. Rosenberg. 1975. “System
Dynamics: A Unified Approach”, John Wiley.

Lamb, J.D.; D.R. Woodall; and G.M. Asher. 1993. 
"Equivalences of bond graph junction structures".
ICBGM'93, San Diego (USA), pp. 79-84 

Margolis, R. 2002. “Bond graphs, modelling, and
simulation in industry” IEEE International
Conference on Systems, Man and Cybernetics,
Hammamet (Tunisia)

Ort, J.R. and H.R. Martens. 1973. “The properties of 
bond graph junction structure matrices”. Trans
ASME J. Dyn. Syst. Meas. Control, Vol. 95, pp.
362-367

Pirvu, A.; G. Dauphin-Tanguy; and P. Kubiak. 2005.
“Automatic Generation of all Bond Graph 
Structures Matching a Given Transfer Function”. 
ICBGM ‘05, New Orleans (USA) 



 

BOND GRAPH BASED MODELLING AND SIMULATION OF FLEXIBLE 
ROBOTIC MANIPULATORS  

 
Vjekoslav Damic Majda Cohodar 

University of Dubrovnik University of Sarajevo 
Department of Mechanical Engineering Faculty of Mechanical Engineering 

Cira Carica 4, 20000 Dubrovnik, Croatia Vilsonovo setaliste 9, Sarajevo, B&H 
vdamic@unidu.hr cohodar@mef.unsa.ba 

 
 
 

KEYWORDS 

Bond Graphs, Flexible manipulator, Finite-element 
beams, Co-rotational formulation, Differential-algebraic 
equations. 
 
ABSTRACT 

Modern lightweight robotic systems require a 
systematic, multidisciplinary approach to design. Bond 
graphs provide a general paradigm that can be used in 
design of such complex systems.  

Modelling of slender manipulator links that typically 
undergo large translational and rotational motion is not 
simple. There are several approaches that are 
developed. In this paper slender robotic links are 
modelled as a collection of finite element beams based 
on co-rotational formulation.  

The model of a complete robotic system is 
developed using multi-level bond graph models. The 
resulting mathematical model is generated in the form 
of a system of differential-algebraic equations (DAEs). 
One advantage of using bond graphs is that the model 
formulation is based on velocities (unlike other methods 
that typically use position formulation) and that leads to 
index 2 semi-explicit DAEs, which can be readily 
solved with available techniques.  

BondSim, an integrated object-oriented modelling 
and simulation environment, is used. The method is 
applied to two flexible multi-link problems and 
simulation results show that developed models provide 
excellent numerical performances. The proposed 
method can be successfully used for modelling other 
mechatronics systems as well. 
 
1. INTRODUCTION 

The demand for better productivity leads to the 
application of high-speed and lightweight robot 
manipulators. As a consequence, rigid-body 
assumptions are not valid and hence it is necessary to 
deal with flexible manipulators under feedback control.  

Investigation of flexible multibody systems was the 
subject of extensive research for many years. It was 
shown that modelling flexible systems that undergo 
large translation and/or rotational displacement is not a 
simple problem. Several approaches are developed to 
deal with such problems (Rankin and Brogan 1986, 

Avelo et al 1991, Crisfield and Moita 1996, Shabana 
1998). 
 Application of bond graph technique on multibody 
systems was the subject of many investigations. In 
(Karnopp 1997) the emphasis is on understanding of 
multibody dynamics using the bond graph 
representation. In (Favre and Scavarda 1998) a 
procedure for building the bond graph representation of 
multibody systems with kinematics loops has been 
proposed, while in  (Damic and Montgomery 2003) 
bond graphs are efficiently used for modelling rigid 
multibody systems. In (Margolis and D. Karnopp 1979) 
a linear bond graph approach based on normal mode 
decomposition is described.  

This paper explores the possibility of using the bond 
graph technique in investigation of dynamic behaviour 
of lightweight manipulators with long links that operate 
at high speeds. The robot links are modelled as flexible 
3D beams. Between several approaches, which have 
been applied to flexible multibody systems undergoing 
large translation and/or rotation motions, the co-
rotational approach (Rankin and Brogan 1986, Nour-
Omid and Rankin 1991, Pacoste and Eriksson 1997, 
Damic and Cohodar 2005, Damic 2006) has been used 
herein because it offers several advantages to the 
modeller: 

- Nonlinear framework, 
- Separation of rigid-body motions and element 

deformations, 
- Description of deformation using well known 

constitutive relations, 
- Interconnecting component models of flexible 

bodies in a similar way as when building rigid-
body models.  

The bond graph approach naturally leads to velocity 
formulation of mathematical models of multibody 
systems. The model is generated in the form of semi-
explicit systems of differential algebraic equations of 
index 2 that can be readily solved using available 
techniques. The component model approach is most 
effectively implemented using object-oriented 
techniques. The BondSim application (Damic and 
Montgomery 2003) is specifically developed to 
facilitate this modelling approach. The models are 
developed in the form of trees of component models. At 
every level of decomposition, the corresponding word 
models are described by separate bond graph 

 



 

component documents. The leaves of a model tree are 
familiar bond graph elementary components.  

Numerical examples presented in the paper show 
that the developed method enables relatively simple 
changing of rigid-body models to partially or 
completely flexible-body models. In addition, the 
complete control loop is also closed around the 
manipulator. Thus using bond graphs, it is possible to 
study dynamic behaviour of complete robot systems.  
 
2. MODEL OF FLEXIBLE LINK 

2.1. Co-rotational formulation 

Flexible links of a robot system are assumed to be long 
and slender, and they can be represented by beam finite 
elements. The element initially is straight and deforms 
under the action of forces.  
 

 
Figure 1: Coordinate frames of co-rotation formulation  

 
Several coordinate frames are defined (Fig.1):  
1. Global inertial coordinate frame defined by unit 

vectors I, J, and K. It is used for describing the 
motion of the elements. 

2. Local co-rotation frame (i, j, k) defined in such a 
way that rigid-body motion of the element is 
eliminated. The origin is set at node 1 of the 
element and x-axis is drawn through node 2. Other 
two axes are defined in a suitable way. 

3.  Section frames (l, m, n), where vector l is normal 
to the cross-section of the element while vectors m 
and n are directed along principal directions of the 
cross sections. Element cross-sections rotate, but 
remain planar during the motion. 

The co-rotational frame plays a fundamental role. It 
is a local frame whose orientation is defined by the 
matrix (i j k). Rotation of an element cross-section is 
defined by rotation matrix (l m n). A vector described 
by its coordinates in global frame is denoted by 
boldface, e.g. e, f. The same vector described by 

coordinates in the local frame is denoted by superscript 
‘e’, e.g. ee, fe.  

Detailed development of the bond graph beam finite 
element component is given in (Damic and Cohodar 
2005). The component denoted by Beam3D has two 
power ports corresponding to two nodes of the beam 
element. It is developed using hierarchical multilevel 
component models. Thus, despite the rather complex 
mathematical relations that it involves, this approach 
enables their clear graphical representation. This 
component is used as the building block for developing 
flexible link models.  

Processes at power ports are described by pairs of 
power vectors – efforts and flows. These are defined by 
linear and angular velocities and corresponding forces 
and moments at the element nodes 

( ) ,T T T
i i i=f v ω ( ) ( )1, 2 .T T T

i i i i= =e F T  (1) 

An advantage of the co-rotational formulation is that 
it allows separation of element local deformations and 
large rigid body motions. This way, the effort at i-th 
element node can be represented as a sum of efforts 
corresponding to rigid body motion eir and local 
deformation eid :  

i ir id= +e e e ( 1, 2).i =  (2) 

The system level model of the component is shown in 
Fig. 2. Branching of efforts described by Eq. (2) is 
represented by the left and the right e components, 
which are built of 1-junctions.  
 

 
Figure 2: Bond graph model of 3D beam finite element 

 
Local flows corresponding to deformation of the 

element with respect to the co-rotational frame can be 
represented as  

1 1
e e=f ω , ( )2 2 2

eT e eT
xv=f ω . (3) 

Owing to the way in which the co-rotational frame is 
defined only rotation takes place at  the left-end section, 
whereas, the right-end section, in addition to the 
rotation also undertakes displacement along local x-
axis.  

Transformations from the global to the local flows 
are described by relations 

 



 

1 1 2 2
e e ef ( 1, 2)ii i i= +f J f J = , (4) 

where Jij (ij =1,2) are Jacobian matrices defined by 
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Here η is the ratio of x- and y- components of unit 
vector m1 of the left cross-section and l is the actual 
beam element length. These matrices correspond to the 
projector matrix of (Pacoste and Eriksson 1997) 
stripped of zero rows. 

Transformations given by Eqs. (4) and (5) are 
represented in Fig. 2 by components J11 to J22 built of 
modulated transformers and two f components 
consisting of 0-junctions. The signals for modulation 
are generated by the component Modulating Signals.  
 
2.2. Deformation of Beam Elements 

To describe local deformation of the beam element, 
flows defined as time derivatives of local displacements 
of the end cross-sections are introduced: 

( )1 1 2 2 2
ˆ ˆ,    = =e e eT e eTuf θ f θ . (6) 

The corresponding efforts are given by 
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Finite rotation of the cross-sections are described 
using notation of rotation vector (Nour-Omid and 
Rankin 1991, Rankin and Brogan 1986). This way we 
find the following relationship between the flows:  
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Here 

( ) ( ) ( )21 1 / 2
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e e e
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where  is a skew-symmetric matrix corresponding to 
the rotation vector 

e
iΘ

e
iθ  of the end cross-sections. 

Function λ is defined by 

( ) ( )2
1 1
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λ
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.  (10) 

Deformation of the element in the local frame is 
represented by component Deformation (Fig. 2), whose 
model is shown in Fig.3. The model follows Eqs. (8) to 
(10). The multiport capacitive component C describes 
the deformation of the element.  

 
Figure 3: Model component Deformation 

 
In this study Euler-Bernoulli’s model of the beam is 

used. The end strains are defined, respectively, by 
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The strain energy reads (Pacoste and Eriksson 1997): 
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where EA, GIt, EIy and EIz are corresponding 
stiffnesses. The constitutive relation of the element is 
found by partial differentiation of the strain energy: 
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Owing to the applied object-oriented approach and 
co-rotational formulation, the other deformation 
theories could be implemented as well, e.g. following 
Timoshenko’s model. This could be achieved simply by 

 



 

changing the constitutive relations of the capacitive 
component C. 
 
2.3. Dynamics of Element Rigid Body Motion 

Dynamics of overall motion of the element in the global 
frame is represented by component Rigid Body Motion 
at the top of Fig. 2. The corresponding model is 
developed using the quasy-continuous approach of 
(Avelo et al 1991) as described in (Damic and Cohodar 
2005) and as shown in Fig. 4. 

The coordinates used for describing the motion of 
the element are position vectors ri of the origin of the 
end section frames and the triads of the section frames 
unit vectors. Corresponding flows are defined as 

, ( 1, 2).
⎛ ⎞
⎜ ⎟= =⎜ ⎟
⎜ ⎟
⎝ ⎠

i

il i

i

i
r

f m
n

  (14) 

The relationship between time derivatives of the unit 
vectors and the corresponding angular velocities of the 
end section frames is given by 

= = −
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where  denotes a skew-symmetric matrix 
corresponding to vector . These transformations are 
represented in Fig. 4 by components Rot-m, Rot-n, mi 
and ni.  

•
•

 

 
Figure 4: Model component Rigid Body Motion 

 
Following the approach of (Avelo et al 1991) kinetic 

energy of the element can be written as 
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where Mij are constant mass matrices defined by 
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Here ρ is the element mass density, A is the cross-
section area, Iy and Iz are the section moments of inertia, 

and l0 is the beam element length. The parameters cij 
depend on the interpolation used inside the element.  

Generalized momenta at the ports of inertial 
elements I (Fig. 4) are found by partial differentiation of 
the element kinetic energy with respect to 
corresponding flows: 

1 1 2 2 ,il i l i l= +p M f M f   ( 1, 2)i = . (18) 

 
2.4. Modeling flexible links 

Flexible links can be discretized in a certain number of 
beam finite elements, represented by Beam3D 
components. This can be achieved in different ways. 
The approach used here is to create first a kind of a 
super element component defined by five beam finite 
elements (Fig. 5). This component can be generated 
easily by copying Beam3D components from the library 
into the document using the Copy and Paste technique, 
and linking them into the document. These operations, 
however, are not simple copy and insertion operations, 
but really involve copying of the complete model trees 
(Damic and Montgomery 2003).  
 

 
Figure 5: Model of a super element component 

 
These components can be subsequently used to 

generate higher level components. This way, using the 
object-oriented approach, a flexible link can be easily 
decomposed in to a large number of finite elements. In 
this study the flexible links are modelled using two 
super elements connected port to port, and thus the links 
are descretized in a total of ten Beam3D components. 
 
3. BOND GRAPH MODEL OF A JOINT 

Let i-th revolute joint connect i-1st and i-th flexible 
links. Angular velocity of the first cross-section of the i-
th link  is related to the angular velocity of the last 
cross-section of i-1

iω
st links  and to the angular 

velocity of i-th joint 
1i−ω

1,i i−ω by  

1 1 .i i i− − ,i= +ω ω ω  (19) 

It is assumed that the revolute joints are rigidly attached 
to the former link and that the mass and elasticity of the 
joint are neglected as well. To simplify things further, it 
is assumed that the joint axis coincides with one of the 
unit vectors of the right end cross-section frame. For 
example, if the joint axis coincides with unit vector n2, 

 



 

as shown in Fig. 6, the joint angular velocity can be 
written as 

1, 2θ− = ⋅i i iω n , (20) 

where iθ is the time derivative of the joint angle 
rotation. 
 

 
 

Figure 6: Typical joint orientation 
 

The bond graph model of a revolute joint, which 
connects two flexible links, is shown in Fig. 7a. It 
consists of two components - Revolute (Fig. 7b) and 
Drive (Fig. 7d).  
 
a)                                                      b) 

 
c)       d) 

 
Figure 7: a) Revolute joint model, b) Revolute, c) Rot 

d) Drive 
 

The Revolute component itself consists of two 
components. The Tr component represents the 
translation part of the joint model and consists of three 
1-junctions for the translation in the directions of three 
axes. Component Rot consists of 0-junctions (Fig. 7c) 
and represents the relationship between the angular 
velocities given by Eq. (19). Drive consists of 
transformers MTF modulated by components of unit 
vector n2 in the global frame. 

4. EXAMPLES 

Two problems have been investigated. The first one 
treats a flexible planar double link using 3D models. It 
is chosen to test the approach developed and to compare 
it with the results reported in (Liu and Hong, 2003). A 
robot with an anthropomorphic arm has been chosen as 
the second example. It provides testing of the full three-
dimensional behaviour of a multi-link manipulator 
under computer control. 

Case 1: Flexible Double Links  

Simulation of flexible two links planar arm, shown in 
Fig.8, is carried out to verify the developed model and 
to compare the simulation results with the published 
ones. Geometric properties and material data of the 
links are given in Table 1 (Liu and Hong 2003).  
 

 
 

Figure 8: Flexible two links planar arm 
 
Table 1: Properties of the flexible two links planar arm 

Values 
Parameter Inner link Outer link 

Length [m] 8 8 

Cross-section area [m2] 3,84e-4 7,3e-5 

Area moment inertia [m4] 1,5e-7 8,218e-9 

Young modulus [Pa] 6,8952e10 6,8952e10 

Mass density [kg/m3] 2,7667e3 2,7667e3 
 

The prescribed motions of both links are as given in 
(Liu and Hong 2003). Rotation of the inner link is done 
from π/2 to 0 rad in 10 s. The rotation angle of the inner 
link is given by 
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where θ0 = π/2, θs=0 and Ts = 10 s. The spin-up motion 
of the outer link is described by 
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where ωs = 1 rad/s, Ts = 10 s. 

 



 

Both links are modelled as flexible beams. The bond 
graph model of the arm is shown in Fig.9. The links are 
represented by components Link 1 and Link 2, and are 
discretized in ten 3D finite elements each. The 
simulation has been run using the time step of 0.001 s 
and absolute and relative error tolerances of 1e-8.  
 

 
 

Figure 9: The project system level – Flexible two links 
 

The results of simulations of the tip deflections of 
the inner and the outer links are shown in Fig. 10. The 
obtained results are in excellent agreement with the 
results reported in (Liu and Hong 2003).  

a) 

 
b) 

 
Figure 10: Simulation results: a) Inner link, b) Outer 

link 

Case 2: Anthropomorphic Arm under Feedback 
Control 

An anthropomorphic arm under closed-loop control is 
taken as the second example (Fig.11). The material and 
geometry parameters of the arm are given in Table 2 
(Wehage at al. 1992). 

 
 

Figure 11: Sketch of the anthropomorphic arm 
 

Table 2: Properties of the anthropomorphic arm 

Links 
Parameter 1 2 3 

Length [m] 0,3 0,5 0,5 

Cross-section area 
[mxm] r=0,15 0,10x0,05 0,10x0,05 

Mass [kg] 24,88 6,60 3,25 

Ixx 2,488e-1 6,875e-3 3,385e-3 

Iyy 1,244e-1 1,389e-1 6,839e-2 

Mass 
mom. 
inertia 
[kgm2] Izz 2,488e-1 1,430e-1 7,042e-2 

Young modulus 
[Pa] 0,699e11 0,699e11 1,727e11 

Mass density 
[kg/m3]  0,264e4 0,264e4 0,130e4 

 
The manipulator is composed of three links with 

revolute joints and is driven by a controller that 
implements PD joint space control law. The trajectory 
in the operational space imposed on the end-effector is 
given by  

( )
2

0,7 0,05cos 2 ,

0, 25 ,

0,05 0, 25 3 0,05sin(2 ).

X t

Y t

Z t

π

π

= −

=

= + −

 (23) 

The system level model of the robot is given in Fig. 
12a. It shows the main components that constitute the 
robot system: Controller, Manipulator, Base and End. 
Component Base defines that the robot base is fixed to 
the ground. Similarly End defines free effort conditions 
at the end-effector. The model of the anthropomorphic 
arm represented in Fig. 11 is given in Fig. 12b.  

 



 

Two different models are analyzed: the manipulator 
with rigid (RL) and with flexible links (FL). For both 
cases the models at the first two levels look the same. 
Differences lie deeper, e.g. at levels of models of the 
links. Due to the way how models are defined, it is 
relatively easy to change between rigid-body and 
flexible-body models.  
 
a) 

 
b) 

 
 

Figure 12: Model of the robot: a) System level model,  
              b) Model of Manipulator 

Bond Graph models of rigid multibody systems have 
been explained elsewhere (Damic and Montgomery 
2003). In the flexible body model, the first link is 
assumed to be rigid, while the second and third are 
flexible. The flexible links are disretized by ten finite 
elements each, as explained in Sect. 2.4.  

The controller part of this system is modelled by 
component Controller. Manipulator and Controller are 
joined by (multidimensional) power bond line that is 
used to control the revolute joints actuators. Likewise, 
control signals from the joints angular velocity and 
position sensors are fed back to the controller. More 
details are given in (Cohodar 2005). 

In order to compare simulation results, the same 
values of proportional and derivative gains are taken in 
both simulations, i.e. KP = 1000, KD = 1000 for all axes. 
The simulations were undertaken for 1 s, with output 
interval of 0.001 s. The standard absolute and relative 
error tolerances of 1e-6 were used. The results are 
shown in Fig. 13a-f.  

Figures 13a and 13b show the joint torques for the 
flexible-body and rigid-body models. Position errors of 
the end-effector in the joint space are depicted in Figs. 

13c and 13d. They are of order of the magnitude of 1e-4 
m in both models. Elastic deformations for flexible-
body models of the third and the second link are very 
small – of order of magnitude of 1e-7 m for the third 
link, and 1e-6 m for the second link as shown in Figs. 
13e and 13f.  

 
a)        b) 

 
c)        d) 

 
e)        f) 

 
 
Figure 13: Simulation results: a) Joint torques (FL),  

b) Joint torques (RL), c) Errors in end-
effector position (FL), d) Errors in end-
effector position (RL), e) Elastic deformation 
of the third link, f) Elastic deformation of the 
second link 

 
Comparison of simulation results for the flexible-

body and rigid-body models demonstrates effectiveness 
of joint space PD control in flexible-body simulation. 
Better accuracy could be obtained using higher values 
of gains, but in that case oscillations could arise. 
 
CONCLUSION 

The paper presents the bond graph approach to 
modelling and simulation of flexible multibody systems. 
The approach is characterized by a combination of 
systematic top-down model decomposition and model 
build-up using library components. To deal with 

 



 

flexible multibody systems, finite element modelling is 
used based on bond graph 3D beam components. 

The finite element component model is based on co-
rotational formulation, which offers nonlinear 
framework for modelling flexible multibody systems. It 
can be used for systematic development of dynamical 
models in essentially the same way as when treating 
systems as rigid. This was illustrated on two examples. 
Comparison of the simulation results with data reported 
in literature shows excellent agreement and 
demonstrates that the method developed can be 
effectively used to solve complex control problems in 
robotics. 

Modelling and simulations described in the paper 
were developed in an object-oriented modelling and 
simulation environment - BondSim. It was specifically 
designed to deal with complex modelling and 
simulations tasks.   
 
REFERENCES 

Avelo, A.; J. Garcia de Jalon; and E. Bayo. 1991. “Dynamics 
of flexible multibody systems using Cartesian co-ordinates 
and large displacement theory”. Int. J. for Num. Methods 
in Engineering, 32:1543-1563. 

Cohodar, M. 2005. “Modelling and simulation of robot system 
with flexible links using bond graphs”, PhD Thesis. 
University of Sarajevo, (july). 

Crisfield, M.A. and G.F. Moita, 1996. “A Unified Co-
rotational Framework for Solids, Shells and Beams”. Int. J. 
Solids Structures, 33:2969-2992. 

Damic, V. 2006. (to appear). “Modelling flexible body 
systems: a bond graph component model approach”. 
Mathematical and Computer Modelling of Dynamical 
Systems, 12:175-187. 

Damić, V. and M. Čohodar. 2005. “A Bond Graph Approach 
to Modeling of Spatial Flexible Multibody Systems Based 
on Co-rotational Formulation”. ICBGM’05 (New Orleans, 
Lousiana Jan.23-27), 37: 213-218. 

Damić, V. and J. Montgomery. 2003. Mechatronics by Bond 
Graphs: An Object-Oriented Approach to Modelling. 
Springer-Verlag, Berlin-Heidelberg.  

Favre, W. and  S. Scavarda. 1998.”Bond Graph 
Representation of Multibody Systems with Kinematic 
Loops”. Journal of the Franklin Institute, 335B, 643-660.  

Liu, J. and J. Hong. 2003. “Geometrical stiffening of flexible 
link with large overall motion”. Computers & Structures. 
81, 1113-1124. 

Karnopp, D. 1997. “Understanding Multibody Dynamics 
Using Bond Graph Representations”. Journal of the 
Franklin Institute, 334B, 4, 631-642.  

Margolis, D.J.  and D. Karnopp 1979. “Bond Graphs for 
Flexible Multibody Systems”. Trans. ASME, J. Dynamic 
Systems, Measurement and Control, 101(1): 50-57. 

Nour-Omid, B. and C.C. Rankin. 1991. “Finite Rotations 
Analysis and Consistent Linearization Using Projector”. 

Computer Methods in Applied Mechanics and 
Engineering, 93, 361-384.  

Pacoste, C. and A. Eriksson. 1997. “Beam Elements in 
Instability problems”. Int. J. for Numerical Methods in 
Engineering, 144, 163-197.  

Rankin, C.C. and F.A. Brogan. 1986. “An Element 
Independent Corotational Procedure for the Treatment of 
Large Rotations”. ASME Journal of Pressure Vessel 
Technology, 108, 165-174.  

Shabana, A.A. 1998. Dynamics of Multibody Systems, 2nd 
Edn. Cambridge University Press, Cambridge. 

Wehage, R.A.; A.A. Shabana; and Y.L. Hwang. 1992. 
“Projection Methods in Flexible Multibody Dynamics. Part 
II: Dynamics and Recursive Projection Methods”. Int. J. 
Numer. Meth. Engng., 43, 1941-1966. 

 
AUTHOR BIOGRAPHIES 

VJEKOSLAV DAMIC was born in Sarajevo, Bosnia 
and Herzegovina. He studied Mechanical Engineering 
at  University of Sarajevo, where he also received his 
PhD degree in 1985. The title of the thesis was 
“Systematic study of transient processes in electro-
hydraulic servo-systems”. In the thesis, dynamic 
behaviour of high-performance electro-hydraulic servos 
was studied using bond graphs. One of the results of the 
thesis was a bond graph modelling and simulation 
program written in FORTRAN (for WAX 750 
computers). He worked in the Research Institute for 
Automatic Control for over 20 years. In 1992 he moved 
to the University of Dubrovnik, Croatia, where he is 
teaching Engineering Mechanics, Object-oriented 
programming, and Computer Simulations. He is 
engaged in research on bond graph modelling and 
simulation in mechatronics. In particular he is interested 
in differential-algebraic systems methods in bond 
graphs setting, computational algebra and modern 
object-oriented developments. In 2003 he published 
jointly with Dr. John Montgomery a book on bond 
graph modelling in Mechatronics and developed 
program BondSim. His e-mail address is: 
vdamic@unidu.hr. 

MAJDA COHODAR graduated from the Faculty of 
Mechanical Engineering, University of Sarajevo and 
obtained her degree in 1990. She received her M.Sc. 
degree in Mechanical Engineering from the University 
of Zagreb, Faculty of Mechanical Engineering and 
Naval Architecture, in 1999 and her PhD in 2005 from 
the University of Sarajevo. The title of her PhD thesis 
was “Modelling and simulation of a robot system with 
flexible links using bond graphs”. In her scientific 
work, she has been occupied with modelling of 
mechatronics systems using the bond graph technique. 
Her e-mail address is: cohodar@mef.unsa.ba. 

 

 

mailto:vdamic@unidu.hr
mailto:cohodar@mef.unsa.ba


KINEMATIC ANALYSIS OF MECHANISM BY 
USING BOND-GRAPH LANGUAGE 

Gregorio Romero, Jesús Félez, M. Luisa Martínez and Joaquín Maroto 
Engineering Graphics and Simulation Group 

Department of Mechanical and Manufacturing Engineering 
Universidad Politécnica de Madrid 

C\José Gutierrez Abascal Nº2, CP. 28006, Madrid (Spain) 
E-mail:{gromero; jfelez; muneta; jmaroto}@etsii.upm.es 

KEYWORDS 

Bond Graph, differential, algebraic, equations, 
dynamics, kinematics, mechanism. 

ABSTRACT 

This paper presents a methodology for obtaining the 
equations corresponding to a mechanism that are 
necessary for carrying out a kinematic simulation. A 
simulation of this kind means obtaining the co-ordinates 
dependent on the system according to the movements 
imposed by the degrees of freedom. Unlike a dynamic 
simulation, where the set of elements moves according 
to the different external forces existing, in kinematic 
simulation the movement of the whole set depends 
exclusively on imposing movement on one or more of 
the bodies according to the degrees of freedom initially 
possessed by the mechanism. After presenting an 
analysis of how to obtain the necessary equations for 
several simple systems, this methodology is applied to 
the particular case of a wheel loader, where in order to 
move and tilt the bucket, various closed mechanisms are 
integrated. 

1. INTRODUCTION

Real time simulation is an essential requirement in 
simulations such as those of vehicle dynamics, where 
the driver expects an immediate response, as is the case 
in a real situation. The implementation of each and 
every part of a vehicle, together with the fact that they 
are more and more complicated, means that this real 
time simulation requires a thorough in-depth analysis 
aimed at simplifying to the maximum everything that is 
either not strictly essential or requires more information 
than necessary. 

When it comes to simulating machinery such as 
backhoes, wheel loaders,..., there are two parts that 
come together; that corresponding to the dynamics of 
the vehicle itself, and the part relative to the movement 
of implements such as bucket, arms, actuators, ...  

The aim of this article is to demonstrate the validity of 
implementing the relevant kinematic equations 

corresponding to the bucket movement mechanism 
instead of dynamic equations. Thus, the set of equations 
needed to obtain the movement of the whole assembly, 
will depend solely on the movement of the main arms 
instead of on the external actions existing in all of the 
implements. 

In recent years, the generation of dynamic equations of 
systems modeled with bond graphs has been the topic of 
considerable research. These equations have been 
presented in a variety of forms (Bos 1985). Classical 
formulations express these equations in terms of a large 
number of momentum associated to inertances and 
displacements associated to compliances. These 
elements can present integral or differential causality. In 
order to obtain these equations it is necessary to 
establish the causality in the model. Karnopp & 
Margolis (Karnopp and Margolis 1993) contributed 
with the stiff compliance approach, where high stiffness 
compliances are introduced in the model to eliminate 
the casual loops between integral and derivative causal 
storage ports. In this case, a set of differential equations 
is obtained, including as variables the flows associated 
to the previous inertances, displacements associated to 
the previous compliances, and the corresponding 
variables associated to the new stiff elements 
introduced, increasing seriously the number of 
differential equations to be solved. Usually, this 
approach needs the use of special numerical solvers for 
stiff differential equations, requiring very small 
integration step times. For these reasons, this procedure 
is not appropriate for simulation in real time. 

Another approach was the introduction of Lagrange 
multipliers (Bos 1986) in the model. Some other authors 
(Gawthrop and Smith 1992) introduce residual sinks 
and sources ((Borutzky and Cellier 1996, Borutzky 
1995) in a similar solution to the Lagrange approach 
(Félez et al. 1990). When Lagrange multipliers are used 
to break causal paths, a set of differential-algebraic 
equations is obtained, composed by a number of 
differential equations equal to the number of inertances 
plus compliances, and a number or algebraic (or 
constraint) equations equal to the number of Lagrange 
multipliers. The number of equations is the same than 
with the previous method, being also not appropriate for 
real time. Nevertheless, this approach presents 
important formulation advantages that will be 



considered in this work. 

Previous methods prevent the existence of causal loops, 
but it is necessary to preanalyze the model and to 
modify the model in a subsequent operation (John D. et 
al. 1993). Another approach to solve the problem is the 
use of break variables (Félez et al. 1997, Félez et al. 
2000) to open the causal loops. Causal loops always 
present an algebraic character. Algebraic loops relate 
their internal variables by means of algebraic 
relationships. It means that these kinds of loops do not 
involve integration operations. This fact leads to the 
definition of Zero-order Causal Paths ZCPs (Van Dijk 
and Breedveld 1991). The mathematical model obtained 
from bond graphs with ZCPs and opened with break 
variables is also a differential-algebraic equation set 
(DAE) (Romero et al. 2005, Granda 2005). 

This last approach reduces the number of equations to a 
number equal to the number of inertances plus 
compliances plus break variables, but it is not enough 
for real time. 

The use of Lagrange multipliers or the introduction of 
break variables implies the necessity of new variables 
and the appearance of constraint equations, increasing 
considerably the number of involved variables and the 
number of equations to be solved. These procedures are 
very useful to obtain the system equations in a 
systematic way, but they have to be improved or 
modified for their use in real time simulation. 

2. SIMULATION OF MECHANISMS 

As we know, kinematics studies the movements of 
particles and stiff bodies without taking account of the 
forces needed to give rise to these movements. Statics is 
the study of mechanical systems where the resultant of 
the system of forces is zero, and are thus  balanced (at 
rest or moving at constant velocity). Finally, when this 
resultant is not zero, the mechanical system is charged 
with accelerated movement, and these unbalanced 
forces and the movements they give rise to, comprise 
the field of study called dynamics. 

When it comes to studying a mechanism’s movement, it 
is essential to choose one reference system or another. 
Thus, a system of local co-ordinates will usually be 
chosen when studying three-dimensional solids, which 
requires a change of reference systems in the existing 
joints of a mechanism of this type. When analysing the 
behaviour of a mechanism that only moves on a plane, 
it turns out to be much simpler to work with a system of 
co-ordinates that are parallel to the global system, 
which avoids having to change the reference systems in 
the joints. 

When studying the movements of the different 
implements of an backhoe or wheel loader, it must be 

borne in mind that all of them move on a vertical plane, 
it being possible to study the corresponding flat 
mechanism. Therefore, the system of co-ordinates 
shown in the next figure, will be used. 

Figure 1. Planar 2D rod in global co-ordinates 

The concept of degrees of freedom may be defined as 
the number of entries that need to be provided in order 
to give rise to a predictable exit. Each type of entry 
required will need some kind of starter or actuator, 
either in the form of a solenoid engine or hydraulic 
cylinder. Thus, a flat rod will consist of three degrees of 
freedom. 

This is why a representation of a flat rod using a Bond-
Graph will consist of three Inertial type ports (Ix, Iy and 
IJ).

Figure 2. Planar 2D rod in global co-ords. using a Bond-Graph 

In this figure we can see the name assigned to the 
element (TF2, Ix, …), two dots (:) and the expression 
associated to it (-b·cos(_XIJ_), m, … respectively). The 
variables associated with the different ports are P (m·V)
and X in the case of Inertances and Compliances 
respectively. If we write VI1, we think in the velocity of 
a Inertance called ‘I1’, but in the case of the mechanism 
we need introduce the integral of VI1 into the TF
elements, it said the angular displacement (XI1). For this 
reason in the next examples I will use this notation to 
represent displacements (XName) and velocities (VName).

By way of example, we will study the behaviour of 
some simple mechanisms, with the aim of observing the 
differences existing as to the process for formulating 
movement equations depending on whether some 



degrees of freedom are worked with rather than others, 
and how these equations are influenced by whether the 
mechanism under study is of an open kinematic chain, 
or to the contrary, contains some closed loop.
In order to analyse and study the equations 
corresponding to the use of the above Bond-Graph rod 
model , we will apply it to an open chain mechanism, as 
is the case of a double pendulum, and to two closed 
mechanisms, a crank-slider and an articulated 
quadrilateral. Finally, we will apply the results obtained 
to a wheel loader. 

For the different examples presented the joints are 
assumed ideal. 

3. DOUBLE PENDULUM 

A double pendulum comprises two rods joined together, 
one of them being joined by a joint at a fixed point in 
space.

In an initial study, we will bear in mind that only the 
weight of both rods themselves act as external forces. 

If we take what is shown in  figure 2 as a rod model, the 
system formed using a Bond-Graph, once the causality  
has been obtained, will be as shown in the following 
figure. 
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Figura 3. Double pendulum 

As can be seen in the figure 4, there are only two 
degrees of freedom, those corresponding to each rod, 
(3x2) less the restrictions due to each joint (2x2). 

The Compliances situated in the extreme of the model 
(KptoC_x and KptoC_y) are used to see the trajectory of 
the point C. 

Figure 4. Double pendulum using Bond-Graph 

Since the variables corresponding to the ports 
associated with the angular inertia of each rod, that is, 
the angular displacements, appear as parameters within 
the different transformer elements, these ports must be 
the ones that correspond to the degrees of freedom, and 
thus, have integral causality. 

There are therefore 2 ports with integral causality and 4 
with differential causality, which means that the system 
of equations corresponding to the double pendulum is 
formed by 2 differential equations and 4 algebraic ones 
in the following way: 
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As can be seen, the equations (5)-(6) obtained depend on 
the external forces, which means that since they are not 
balanced, they will originate a movement and thus a 
dynamic simulation will be had. 

However, if the angular variation experienced by each 
rod at a particular instant is introduced, that is, if 
movement is applied to as many elements as there are 
degrees of freedom initially existing, there will only be 
inertial ports with differential causality, as can be seen 
in following figure. 



Figura 5. Double pendulum 1 and 2  using a Bond-Graph. 

Once the differential algebraic equations have been 
obtained for the model (similar to eqs. (1)-(6)), it can be 
seen that the position of the different elements no longer 
depends on the external forces but only on the 
movements imposed and the geometric relationships 
existing between the two rods.  

Reducing (Romero et al. 2005) the system of equations 
(1)-(6) to a differential one, we get: 
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As previously stated, kinematic simulation does not take 
account of the forces necessary to originate the 

movements of the different stiff bodies, as is the case 
here. 

Thus, it may be stated that when dealing with a dynamic 
simulation where there are as many degrees of freedom 
initially as impositions of movement, it is possible to 
eliminate the inertial ports from the model along with 
the external forces. 

Despite, if the same number of equations is to be 
formulated, they must be substituted by zero value 
compliance-type ports, obtaining a model similar to that 
shown in figure 6. We need add to the model a zero 
value port instead of null effort source because we need 
variables into the model (angle produced by the the two 
rods) and we cannot delete all the ports. 

The difference between the original model and this one, 
is that although both systems generate the same final 
equations, the former starts from differential algebraic 
equations that have to be reduced to a system of 
differential equations, whereas since the latter has all 
the integral causality ports, the differential equations are 
obtained directly. 

Figure 6. Double pendulum equivalent using a Bond-Graph. 

Since the position of all the elements of the mechanism 
can be obtained by simply knowing the angles of each 
of the rods, the ports corresponding to the horizontal 
and vertical displacements can also be eliminated, 
thereby passing from an initial 6 differential algebraic 

equations (eqs. (7)-(12)) to 2 differential equations (eqs 
(8)-(11)). 

Thus, the rod to be used in mechanisms having as many 
impositions of velocity as initial degrees of freedom, 
will contain only one zero value spring-type port. 



Figure 7. Flat rod equivalent using a Bond-Graph

4. CRANK-SLIDER MECHANISM 

A mechanism of this kind is similar to the double 
pendulum dealt with in the above section, with the 
difference that the only end of the rods that was not 
restricted is only allowed movement in one direction 
here. 

First, we will set out this mechanism in a Bond-Graph 
using flat rods in traditional global co-ordinates in order 
to obtain the corresponding equations and then we will 

do the same using the flat rod equivalent obtained in the 
section above. 
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Figure 8. Crank-Slider mechanism 

Unlike the previous model, this system comprises a 
closed mechanism, since we can pass from one element 
to another without twice passing over the same element 
on the ground. In this kind of element there exist fewer 
degrees of freedom than the number of rods. 

As can be seen in the following figure, the model only 
has one degree of freedom, as many as correspond to 
each rod (3x2) less the restrictions due to each joint 
(2x2) and the one introduced at the very end of the rod 
nº 2 (1). So, by introducing a single velocity source, we 
can know the evolution of the rest of the model.. 

Figure 9. Crank-Slider mechanism using a Bond-Graph. 

The introduction of this movement causes all the 
inertial-type ports to have differential causality, and 
makes it necessary to impose random causality on one 
of the intermediate graphs (*), and therefore, make up a 
set of differential algebraic equations (DAE): 
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In the previous equation´s system Y1 and Y2 dependent 
variables are the flow and effort associated with the 
intermediate graph (*) (Romero et al. 2005). 

Working with the above system, we can form one made 
up of only differential equations (ODE), which makes it 
easier and quicker (sometimes) to solve: 
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If we look closely at the initially formed DAE system 
(13)-(20), we can see how the term corresponding to the 



weight of the second rod appears, while in the ODE 
system obtained (21)-(26) on reducing it, it does not 
appear. This shows that although the external force is 
included in the differential algebraic equations, it is 
really not necessary and in no way affects the  final 
solution, whether it appears or not. 

For this reason, since no external force influences the 
movement of the mechanism, it is possible to substitute 
the initial rods by those obtained in point 3, where only 
the ports corresponding to the angular displacement of 
the rods appear. 

Figure 10. Crank-Slider mechanism equivalent using a Bond-Graph. 

As with the initial model, causality needs to be imposed 
randomly on one of the intermediate graphs (*). To the 
contrary, all the ports that appear have integral causality 
and therefore the system of equations is formed by 1 
algebraic equation and 2 differential equations instead 
of the previous 8 differential algebraic equations. 
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Once the above equations have been operated with one 
other, it can be seen that the two differential equations 
thus formed (30),(31) correspond to those obtained on 
reducing the DAE system to ODE (22),(25), and therefore 
it can be concluded that both Bond-Graph models 
generate the same angular movement of the rods. 
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This same approach will be used for the following 
mechanism. 

5. ARTICULATED QUADRILATERAL 

An articulated quadrilateral is a mechanism where three 
rods are integrated by means of two joints, the 
remaining points being joined at fixed points in space. 
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Figure 11. Articulated quadrilateral. 

As before, we will make the initial approach with flat 
rods in global co-ordinates traditionally used in Bond-
Graphs and then we will do so with the equivalent flat 
rods in question.. 

Figure 12. Articulated quadrilateral Bond-Graph. 



There are three rods and four joints in this mechanism, 
which means the number of degrees of freedom will be 
one (3x3 - 4x2). As can be seen in the above figure, by 
introducing movement on one of the rods (rod 1), the 
movement for the rest of the model may be obtained. 

In order to conclude the causal analysis of the model, 
random causality must be introduced on two of the 
intermediate graphs (*). It can be observed how all the 
ports have differential causality, for which reason, the 
corresponding system of equations will be of the 
differential algebraic kind (DAE): 
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As can be seen, the system of equations formed (32)-(44)

is much more complex than for the previous model (13)-

(20), without having introduced anything other than one 
rod and one restriction. As was to be expected, as the 
number of rods and restrictions increases, the system of 
equations formed  is  ever  more  complicated  and  

tedious, which makes a real time simulation 
unapproachable. 

On operating the different equations (32)-(44) with one 
another in order to get a system of differential 
equations, we obtain: 
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If we apply the previously obtained rod equivalent, the 
model formed will only comprise spring ports with 
integral causality that will generate differential 
equations. 

As with the traditional case, causality must be 
introduced on two of the intermediate graphs(*), which 
will generate algebraic equations. 

Figure 13. Articulated quadrilateral equivalent Bond-Graph. 

The system of equations thus formed, will comprise two algebraic equations and three differential equations: 
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Operating the above equations with one another, we’ve: 
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As we have seen, in these previous mechanisms, ones 
with as many velocity sources as initial degrees of 
freedom, the angular variation of each rod (59)-(61) may 
be obtained more quickly and effectively simply by 
using the rod in question, since the complexity and 
number of equations resulting from the model is 
reduced. 

6. WHEEL LOADER MECHANISM 

By using this mechanism, the raising and tilting 
movement of the bucket and the different arms that 
make it articulate, are obtained. They will be used to 
reproduce the movements of loading and unloading 
material, and will be formed by the arms, struts, bucket 
and actuators. 

Figure 14. Wheel loader mechanism.

Movement of the different parts is performed by the 
action of two actuators (7 and 8) whose action will be 
implemented by introducing the movement 
corresponding to the support arm (1) or the tilt arm (2). 

In order to form the  Bond-Graph model for this 
mechanism, each of the elements of which it is made up 
will be started from in isolation, and after generating the 
Bond-Graph layout for each of them, they will be 
grouped and assembled. 



Figure 15. Support arm (element 1). 

In order to facilitate assembly of all the elements once a 
Bond-Graph of one element has been made, their 
complete ports and nodes should be grouped and their 
entrances and exits left free so that the element can be 
linked to the rest of the subsets (fig. 16). 

Once the different subsets of the mechanism have been 
obtained, it is essential to impose joints on the different 
nodes using restrictions, finally obtaining the 
mechanism we are dealing with. 

Figure 16. Support arm subset 

Figure 17. Wheel loader mechanism using a Bond-Graph. 

In this way, the number of degrees of freedom will be 
proportional to the number of rods (6x3) and the 
restrictions due to joints (2x8). Thus it can be shown 
that there are only two degrees of freedom (6x3 – 2x8), 
as many as actuators, represented by 1 and 2.

After obtaining the differential equations corresponding 
to the model, the next step is to validate it using its 
numeric simulation. 

The bucket movement consists of the alternate 
displacement of the two main arms, the support one (1) 
and the tilt one (2), so that starting from a state of rest 
the bucket will be placed horizontally at a small 
distance from the ground for it to be able pick up the 
load, raise it, and tilt in order to unload the material. 

As we are dealing with a mechanism for moving the 
bucket, the movement and angle described by it will be 
represented during the simulation. 

The following figure shows the phases comprising the 
bucket movement. 

Firstly, starting from rest, the support arm (1) is initially 
lowered in order to move the bucket closer to the 
ground (A-B) and then this will be placed in a 
horizontal position (C-D) so that loading can be 
properly performed (D-E). Once material has been 
loaded, the bucket is tilted backwards (E-F) so that 
while circulating (F-G) with the bucket full, the material 
loaded does not fall out. Once the point for unloading 
the contents has been reached, firstly the arm is raised 
(G-H) and secondly, it is tilted forward (I-J), in order to 
unload the material. Finally, the bucket is tilted 
backwards (K-L), the arm lowered (M-N) and finally, 
the starting point returned to. 

Figure 18. Bucket angle according to time 

While the previous figure represents the resulting angle 
on the bucket produced by the combined movement of 
the actuators, the support one and the tilting one, the 
following figure shows the support arm angle. 



Figure 19. Support arm angle according to time 

Finally, figure 20 shows the path drawn by the point 
situated at the end of the bucket. 

Figure 20. Path drawn by the end of the bucket 

This figure shows how the end descends from its initial 
position (A) to a point located lower down (B), it is then 
tilted (F), partly to place the bucket horizontally, and 
partly to hold the material loaded. It is then raised in 
order to unload the bucket (H) and after tilting, it is 
moved to a point located lower down, (J). Once the 
material has been unloaded, the bucket returns to a 
position near to its original one after its tilting (M) and 
its descent (N). 

7. CONCLUSIONS 

Taking these results and those of the previous 
mechanisms as a basis, the advantage of setting out the 
elements using a Bond-Graph as presented here, stems 
from being able to set out the model, and thus the 
equations of a kinematic model, according to the 
displacements and angular velocities instead of the 
external forces. This makes it possible to find the 
equations typical of the model, not only in smaller 
number, but in less computation time needed to 
calculate them. 

Although it is true that the problems of causal 
assignation will be the same in most cases, and it is 
necessary in both cases to assign random causality on 
intermediate graphs, thereby originating the same 

number of algebraic equations, in the way it is set out 
here, no more algebraic equations are added, as no 
differential causalities exist, and the number of 
variables and parameters needed are reduced by 
reducing the number of ports and because these are of 
zero value. 

Finally, when dealing with mechanisms as complex as 
those of the wheel loaderl, the use of uncoupling 
elements is usually resorted to, which makes real time 
calculation unviable due to stiff behaviour. Should the 
solution to use stiff joints be adopted, the existence of 
three inertias with differential causality for each rod and 
the imposition of causality on intermediate graphs, 
makes calculation by DAE or ODE systems 
unapproachable, meaning that simulation is not 
possible. 
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Abstract— The paper proposes a bond graph approach to model
based fault detection and isolation (FDI) that uses residual sinks. These
elements couple a reference model of a process engineering system to a
bond graph model of the system that is subject to disturbances caused
by faults. In this paper it is assumed that two faults do not appear si-
multaneously. The underlying mathematical model is a Differential Al-
gebraic Equations (DAE) system. The approach is illustrated by means
of the often used hydraulic two tanks system.
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I. INTRODUCTION

With regard to safety, fault detection and isolation (FDI)
is crucial in the supervision and closed loop control of all
kinds of industrial process engineering systems. To that end,
it is clear to compare the measured behaviour of a system
with a reference and to use significant deviations as indica-
tors to possible faults in some system components. The ref-
erence can be provided by a system model. The bond graph
methodology [1, 2, 3, 4] is particularly suited for modelling
multidisciplinary process engineering systems [5, 6]. More-
over, bond graph modelling has been intensively and suc-
cessfully used for model based fault detection and isolation
[7, 8, 9, 10, 11]. In these bond graph based approaches,
derivation and evaluation of so-called Analytical Redun-
dancy Relations (ARRs) play a central role. They estab-
lish constraints between known variables and include known
model parameters. When a process operates under normal
mode conditions, evaluation of the constraints should re-
veal values within certain small error bounds. Theoretically,
these values, also called residuals, should be zero. Values
exceeding given thresholds are indicators to faults in some
system components. Structural analysis of the constraint re-
lations reveals whether faults can be isolated or not.

On the other hand, artificial, so-called residual sinks have
been added to bond graphs in order to support the tearing
of the algebraic part of a Differential Algebraic Equations
(DAE) system, to solve that part and to transform the DAE
system into a state space model if possible (Borutzky and
Cellier [12], Borutzky [13]). In this paper, it is shown how
residual bond graph sinks can also be used for the numerical
evaluation of ARRs. In contrast to their use in the context
of tearing, the underlying mathematical model for fault de-
tection and isolation remains a DAE system.

The paper is organised in the following manner. The next
section recalls some relevant features of model based fault
detection and isolation. Section III briefly reconsiders resid-
ual sinks and section IV presents the proposed bond graph
approach to the numerical evaluation of residuals of ARRs
in FDI. In section V, for illustration, the approach is applied
to the often used example of a hydraulic two tanks system.

The underlying DAE system has been solved numerically
by means of the open source mathematics software package
Scilab [14]. The paper concludes by briefly summarising
the features of the proposed bond graph approach.

II. FAULT DETECTION AND ISOLATION

Fault detection and isolation starts from constraints be-
tween known variables. These relations also include known
model parameters. Their numerical evaluation at each time
instant reveals a residual. Under normal mode of operation
it should be zero. In bond graphs, constraints are clearly in-
dicated by junctions. Each junction contributes a continuity
equation for flows or efforts respectively. By using the con-
stitutive equations of bond graph elements and by elimina-
tion of unknown variables, ARRs may be obtained in sym-
bolic form. The form of the set of ARRs is not unique and
depends on the procedure. Moreover, algebraic dependen-
cies indicated by causal paths in the bond graph and non-
linear constitutive relations may prevent the elimination of
unknown variables. Given that unknown variables can be
eliminated, then structural analysis of each equation reveals
a so-called signature in terms of known variables and sys-
tem component parameters. For illustration, consider the
hydraulic two tanks system depicted in Fig. 1. Fig. 2 shows
a causal bond graph of the system. The left hand side 0-
junction provides the continuity equation for the volume
flow rates:

0 = Qp − QC1 − QR1 (1)

If the left hand side zero is replaced by a residual, res1, and
if the constitutive equations of the energy C-store and of the
hydraulic resistor are inserted, then the equation reads:

res1 = Qp − C1ṗ1 − k1sign(p1 − p2)
√

|p1 − p2| (2)

Since the right hand side includes only known variables and
known parameters, the equation clearly is an ARR. In this
relation, tank 1, T1, contributes the parameter C1 and the
valve, V1, between both tanks the parameter k1. From this
view of ARRs, an occurrence matrix can be set up with one
row for each known variable or component parameter and
one column for each residual. If the occurrence of a vari-
able or a parameter in an ARR is indicated by ’1’ and its
absence by ’0’, then the result is a binary matrix. This ma-
trix is usually augmented by two other columns. The first
one with the heading D indicates whether a fault can be de-
tected. The second additional column with the heading I
indicates whether a fault can be isolated [8]. If this is fea-
sible, then it is marked by ’1’ otherwise by ’0’. A fault can
be detected if there is at least one non-zero entry in that row.
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Component Variable/Parameter res1 res2 D I
Pump Qp 1 0 1 0

p1 1 1 1 0
p2 1 1 1 0

Tank 1 C1 = AT1/(ρg) 1 0 1 0
Tank 2 C2 = AT2/(ρg) 0 1 1 0
Valve 1 k1 = cdAV1

√
2/ρ 1 1 1 0

Valve 2 k2 = cdAV2

√
2/ρ 0 1 1 0

TABLE I: Fault signature matrix of the two tanks systems

This is indicated by ’1’ in the first additional column, other-
wise by ’0’. The augmented matrix is called fault signature
matrix. Its columns are called fault signatures (of the ARRs
of the residuals). Table I shows the fault signature matrix of
the hydraulic two tanks system. The fault signature matrix
of the two tanks system shows that none of the faults can be
isolated. In fact, if, for a given time instant t, for instance,
only residual res2 is above a given threshold, the reason may
be either a leakage from the second tank or a fault in its out-
let valve V2. Clearly, a single fault can be located (isolated),
if it can be detected and if the pattern of non-zero entries in
the corresponding row of the matrix is unique.

Furthermore, the fault signature matrix includes only two
residuals although also each 1-junctions in the bond graph
contributes a continuity equation for the efforts. However,
their signature turns out to be identical to those already
listed in the fault signature matrix. Thus, there are only two
structurally independent residuals in the bond graph model
of the two tanks system. In fact, consider, for instance, the
sum of efforts at the 1-junction representing the volume flow
rate, QR1 , through valve 1 between the two tanks. If the
pressure drop across valve 1 is expressed by the known vol-
ume flow rate of the pump, Qp, and the pressure in the first
tank, T1, then the residual, res3, of this 1-junction reads:

0 = p1 − p2 − 1
k2
1

(Qp −C1ṗ1)2sign(Qp −C1ṗ1) = res3

(3)
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Fig. 3: Representation of a residual flow sink according to Bos 1986

Clearly, the signature of res3 is structurally identical to the
one of res1. Consequently, it is of interest to derive a min-
imal number of structurally independent residuals from a
bond graph model of a process engineering system.

III. RESIDUAL BOND GRAPH SINKS

A residual bond graph sink is a sink that adjusts its out-
put power variable so that the power conjugated variable
into the sink vanishes. Fig. 3 shows a graphical represen-
tation introduced by Bos [15]. It explicitly depicts the in-
ternal modulation of the sink. In this case, the difference
of efforts, ∆e, into the sink is sensed. It controls the out-
put of the sink, f , such that the difference, ∆e, vanishes.
The difference ∆e can be considered the residual of the 1-
junction. For brevity we will denote residual sinks by rSf
or rSe, respectively. They can be used for different pur-
poses, e. g., for representing internal constraint forces or
moments in bodies [15, 4], or for indicating tearing vari-
ables in bond graph models (Borutzky [13]). In Karnopp’s
all derivative causalities approach to the derivation of La-
grange equations, residual flow sources indicate generalised
coordinates. In that context they are know as artificial flow
sources [16]. Furthermore, in [17], Gawthrop and Smith
used residual sources for a modification of the standard se-
quential causality assignment procedure (SCAP) in the case
of bond graphs with algebraic loops.

A residual sink results if the parameter of an energy store
is assumed to tend to zero. A linear inertia in integral causal-



ity with inertance I, for instance, provides a flow such that

I · ḟ = ∆e (4)

For I → 0, the constitutive equation of the I energy store
turns into the trivial equation 0 = ∆e Now, the flow is no
longer the output variable of an I energy store. It is not a
state variable anymore. It is rather a variable determined by
the algebraic equation 0 = ∆e. As the derivative of f has
vanished, while f itself is still an unknown, the mathemati-
cal model is a DAE system of index ≥ 1 and the flow f can
be considered a component of a descriptor vector. The use
of residual sinks can also be related to the method of singu-
lar perturbation. In the state equations of perturbed systems,
the derivative of a fast component is multiplied by a param-
eter ε of very small value. Letting ε → 0, the ODEs turn
into a DAE system.

IV. USING RESIDUAL BOND GRAPH SINKS FOR

NUMERICAL EVALUATIONS OF ARRS

Fault detection and isolation is based on the comparison
of the actual behaviour of a process engineering system with
that of a reference model. Signals from the real engineering
process can be obtained by means of sensors and can be
fed into the reference model. However, the deliberate in-
troduction of faults into the real process for test purposes
may lead to hazardous situations, to periods of process in-
stability if the equipment allows for introduction of faults
at all. Therefore, it is obvious to replace the real process
by a behavioural model which enables to introduce all kinds
of faults without risk. In an offline simulation, the equa-
tions of the process model and of the reference model are
solved simultaneously and residuals of ARRs, being indica-
tors for faults, are numerically evaluated. This approach, as
has been proposed recently by Medjaher and his co-authors
[10], has the advantage that there is no need for elimina-
tion of unknown variables from continuity equations in or-
der to obtain ARRs, because a set of equations determining
residuals is solved numerically. In general, non-linearities
may even prevent the generation of ARRs in symbolic form.
In contrast to the method in [10], this paper proposes to
couple the process model to the reference model by means
of residual sinks introduced in the previous section. Both
bond graph models retain integral causality as the preferred
causality. Signals from the process model control modu-
lated sources. Their values are compared with correspond-
ing values from the reference model. The process model is
subject to faults due to external sources that can be switched
on and off. If no faults are introduced into the process
model, then the difference between ’measured’ signals and
their corresponding reference is equal to zero. This differ-
ence is input into the residual sinks. If it vanishes, the output
of a residual sink is equal to zero. However, if a process vari-
able differs from its reference due to a fault introduced into
the process model, the residual sink provides a flow or an
effort, respectively in order to adapt the reference model’s
behaviour to the perturbed process behaviour and to force
the difference to zero. This non-zero output of a residual
sink is a residual of an ARR and a numerical indicator to a
fault. As each junction in the reference model represents a
constitutive equation for efforts or flows, respectively, each

junction could, in principle, be connected to a residual sink.
However, as we already know from section II, residuals may
be structurally dependent. Only a subset of them will be
needed to build the fault signature matrix. Causal paths be-
tween residual sinks will indicate these dependencies. In
the next section, this approach is illustrated by means of the
often used hydraulic two tanks system.

V. A HYDRAULIC TWO TANKS EXAMPLE

In Fig. 4, the lower part of the overall bond graph rep-
resents the process model accounting for faults. The mod-
ulated flow sinks, attached to the 0-junctions, model pos-
sible leakage from the tanks, which means that the area of
the bottom of the tanks is reduced for some period of time.
Representation of the valves by modulated resistors enables
to model a blockage of the valves. It is assumed that the
pressures in the two tanks are ’measured’. Accordingly, sig-
nal arrows are attached to the 0-junctions. The upper part
of the overall bond graph represents the reference model.
Both bond graphs are coupled by means of residual sinks
(highlighted in red). The right hand side residual effort sink
is depicted in grey because it is redundant in the sense that
it contributes no fault signature different from those of the
other two residuals. Therefore, the residual effort sink is not
taken into account in the following. The output of a resid-
ual sink, in fact, is a residual of an ARR of a junction. For
instance, summing to zero all flows at the left hand-side 0-
junction of the reference models yields:

f1 = Qp − C1ṗ1 − QR1

= Qp − C1ṗ1 − k1sign(p1 − p2)
√
|p1 − p2| (5)

This relation includes only known variables and known pa-
rameters and thus, is an ARR.

The two tanks system has been simulated by means of the
open source mathematics package Scilab [14]. Formulation
of the underlying DAE system in Scilab’s mathematical in-
put language is straightforward. The equations can be di-
rectly derived from the bond graph of Fig. 4. The Scilab
function, f, of the DAE system of the two tanks models cou-
pled by residual sinks is displayed in Fig. 5. The constitutive
equations of the energy stores and the equations of the resid-
ual sinks have been written in implicit form. The descriptor
vector is

x = [p1, p2, p̃1, p̃2, f1, f2]T

and the DAE system is of the form

Aẋ + g(x) = (1, 0, 1, 0, 0, 0])T [Qp] , (6)

in which A is a 6 × 6, constant coefficient singular matrix
and g a vector function that is nonlinear due to the nonlinear
constitutive equations of the orifices. As there are no differ-
ential equations for the residuals, f1, f2, the last two rows in
A vanish. The DAE system is of index ≥ 1.

For the numerical solution of DAE systems, Scilab pro-
vides the widely used DASSL code [18]. In order to facili-
tate the specification of a consistent set of initial conditions,
it is assumed that the tanks are empty at initial time t = 0
and that the pump delivers a constant volume flow rate, Qp,
for 10.0s ≤ t ≤ 40.0s. That is, the empty tanks are filled
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Fig. 4: Coupling of the process model subject to faults (lower part) and the reference model (upper part) by means of residual sinks

Fig. 6: Pressure levels in the tanks in case of no faults

for 30s and then they discharge at a rate depending on how
much the valves are open. Fig. 6 depicts the undisturbed
dynamic behaviour. As a first scenario, a constant leakage
flow from tank 1 is assumed to be effective for the time pe-
riod 50s ≤ t ≤ 60s, while the tanks discharge. As a result,
the pressures in the tanks decrease at a higher rate during
this time period. Fig. 7 shows the time evolution of the tank
pressures in the case of a leakage from tank 1. A leakage
from tank 1 corresponds to a decrease of the area of its bot-
tom. According to the fault signature matrix, residual res1
is affected, while residual res2 is not. Figures 8 and 9 depict
the residuals f1 and f2. Another fault that may occur is
a partial blockage of the valve between the two tanks. If it
happens after the pump has switched off, then, during the
time period this fault is effective, the pressure in the first

Fig. 7: Time history of the tank pressures in case of a leakage from tank 1

Fig. 8: Residual f1 in case of a leakage from tank 1



// Scilab function with the DAE system of the two tanks models
// coupled by residual sinks
function [res, ires] = daesys(t,x,xdot)

// tank pressures of the reference model:
p1 = x(1)
p2 = x(2)
// tank pressures of the process model subject to faults:
tp1 = x(3)
tp2 = x(4)
// residuals:
f1 = x(5)
f2 = x(6)

// xdot: rate of change of the descriptor vector x:
dp1 = xdot(1)
dp2 = xdot(2)
dtp1 = xdot(3)
dtp2 = xdot(4)

// system inputs:
Qp = Flow*pulse(t,tstart,tstop)

// no leakage from the tanks of the process model:
tQl1 = 0.0
tQl2 = 0.0

// orifices:
QR1 = orifice(AV1,p1,p2)
QR2 = orifice(AV2,p2,p0)

// partial blockage of valve 1 for 50.0s <= t <= 60.0s:
tQR1 = (1.0 - pulse2(t,50.0,60.0,0.8))*orifice(AV1,tp1,tp2)
tQR2 = orifice(AV2,tp2,p0)

// energy stores:
res(1) = Qp - QR1 - C1*dp1 - f1 // p1
res(2) = QR1 - QR2 - C2*dp2 - f2 // p2
res(3) = Qp - tQR1 - tQl1 - C1*dtp1 // tp1
res(4) = tQR1 - tQR2 - tQl2 - C2*dtp2 // tp2

// equations of the residual sinks:
res(5) = p1 - tp1 // f1
res(6) = p2 - tp2 // f2

ires = 0
endfunction

Fig. 5: Scilab function with the DAE system of the two tanks models coupled by residual sinks

Fig. 9: Residual f2 in case of a leakage from tank 1

tank decreases at a lower rate, while the pressure in the sec-
ond tank decreases at a higher rate. This can be seen from
Fig. 10. According to the fault signature matrix both resid-
uals are sensitive to a fault in valve 1 connecting both tanks.

Fig. 10: Pressure levels in the two tanks in case of a partial blockage of

the valve between the tanks

This is verified by Fig. 11. Finally, Fig. 12 shows the numer-
ical values of the residual f2 for the cases of leakage from
tank 2 and a partial blockage of valve 2. In accordance with
the fault signature matrix, residual f2 is sensitive to these



Fig. 11: Residuals f1 and f2 due a partial blockage of the valve between

the tanks

Fig. 12: Residual f2 due to leakage from tank 2 (positive values) and a

partial blockage of valve 2 (negative values)

faults.

VI. DIRECT DETERMINATION OF FAULT SIGNATURES

FROM THE BOND GRAPH

Computation of the two models coupled by means of
residual sinks provides numerical values for the residuals
of the ARRs as has been illustrated in the previous section.
Moreover, analysis of signal forward paths in the reference
model part can directly reveal the entries in the fault signa-
ture matrix [11]. In fact, there is, for instance, a causal path
between the resistor of valve 1 and the residual sink provid-
ing res1, which can be indicated by the sequence of power
variables involved:

R1 → QR1 → C1ṗ1 → C1 → p1 → (p1 − p̃1) → rSf → f1

(Fig. 4). In other words, the volume flow rate QR1 through
valve 1 depending on the valve’s cross sectional area con-
tributes to the sum of flows at the left-side 0-junction. Con-
sequently, valve 1 contributes a non-zero entry to the sig-
nature of the ARR of residual res1 and, for the reason of
symmetry, also a ’1’ to the signature of the ARR of residual
res2. Furthermore, there are causal paths between a C en-
ergy store and a residual sink, e. g.:

C1 → p1 → (p1 − p̃1) → rSf → f1

This is an indication that tank i contributes a non-zero entry
to the signature of the ARR of residual resi, (i = 1, 2). From
the fault signature matrix in Table I we already know that p2

also contributes to the signature of the ARR of residual res1.
In fact, there is a causal path between the C energy store of
the second tank and the resistor of valve 1. The output of
this resistor, QR1 , is part of the sum of all flows at the left-
side 0-junction. Consequently, the pressure p2 contributes
to the ARR of res1. By this way, all non-zero entries in
the fault signature matrix can be identified directly from the
reference model part of the overall model.

Finally, Fig. 4 shows that the output of the right hand side
residual effort sink, e1 = res4, is converted into the volume
flow QR2 , which in turn contributes to the sum of flows at
the 0-junction representing the pressure p2 in the tank T2.
That is, residual res4 depends on res2. In fact, the constitu-
tive equation of the outlet valve of tank T2 reads:

QR2 = k2sign(p2 − res4)
√
|p2 − res4| (7)

On the other hand, the sum of flows at the 0-junction repre-
senting p2 yields:

QR2 = QR1 − C1ṗ2 − res2
= k1sign(p1 − p2)

√
|p1 − p2| − C1ṗ2 − res2 (8)

Hence, res4 provides no fault signature different from the
one of residual res2. It is redundant and can be omitted.

VII. CONCLUSIONS

Model based fault detection and isolation builds on the
comparison of data from a process engineering system with
data from a reference model. However, the introduction of
faults into a real world process for test purposes can be im-
possible or unwanted for various reasons. This suggests to
replace the real process by a model that can include all kinds
of faults that are of interest at no risk. This paper proposes to
retain preferred integral causality in both models and to cou-
ple them by means of residual sinks that have been in use for
various other purposes also. These artificial elements play
a clear and intuitive role. They provide an effort or a flow
that forces the difference between a monitored variable and
its reference to zero and that adapts the reference to the sig-
nal perturbed by a fault. At the same time, the output of the
residual sink is a residual of an ARR. Simulation of the two
process models coupled by residual sinks enables a numeri-
cal evaluation of the residuals of ARRs. For computation of
the underlying DAE system determining the residuals, the
well known DASSL code can be used. Simulation experi-
ments have shown that parameters controlling the numerical
integration should be chosen with care. For instance, in case
the Jacobian matrix has not been provided in symbolic form,
values for absolute and relative error tolerances, that have
been chosen too small, can lead to a failure of the compu-
tation. Such problems with the numerical solution of DAE
systems are well known. On the other hand, in the simula-
tion experiments carried out, numerical errors clearly have
shown to be orders of magnitude smaller than the values of
the residuals so that the latter could be clearly distinguished
from numerical errors. As the model including faults rep-
resents the real world process, values of ’monitored’ pro-
cess variables can be superimposed by noise before they are



used as an input into a residual sink. While algebraic loops
and non-linearities in a model may prevent the generation of
ARRs in symbolic form, numerical solution of DAE system
determining the residuals of ARRs is mostly feasible. More-
over, inspection of the reference model part with regard to
causal paths ending at residual sinks enables to set up the
fault signature matrix directly from the bond graph, i. e.,
equations do not need to be formulated and manipulated.

The two process models coupled by residual sinks can
serve for the analysis of various fault scenarios. One ad-
vantage of using a model for the faulty real process is that
signals from the simulated process may be obtained much
quicker than in real time.
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APPENDIX

// Parameters of the two tanks example
g = 9.81; // [m/sˆ2]
// Oil density:
rho = 780.0; //[kg/mˆ3]
// Discharge coefficient:
c_d = 0.61;
r = c_d*sqrt(2/rho);
//
// Cross sectional area of tanks:
AT1 = 1.53e-1; // [mˆ2]
AT2 = AT1;
// Capacitances of tanks:
C1 = AT1/(rho*g);
C2 = C1;
// Cross sectional area of valves:
AV1 = 0.2e-2; // [mˆ2]
AV2 = 0.1e-2; // [mˆ2]
//
// flow of the pump:
Flow = 0.5e-2; // [mˆ3/s]
//
// Leakage from tank T_1:
Ql = 0.1e-2; // [mˆ3/s]
//
// pressure of the environment:
p0 = 0.0; // [Pa]
//
//Initial conditions:
//
// tanks are empty at t=t0;
// no flows into and out of the tanks at t=t0:
y0 = [0.0;0.0;0.0;0.0;0.0;0.0];
ydot0 = [0.0;0.0;0.0;0.0;0.0;0.0];
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ABSTRACT 

This paper presents an interpretation in the Bond Graph 
domain of the Energy Shaping and Interconnection and 
Damping Assignment control methods, developed for 
the well-known Port-Controlled Hamiltonian Systems 
with Dissipation. In order to have a stable equilibrium at 
a prespecified state, the energy function is modified by 
adding storage elements to the BG such that the closed-
loop system energy has a minimum at that state. A new 
dissipation function is assigned changing the R-field and 
its interconnection with the rest of the Bond Graph. A 
desired power conserving interconnection structure is 
reached through the suitable insertion of power bonds 
among junctions. Energy shaping, interconnection and 
damping assignment are performed in a so called Target 
Bond Graph. The control law is determined by a set of 
partial differential equations derived from the plant and 
the Target Bond Graph. 
 
INTRODUCTION 

Energy Shaping (ES) and Interconnection and Damping 
Assignment (IDA) are known control theoretical 
methods developed especially (but not exclusively) for 
physical systems represented as Port-Controlled 
Hamiltonian System with Dissipation (PCHD) (van der 
Schaft 2000; Ortega et al. 2002). This class of models 
has shown to be suitable for control system synthesis 
based in passivity theory, like ES and IDA methods, 
because they express explicitly the energy storage and 
dissipation phenomena, as well as the power conserving 
exchange between the components of the system. 
The Bond Graph (BG) formalism is very successful for 
system modeling and simulation (Karnopp et al. 2000). 
The graphical description of BGs exhibits the power 
conserving interconnection structure between the energy 
storages, the contribution of each storage to the energy 
function via its potential or kinetic energy, the energy 
dissipation structure, and the power exchange with the 
environment. Moreover, the assignment of causality to a 
BG provides mathematical tools for system level 
analysis (Dauphin-Tanguy et al. 1999; Bertrand et al. 
2001).  

These properties of BG models motivated this research, 
which focuses in the translation into the BG language of 
control methods originally formulated in a generic 
mathematical setup for PCHD systems. Previous results 
used in this paper are the derivation of PCHD models 
from BGs (Donaire and Junco 2005) and the idea of 
Target Bond Graphs (Junco 2004). Yielding closely 
related results, an independent approach to the same 
problem has been reported in (Vink 2005). 
The remaining of the paper is organized as follows: 
first, an account of ES and IDA on PCHD is given, and 
the equivalences between both formalisms is given. 
Next, the main result is addressed, i.e., performing ES 
and IDA control methods on the BG domain. Two 
realistic examples illustrating the methodology are 
exposed subsequently. Next, the theoretical results are 
confirmed by simulation. Finally, some conclusions are 
drawn and the future research is discussed. 
 
BACKGROUND 

PCHD Systems 

A system whose dynamics can be represented in form 
(1) is called a PCHD (van der Schaft 2000). 
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The state variables x œ ℜ 
n are the energy variables (n is 

the system order), the smooth function H(x): ℜ 

n→ ℜ 
represents the total energy stored in the system, and u, y 
œ  ℜ 

n are the input- and output-port power variables, 
respectively. Inputs and outputs are conjugate variables 
so that their product represents the power exchanged 
between the system and the environment. The input 
vector u is modulated by the nxm matrix ( )g x  which 
also defines the output vector y. The nxn skew-
symmetric matrix J(x) = –JT(x) reveals the power-
conserving interconnection structure in the model, while 
the dissipation structure is captured by the symmetric 
matrix R=RT≥0. Both matrices depend smoothly on x. 
There are systems where the control acts through the 
interconnection structure (e.g., power electronic devices 
when the switched system behavior can be 
approximated by a smooth system). For this kind of 



 

 

systems, the model (1) can be further generalized by (2) 
(Ortega et al 2002), where J(x,u)= – JT(x,u). 
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A most important property of PCHD systems is its I-O 
passivity, with the energy H of the system being the 
storage function and s=yTu the supply rate (van der 
Schaft 2000). The power continuity equation (3), due to 
the properties of the matrix J, shows that the excess of 
supplied over stored energy is dissipated by the action 
of R(x) because of its symmetry and positive 
definiteness. 
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Integrating (3) over an arbitrary time-interval [t0 , t1] 
results in the well-known dissipative inequality below, 
which ascertains the passive properties of PCHD 
systems (Willems 1972). 
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Control of PCHD Systems  

Control design techniques such as Energy Shaping (ES) 
and Interconnection and Damping Assignment (IDA) 
have been developed with the help of the explicit 
information of the energy function, and the properties of 
interconnection and dissipation of PCHD systems.  
The idea of ES consists in shaping the energy function 
of the plant in order to obtain a new closed loop energy 
function that has a minimum point at the desired state, 
preserving the interconnection structure and the 
dissipative function of the plant. Then, the closed-loop 
system will preserve the PCHD form with a stable 
equilibrium point in the energy minimum. Proposition 1 
presents formally the ES method. 

Proposition 1 (van der Schaft 2000). Consider that for 
the PCHD (1) it is possible to find a feedback control 
law u=α(x) and a vector function K(x) satisfying 
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with the i-th column of the nxn matrix ∂K/∂x given by 
∂Ki/∂x; and ∂2H/∂x2(x*) denoting the Hessian matrix of 
H at x*. 

Then the closed-loop system (5) is a PCHD having x* as 
a stable equilibrium. 
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Here, Hd = H+Ha is the desired Hamiltonian, and Ha is 
such that K(x)  = ∂Ha/∂x(x).    
 
If it were necessary to shape not only the energy 
function but also to assign a new dissipative function 
and/or a new interconnection structure, ES results 
insufficient. Then, the IDA method (Proposition 2) has 
to be applied. 

Proposition 2 (Ortega et al., 2002). Let the PCHD (2) be 
characterized by J(x,u), R(x), H(x), g(x,u), and a desired 
equilibrium x* ∈ ℜ 

n to be stabilized. Assume it can be 
found functions β(x), Ja(x), Ra(x) and a vector function 
K(x) satisfying 
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and such that 

i) (Structure Preservation) The closed-loop is a PCHD 
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ii) (Integrability) K(x) is the gradient of a scalar 
function. That is, 
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iii) (Equilibrium Assignment) K(x), at x*, verifies 
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iv) (Lyapunov Stability) The Jacobian of K(x), at x*, 
satisfies the bound 
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Under these conditions, the closed-loop system defined 
by u = β(x) will be the PCHD (11) 
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where Hd(x)=H(x)+Ha(x) and ∂Ha/∂x(x)=K(x). 
Furthermore, x* will be a (locally) stable equilibrium of 
the closed-loop. In addition, it will be asymptotically 
stable if the largest invariant set under the closed-loop 
dynamics contained in {x ∈ ℜ 

n | [(∂Hd/∂x)(x)]T Rd(x) 
(∂Hd/∂x)(x) = 0} = {x*}.     
 



 

 

Obtaining PCHD Models from BG 

The Junction Structure (JS) equations (12), that provide 
the BG interconnection structure, constitute, along with 
the component constitutive laws (Table 1), the BG-
Standard Implicit Form (BG-SIF). Using the BG energy 
properties and the BG-SIF, it is possible to find an 
equivalence between BG and PCHD variables, as well 
as some properties that link both representations 
(Donaire and Junco 2005). 
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Table 1. Constitutive Laws 
NON LINEAR  LINEAR 

( )i iZ f X=  i iZ FX=  

( )o i iD l X D=  

multiplicative modulated 
Resistors 

o iD LD=  

( )d dX g Z=  d dX GZ=  

The equivalence of PCHD and BG variables is shown in 
Table 2, assuming BGs with all the storages in integral 
causality assignment (ICA). For the case of storages in 
derivative causality see (Donaire and Junco 2005). 

Table 2. Equivalence of variables 
PCHD MODEL   BG MODEL 

State vector x  ⇔
 

Xi 
Vector of energy 
variables ≡ state 
vector 

Energy gradient 
respect to the 
state vector 

H
x

∂
∂

 
 
⇔

 
iZ  Output vector of the 

storage field in ICA 

Derivative of 
the state vector  x  ⇔

 
iX

 

Input vector of the 
storage field in ICA 

 
The PCHD (2) can be expressed in the BG domain as 
(13), with the PCHD structure matrices given by (14) 
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In models without coupled resistors, J is solely 
determined by S11, and R by S13, l(Xi) and S31. 
 
ES AND IDA METHODS IN THE BG DOMAIN 

This section interprets the ES and IDA methods in the 
BG domain. The technique of BG-prototyping (Junco 

2004) yields a so-called Target BG (TBG), which here -
somewhat differently as in the above reference- is 
defined as the inputless BG of the plant, to which 
elements have been suitably added in order to meet the 
closed-loop requirements, i.e., to shape the energy 
function and assign the interconnection structure and the 
dissipation function. As the TBG represents the desired 
closed-loop dynamics, the control law is to be 
determined as to emulate the effect of the added 
components, i.e., the action of the controlled modulated 
sources, MTFs and MGYs in the BG of the plant has to 
match the action of the elements added in the TBG. 
 
Energy Shaping on BG 

Assuming all storages in ICA, the TBG is obtained as 
suggested in Fig. 1 via adding new storages -with 
constitutive laws to be determined- as follows: each new 
I-element shares its effort with each original I-element 
on an added common 0-junction-, and each new C-
elements shares its flow with each original C-element 
on an added common 1-junction. The co-energy 
variables of the storages (their outputs, see Table 2) are 
Zi=∂H/∂Xi and Zi

a =∂Ha/∂Xi
a = ∂Ha/∂Xi, with H and Ha 

the stored energy in the original and the added elements, 
respectively, and their sum Hs the total desired energy. 
The JS and the R-Field do not change. Thus, the energy 
function is shaped and both the interconnection 
structure and the dissipative function are conserved. The 
inputs of the new and the original storages are the same, 
dXi

a/dt = dXi/dt, (subindex “i” stands for integral 
(causality), superindex “a” for added) and their energy 
variables are constrained to be identical, i.e., Xi=Xi

a. 
Thus, the dynamics of the TBG is fully described by 
that of Xi , as given in (15) (cf. (13), and recall the 
inputless feature of the TBG and that the inputs from the 
storages to the JS are Zi and Zi

a). 

 
Figure 1. Adding Energy to BG model 
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The control inputs must replicate the action of the added 
elements to achieve the dynamics of the TBG, which is 
expressed mathematically by the matching equation  
(16), obtained equating (13) and (15). 
Summarizing this BG-ES technique: given a BG model 
(the plant), a TBG with the desired energy function 
satisfying (4) at the desired equilibrium point has to be 



 

 

built. Then, the feedback control law determined by (16) 
forces a closed-loop PCHD system with the energy 
function (17), with a stable equilibrium at Xi*, and the 
same interconnection structure and dissipative function 
as the original plant. 
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Remark 1. In general the constitutive law of the added 
elements are unknown, i.e. the added energy function is 
undetermined. Thus, (16) results in a set of Partial 
Differential Equations (PDEs) that gives a family of 
solutions for Ha. Then, the requirement of a minimum at 
the desired stable equilibrium determines the energy 
function to be added. The constitutive laws of each 
added elements can be calculated as the partial 
derivative of Ha with respect to the associated energy 
variable. 
 
Interconnection and Damping Assignment on BG 

The IDA method is indicated when it is desirable to 
change the interconnection structure or the dissipative 
function (or both) as well as the energy function. This 
subsection shows how to assign the interconnection 
structure and the dissipative function in the BG, the 
energy function in BG-IDA being shaped as in BG-ES. 
The technique is based on the construction of a TBG as 
follows: the first step consist in adding storages to the 
original BG without inputs to shape the energy function. 
After that, the power conserving interconnection 
structure is modified by adding power bonds that 
change the gain of the causal paths between the 
storages, such that the desired interconnection structure 
is obtained. Finally, the desirable damping is attained by 
adding the necessary resistors and their interconnection 
with the rest of the BG. 

This technique is illustrated on the Permanent Magnet 
Synchronous Motor of Fig. 2, as example. Adding the 
storages (dashed-line boxes) in the TBG of Fig. 3 
modifies the energy function of the system. The 
interconnection structure is changed by adding the 
modulated gyrator connected by dashed bonds. With 
this new interconnection structure, the rotor speed is 
driven by the quadrature-axis modulated by the direct-
axis flux. In this way the mechanical dynamics and the 
electrical dynamics in quadrature have no influence on 
the electrical direct-axis, thereby making simpler the 
direct flux control. Damping is assigned via the new 
resistor Ra and the added power bond that connect Ra 
with the rest of the BG. 

 
Figure 2. BG of the PMSM 

 
Figure 3. Target BG for the PMSM 

 
The TBG dynamics is represented by (18). The Sij

a 
matrices have been introduced in the model with the 
purpose of assigning the new interconnection structure 
and the desired dissipative function . 

 
( ) ( ) ( )

( ) ( )

1
11 11 13 13 33 33

31 31 13 31

( ) ( )

( )

a a a
i i i

a aa a aa a
i i i

X S S S S l X I S S l X

S S S l X S Z Z

−  = + + + − +   
+ + +


(18) 

The matrix S a
11 has the gains of the zero order causal 

paths from the outputs to the inputs of the storages that 
pass at least through one APB (Added Power Bonds, 
excluding that of the added storages). This matrix 
makes possible to assign new interconnections between 
the storages and contributes to the power conserving 
interconnection structure. 
The following matrices allow to assign new dissipation 
to the system: S a

13 has the gains of the zero order causal 
paths from the outputs of the original resistors to the 
inputs of the storages. S a

33 has the gains of the zero 
order causal paths from the outputs to the inputs of the 
original resistors. S a

31 has the gains of the zero order 
causal paths from the outputs of the storages to the 
inputs of the original resistors. S aa

13 has the gains of the 
zero order causal paths from the outputs of the added 
resistors to the inputs of the storages. S aa

31 has the gains 
of the zero order causal paths from the outputs of the 
storages to the inputs of the added resistors.  
All the causal paths considered have to pass at least 
through one APB in the TBG. 



 

 

The function la(Xi)denotes the constitutive laws of the 
added resistors.  
 
The desired closed loop dynamics (18) is obtained with 
a control law satisfying (19), the matching equation. 
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Again as in ES, to stabilize a given state Xi*, the shaped 
energy function has to be chosen such that it has a 
minimum at Xi*. 
 
Remark 2. The presence of coupled resistors can 
contribute to the power conservative interconnection 
structure (Donaire and Junco 2005) making unclear in 
the graph how to assign the desired interconnection or 
the dissipation function. In order to avoid this difficulty 
it can be useful to set S a

33= – S33. Then, the closed loop 
dynamics has not coupled resistors, its conservative 
interconnection structure is fully defined by the 
interconnection among the storages, and the dissipation 
is characterized by the resistors and their 
interconnection with the system. In this manner, it is 
clear that Sa

11 is the added interconnection and Sa
13, Sa

31, 
Saa

13, Saa
31 and la(Xi) the added damping. 

 
EXAMPLES AND APPPLICATIONS 

Two practical cases are presented to illustrate the ES 
and IDA techniques in the BG domain. The first is the 
Boost Converter which has the particularity that the 
control acts through the structure (modulated control 
system). The output voltage regulation problem has 
been solved in (Ortega et al. 2002) using the ES theory 
on a PCHD-model. Here, the problem is revisited in the 
BG-domain with the only purpose of validation, 
showing that the method yields the same result. The 
second case is an application of the IDA method to the 
rotor speed regulation of the Excitation Controlled DC-
Motor. New energy and dissipation functions are 
assigned to this port controlled system. 
 
Boost Converter 

The BG of the averaged Boost Converter presented in 
Fig. 4 (Delgado et al. 1998) clearly shows that the 
control input, the duty cycle modulating the MTF, acts 
trough the interconnection structure. The control 
objective is to regulate the capacitor voltage (the effort, 
in BG language) at a desired value VC

*=qC
*/C1 by a state 

feedback control law, maintaining internal stability. 

 
Figure 4. a) Boost Converter  b) Averaged BG Model 

The Xi, Zi and U vectors, and the matrices L and F are 
defined in (22), and the structure matrices of the JS in 
(23). 
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According with (13), the PCHD dynamics results in 
(24) 
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In this example only the energy function will be 
changed to illustrate the BG-ES method. The TBG is 
built adding the storages (dashed-line box in Fig. 5) 
which contribute the energy necessary to obtain the 
desired energy function. 

 
Figure 5. Target BG for the Boost Converter 

The dynamics (25) of the TBG is the desired dynamics 
of the closed-loop system. It is a PCHD with the 
Hamiltonian (26). In this example, the relation (16) 
takes the form (27), which determines the control law. 
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where Zi
a=∂Ha/∂Xi is the gradient of the added energy 

function respect to the state variables. The control law 
(28) is obtained after solving the set of PDEs (27) 
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C1,2,3 are constants to be determined such that Ha(Xi) 
satisfies (4), resulting in (29) and (30), or (29) and (31). 
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The added energy (32) is the energy stored in Ia and Ca; 
the constant C gives the possibility to force 
Hd(Xi*)=H(Xi*)+Ha(Xi*)=0, thus qualifying Hd(Xi) as a 
Lyapunov function. The constitutive laws of the added 
elements are defined by (33) and (34) for the added 
inertia and capacitor, respectively. These equations 
show that Ia and Ca are nonlinear modulated storage 
elements. 
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Separately Excited DC – Motor 

The DC-Motor is a port-controlled system as shows the 
BG in Fig. 6. The control input considered here is the 
excitation voltage that modulates the power exchange 
between the electrical and mechanical subsystems 
through the excitation circuit. The control objective is to 
drive de rotor speed to a constant value ω*, changing its 
natural damping and assuring internal stability. The load 
torque is considered constant and known. 
The state vector Xi, the input vector U, as well as the 
constitutive laws of the resistors and the storages, L and 
F respectively, are given in (35). The matrices that 
define the JS are read from the BG and written in (36). 
The BG-IDA method will be applied to achieve the 
control objective. At first, the TBG is created. The 
energy is shaped by the storages in the dashed-line 
boxes and the damping is increased by the added 
resistor (Figure 7). The added structure matrices read 
from the TBG and the constitutive law of the added 
resistor are in (37). 

 
Figure 6. BG of the DC-Motor 
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Figure 7. Target BG for the DC-Motor 
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The matching equation (19) results in the set of PDEs 
(38), that defines the control law. 
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The first PDE of (38) is a first-order quasi linear partial 
differential equation. It can be solved with the method 
of characteristics (Elsgoltz 1969) resulting that the 
added energy has the form (39) 

 Cpp
R

ppKp
R
UXH e

a

ae
a

a

a
ia ++−+−= )()()( γϕ ω (39) 

Where ϕ and γ are functions to be selected, and C is an 
arbitrary constant. 
The second PDE of (38) gives the restriction (40) over 
the choice of ϕ. 

 
( )2 2

a e a L a a

e a a

KJU p R JT b R p

J K p b b R
ωϕ

α
− +∂

=
∂  + + 

 (40) 

with α=(Kpepa/Ra)-pω being the argument of ϕ. 



 

 

The third PDE of (38) defines the control law (41), the 
excitation voltage. 

 ( )
( )( )2 2

a a a a L a e
e e e

e a e a a

Kp b R p JR T JKU p
U R R

p JR K p b b R
ωγ − +∂

=− −
∂ + +

(41) 

The choice of γ is in agreement with the requirements of 
equilibrium and the minimum energy given in (9) and 
(10), respectively. For the DC-Motor given in Table 3, 
considering the desired equilibrium p*ω=981.747 
Kgm2/s (corresponding to the rated speed) and the 
added damping ba=2 Nms; γ has to satisfy (42) 

 
* *

2

230.016 0.10225
p pe ee ep p

γ γ∂ ∂
=− >

∂ ∂
 (42) 

Accordingly, the law (43) is proposed 

 2
1 2( )e e ep a p a pγ = +  (43) 

with a1 = 5 and a2 = – 4097.2. 

Thus, the control law is completely specified. The 
closed-loop is a PCHD system with the Hamiltonian 
Hd(Xi)=H(Xi)+Ha(Xi), Hd has a minimum at the desired 
state which is asymptotically stable. Consequently, the 
control objective has been satisfied. 
The TBG representing the closed-loop system is shown 
in Figure 7. The constitutive laws of the added elements 
are given in (44)-(46), corresponding to Ia

a, Iωa and Ie
a, 

respectively. 
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SIMULATION RESULTS 

Simulation results are presented to verify the stability of 
the Excitation Controlled DC-Motor given in Table 3 
(Pfaff 1990) with the control law (41). 

Table 3. DC-Motor Data 
Rated Power 147.2 Kw 
Rated Speed 65.4498 s-1 
Rated Armature Voltage Uan 460 v 
Rated Armature Current Ian 320 A 
Armature Resistance Ra 0.05 Ω 
Armature Inductance La 0.003 Hy 
Excitation Resistance Re 25.2 Ω 
Excitation Inductance Le 63.5 Hy 
Conversion Constant K 0.0166 Nm/WbA 
Rotor Inertia J 15 Kgm2 
Viscosity Coefficient b 3 Nms 

It is well known that the DC-Motor variables could have 
dangerous overvalues if the machine is started up 
without necessary cautions. An usual strategy feeds the 
excitation first, and once the excitation flux established, 
supplies an armature ramp that saturates at rated 
voltage. In this simulation, once the armature voltage 
ramp reaches its rated value (Fig. 10.a), the load torque 
is connected to the motor (Fig. 9.b). The excitation 
voltage is injected from the very beginning according 
with the control law (41), but is limited to the rated 
value in order to protect the motor. Fig. 8.a shows that 
the evolution of the rotor speed has two parts. In the 
start-up period (0-5 sec.), the excitation voltage is at its 
limit value; thereafter (5-10 sec.), the action of the 
control law assures the regulation of the speed as well as 
the other states variables to the desired value (Figs. 8.b 
and 9.a). 
These simulation results confirm the asymptotic 
stability of the Excitation Controlled DC-Motor in 
closed-loop under the control law (41), as it was 
predicted with the control theory of PCHD system in the 
BG domain. 

0 1 2 3 4 5 6 7 8 9 10
0

10

20

30

40

50

60

70

80

0 1 2 3 4 5 6 7 8 9 10
0

50

100

150

200

250

300

350

400

450

Time [s] Time [s]  
Figure 8. a) Rotor Speed b) Excitation Flux 

0 1 2 3 4 5 6 7 8 9 10
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Time [s]
0 1 2 3 4 5 6 7 8 9 10

0

500

1000

1500

2000

2500

Time [s]  
Figure 9. a) Armature Flux b) Load Torque 

0 1 2 3 4 5 6 7 8 9 10
0

50

100

150

200

250

300

350

400

450

500

0 1 2 3 4 5 6 7 8 9 10
150

155

160

165

170

175

180

185

190

 
Figure 10. a) Armature Voltage b) Excitation Voltage 

 
CONCLUSIONS 

The ES and IDA control techniques for PCHD have 
been interpreted in the BG domain for models with all 
the storages in ICA. The methodology is based on the 
representation of the desired closed-loop dynamics by a 
Target BG, which is built by adding components to the 
BG of the plant without control inputs. A set of PDE 
defining the control law is obtained by way of matching 



 

 

the effect of the added components in the target BG 
with the action of the control inputs in the BG of the 
plant. The stabilization of a desired equilibrium is 
achieved solving the set of PDEs under the constraint of 
forcing a minimum of the closed-loop energy function 
at the desired equilibrium state. 
Future research will focus on the transcription of ES and 
IDA techniques for BG models with storages in 
derivative causality assignment. It will be also looked 
for graphical strategies to add elements in the TBG with 
the purpose of solving the set of PDEs in a 
straightforward manner. 
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ABSTRACT

This paper consists of two parts. Firstly, we

consider icons instead of BG symbols, which

are better accepted by some people.

Secondly, we take dimensional analysis for

any physical quantities that are built from

fundamental and derived quantities. The

main thing is that they have a special

mathematical structure and only quantities of

the same dimension can be equated, added

or subtracted. By multiplication, on the other

hand, physical quantities can be combined,

i.e. area is the product of two lengths and

velocity is the quotient of a length and atime.

We develop this algebra where

nondimensional combinations are important

such as for instance the Reynolds number.

This leads to Buchingham’s theorem.

Also, physical quantities are built from

fundamental units such as length, time and

mass. However it is clearer to use length,

time and force or even length, time and

energy instead.

INTRODUCTION

BGs (bondgraphs) are an universal graphical

means to represent dynamic systems that we

have used for many years: components of

systems are represented by letters, that is an

alphanumeric code which represents a

certain abstraction. Some people prefer a

iconic code, which is more suitable for their

intuition. So one purpose of this paper is to

develop an iconic or picture code to

complement BGs.

The other purpose of the paper is

dimensional analysis, a very old technique

that has spawned a large literature including

some papers by Thoma [THOMA 1968]. If

done properly, dimensional analysis is a very

powerful tool for modelling, especially to set

up practical formulae. Let us note also that

on all graphical representations the

dimensions of the quantities should be given,

for instance volt per meter V/m for electric

field strength. Another example is the

product of voltage and current VA, which is

power, expressed in Watt, the time

derivative of transported energy. In

mechanics we have the newton N and the

velocity in meters per second m/s, whose

product is again the transported power or

time derivative of energy.



ICONS FOR HOT GAS SYSTEMS

According to the general philosophy of hot

gas systems, which is developed in [THOMA

2006], thermofluid machines are built quite

naturally as a sequence of RECO, HEXA

and TEFMA.

m, H

P, T

RECO

P, T

P, T P, T

m, H

m, H m, H

Fig 1 Resistor for hot gas, center as hydraulic symbol

and below as BG.

On Fig. 1, we see a picture of a valve on

top, a RECO icon in the center and a BG

symbol below. RECO is a contraction of

‘resistor for convection’ and both mass flow

and enthalpy flux are conserved in it. The

icon comes from hydraulics practice, where

it simply means a narrow passage along a

fluid line. Let us insist on the fact that mass

flow and enthalpy flux are conserved in a

RECO.

Next is the heat exchanger which we call

HEXA and which appears on Fig. 2.

m, H

P, T

HEX A

P, T

P, T P, T

m, H

m, H m, H

T

Q

Fig 2 Heat exchanger as an icon above and as BG

below. Here mass flow is conserved and enthalpy flux

obtained by a simple power balance.

Here we use simply a power balance to

obtain the outgoing enthalpy flux:

2H =
1H + Q

Note that the HEXA needs the following

causality: heat flux in and temperature out;

this is a consequence of the equation

between enthalpy flux and heat flow. The

thermal bond is pseudo with temperature as

effort variable.

One step further is the thermal fluid machine

TEFMA, obtained from the HEXA by

adding a mechanical bond; icon and BG

appear on Fig 3.

The power balance becomes

2H =
1H + Q + M

Note that a mechanical bond, which is a true

bond, has been added to the HEXA.

Causalities are mandatory but they can be

turned around by suitable one-ports: the

inertia of the rotor and the thermal resistance

of the heater.



Some people like the iconic symbols better

than BG symbols, although additional

information, such as the signs for power for

example, must be given as well, especially in

electrical circuits.

Fig 3 Thermal turbomachine with one additional

mechanical bond compared to HEXA, top as icon and

below as BG.

In our experience, BG symbols are much

easier to handle and we include icons only

for illustration.

DIMENSIONAL ANALYSIS

Dimensional analysis is a very powerful tool

for the study of systems if done properly
[BRIDGMANN 1922, SEDOV 1972, KASPRZAK

1990]. It starts from the observation that all

physical quantities (or variables) are the

product of a measure qm and a unit qu

q =
m

q .
u

q

or, in words, the length of something is 10

times the unit of 1 meter.

Length =10 x1meter
The measure is a (pure) number and the unit

is something totally different: it is a quantity

associated with the number 1 and has the

following properties:

1. Units can be transformed as follows:

q =
m1

q .
u1

q =
m2

q .
u2

q

For example :

q = 10m = 30.2 feet

which means that if the unit decreases, the

measure increases, such as to leave the

quantity q invariant.

So, we can write equations not only between

numbers but also between quantities of the

same kind or dimension (in the above

example, length).

2. Equations between quantities of different

kinds or dimensions can be obtained by

multiplication and division:

q =
u
q .

u
q

as, for example

A = l . l

So, the unit of area A should be chosen as

the product of two units of length, which is

by no means always done, as in the

following counter example: 1 acre is not the

product of one foot times one foot.

In particular, instead of a product one can

have a division or even a combination of

multiplications and divisions:



q =
m3

q .
u3

q = m1
q .

u1
q

m2
q .

u2
q

as, for example:

v =
l

t

or, in words, velocity equals length divided

by time.

In mathematics, these products or divisions

are called monomials and the better known

polynomials are simply an addition of

monomials.

So, in dimensional analysis we have to

distinguish between the physical quantities,

which have a measure and a unit and the

measures which are numbers (sometimes

called pure numbers).

Numbers can be handled by ordinary

mathematics whilst physical quantities can

only be combined by multiplication and

division according to the above equations of

dimensional analysis. Particularly important

are the dimensionless quantities that are

obtained by multiplication and division of

physical quantities where the units cancel.

One example of a dimensionless monomial

is the time constant of control engineering

t
=

t

RC

where RC is the so-called characteristic

time.

Another example is the Reynolds number

which is the ratio of inertia to viscous forces

in fluid mechanics :

Re =
lv

µ

where l stands for length, v for velocity,

for mass density and µ for dynamic

viscosity.

The Reynolds number governs the change

from laminar to turbulent flow.

All these considerations lead to the

theorem of Buckingham [FRENCH 2002]

which says that if we have n equations built

from m basic units, then they can be reduced

to a relation between n-m non-dimensional

monomials.

As an example, if we had 5 quantities built

from 3 units, we have a relation between two

monomials. This means that one of the

monomials is a function of the other one. In

fluid dynamics, for example, the drag force

of a submerged body is the product of

dynamic pressure and cross section, which is

a function of the Reynolds number.

The difference between physical quantities

and measures is important mainly for block

diagrams BD and bond graphs BG. In both

we may have several control loops which

must be dimensionless as they go into a

mixing point (addition or subtraction point)

to be compared. On the other hand, the gains

of simple elements generally have

dimensions. So, the loops are dimensionless

and the number that represents them can be

considered as large or small compared to

one.

One example is a servo-amplifier which

takes voltage as input and outputs a fluid

volume flow. Another example would be a

DC electric motor with torque output

proportional to input current: the back EMF



is proportional to angular velocity. Of

course, in BG language, it is a gyrator.

PRISONERS OF MLT UNITS

Theory and practice show that very often

one should use force and not mass as a

fundamental unit. Mass as unit was choosen

only because it is easier to obtain a precise

standard of mass than to obtain a standard of

force. The use of force as fundamental unit

would be somewhat of a return to the old

system of technical units. As we like to

formulate, one should not be a prisoner of

the mass unit because acceleration is only

one effect in physics.

Better still is energy as a fundamental unit

instead of force, because as force times

displacement, energy is a conserved

quantity. Very useful also is to consider

impulse (momentum) as a fundamental unit

because it is also conserved, which is

important in modern physics. Force is then

simply the time derivative of impulse. So,

one can write a BG with impulse derivative

as flow, which is then the so-called inverse

or force-flow analogy. It brings advantages

in understanding certain equilibrium

problems of the mechanics of structures, as

in civil engineering for example. Here the

summing of impulse flows or forces is done

in a parallel or 0-junction.

Another quantity to consider as fundamental

unit is rotary impulse (angular momentum)

which is simply the time integral of torque.

It plays an important role in modern micro

physics where it is called spin.

These problems can be treated with Systar

(http://www.systar.ch), a scientific software

package in active development [MOCELLIN

2006].

We conclude our overview of icons and

dimensional analysis for BG thus: both

should remind the reader that BG are not

only a mathematical and data processing

tool, but also a way of life.
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ABSTRACT

In this paper we endeavour to show how the

need for modelling and simulation in virtual

reality is connected with bond graphs (BG).

In effect, both try to immerse their users in

realistic virtual worlds, as in flight

simulators.

INTRODUCTION

Virtual reality is a branch of computer

science that tries to represent dynamic

realities as virtual worlds in which the user

feels immersed [MOCELLIN 2001].

We show how this science could benefit

from bond graphs and how the concepts of

modelling and simulation, which are the

milestones of bondgraphing, are connected

with it.

BOND GRAPHS

Bond graphs are based on the fact that the

power or energy derivative of a dynamic

system is composed of a number of terms.

This number is equal to the number of

interactions the system is capable of.

In full generality, the power P is a sum of

products of intensities and extensity flows,

the so called efforts and flows of BG. This

sum characterizes the total power

interactions in the system:

P = ie
i=1

n

i
f (1)

where ei stands for the efforts and fi stands

for the flows.

These considerations are related to the

derivation of Tellegen’s Theorem where all

the junctions are placed within a conceptual

boundary; they are valid in all domains of

science [ATLAN 1973].

Thermodynamics, for example, takes into

account the fact that matter can be converted

into different forms by chemical reaction

[THOMA 2006-1]. It describes the energy of a

region of matter having n components with

equations of the form:



E = TS pV +
i

µ
i =1

n

im (2)

Which can be visualized as in Fig. 1 :

Fig 1 Equation 2 illustrated for a thermodynamic

system. The power orientations correspond to the

signs in equation 2.

This power equation shows the increase of

energy in thermodynamic and chemical

systems. It is an expression of the

conservation of power, mainly chemical

power.

The continuity equation for the ith extensity

fi within a control volume V under the effet

of Sources and Sinks Soi, as well as

Transfers Tri, takes the form:

i
f

t
= iSo iTr (2)

The transfer Tri of an extensity fi is due to

the product of the Conductance Coi (the so

called Siemens S of German speaking

countries) times the difference of intensities

or efforts ei:

iTr = iCo ie i0e( )
(3)

In full generality, the transfer of extensities

is controlled by k intensities to take into

account the cross effects among energy

domains, the so called multiport R of BG:

iTr = ikCo
k=1

n -1

ke k0e( )

(4)

Combining the continuity equation (2) with

the transfer equation (4), we obtain the

integral balance equation:

i
f

t
= iSo ikCo

k=1

n -1

ke k0e( )
(5)

Being founded in the above transport theory,

bond graphs allow the formulation of

equations that describe any dynamic system.

They state that the local value of the ith

extensity is equal to its local density i. By

definition, the amount of a flowing

extensitiy fi contained in a volume equals the

integral over the volume of the density i of

the extensity:

i
f =

i

V

dv
(6)

The total divergence Soi generated by all the

sources and sinks within a volume can

similarly be characterized in terms of

densities i:

iSo = i

V

dv
(7)

The transfer Tri of extensive i through a

surface F bounding a control volume V can

be specified in terms of surface transfer

densities ti:

iTr = it d
F

f
(8)



If the intensities are scalar, the nabla

operator supplies the gradient. The transfer

density ti of the ith extensity fi is then stated

as a sum of the products of the conductance

Coik with the gradients of the individual

intensities ek:

it = ikCo
k =1

n -1

grad ke
(9)

Introducing densities into the integral

continuity equation (5) we obtain:

d

dt i

V

dv = i

V

dv it d
F

f

(10)

This balance equation of the ith extensity

refers to the entire control volume V.

The second term on the right hand side of

equation (10) is a surface integral which can

be converted into a volume integral. The

surface integral of a vector over a closed

surface F equals the volume integral of the

vector’s divergence over the volume

enclosed by the surface (sometimes called

the Stokes theorem):

it d
F

f = div it
V

dv
(11)

The variation of an extensity contained in a

given volume is equal to the volume integral

of the time variation of its density. We can

add it to the volume integral of the

volumetric transfer divti and substract the

volume integral of sources and sinks

densities.

Interchanging differentiation and integration

with respect to time, we find the volume

integral:

i

t
+ div it i

V

dv = 0 (12)

For the integral to be identically zero

irrespective of the limits of integration, the

integrand itself must be equal to zero, which

gives the general continuity equation upon

which Paynter founded bond graphs

[PAYNTER 1960], that is:

i

t
+ div it = i (13)

Replacing transfer densities ti by the general

transfer equation (9), we get the equation of

any dynamic system, taking into

consideration the relevant extensities and

intensities of the reality under consideration

and the source and sink densities due to the

relation to the environment:

i

dt
+ div ikCo

k=1

n -1

grad ke = i

(14)

If the considered reality is itself in motion,

this motion carries along the extensities

because they are properties of the bulk of

reality: a global convective transfer must be

added.

Convective transfer densities are expressed

by the product of the extensity densities i

with the velocity of displacement v, giving

the convective transfer density iv of the ith

extensity:

i

dt
+ div

i
v+ ikCo

k=1

n -1

grad ke = i (15)

This kind of mathematical relation is

represented by bond graphs such as in Fig 2:



Fig 2 Representation of a dynamic reality with a

bond graph (using the Camp-G software).

which give a complete knowledge of the

dynamic reality at hand, including its

dimensional analysis.

SIMILITUDE

Two dynamic realities are similar if the input

vector x and the output vector y of both

realities are related by the same function.

Coupled with dimensional analysis [SZIRTES

1997], which allows, for example, to

understand why pressure can be conceived

as well as force per surface or energy per

volume, bond graphs give direct access to

the concept of similitude between two

dynamic realities [THOMA 2006-2].

For example, a thermal diffusion

phenomenon is represented by the Fourier

equation of heat conduction:

T

t
= a

2

T
2

x (16)

where T stands for temperature of the heat

source and a stands for the temperature

conduction coefficient.

And a matter diffusion phenomenon is

described by the Fick equation of diffusion:

c

t
= D

2

c
2

x (17)

where c stands for concentration and D

stands for the coefficient of diffusion.

Both phenomena are similar realities

because they share the same mathematical

model, a fact that can be used by people

working in virtual reality.

This kind of comparison is very simple, with

the state space equations automatically

generated by bond graph software, as in Fig.

3:

Fig 3 Example of a state space equation

automatically generated by the Camp-G software.

Whatever the complexity of two considered

realities, the necessary and sufficient

condition of similitude between them is that

the mathematical model of one be related by

a bi-univoque relation to that of the other. In



other words that they have the same bond

graph.

Modern computer programs allow the

generation of simulators of the system from

BGs, as in Fig.4 below. Moreover, programs

like Systar (http://www.systar.ch) also allow

the dimensional analysis of the variables

describing the dynamic reality to be

checked.

Fig 4 Front panel of an interactive simulator for a

dynamic reality similar to the one in Fig. 2.

CONCLUSION

Bond graphs are graphical representations of

dynamic realities. They consequently give a

mathematical and computable formulation of

the behaviour of the considered realities.

They provide us with a tool that allows us to

represent their dynamic conditions.

Moreover, this method of modelling and

simulation can draw heavily on similitude

between energy or power domains and

experimentally established functional

relationships among their invariants.

Finally, coupled with dimensional analysis,

they allow criteria of similitude to be derived

by comparison, providing solutions to many

computer science virtual reality problems,

within the domain of validity of the

mathematical model.
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ABSTRACT 

This work concerns a Bond Graph modelling of the cardiac 

muscle cells named sarcomer. The dynamic behaviour of a 

set of connected sarcomers are analysed according to two 

directions. Some hypotheses are made to model the 

elements that cause the variations of a flat section taken in 

an auricle or a ventricle cavity of the heart. We assume that 

these dimensional variation result from the sarcomer 

dynamics. Bond Graphs models representing forces and 

motions of an isolated sarcomer are presented, followed by 

a Global one and its corresponding state space equation. To 

model this particular system, we take into account some of 

its electric, hydraulic, and mechanical multi field 

characteristic.  

 

1.  INTRODUCTION 

Many models have been developed to represent skeletal or 

cardiac muscle. Some use mathematical formulation 

(Ayache 2002) or electromechanical schemes (Li 1996). 

Physiological and pharmacodynamic effects represent 

important fields of studies on the cardiac cell (Rocaries 

2004). The Bond Graph formalism is usually used to model 

complex and mixed-domain dynamic systems 

(Karnopp1990) (Dauphin-Tanguy 2000). A simple Bond 

Graph model is proposed (Wojcik 2003) to study the 

dynamics of a skeletal muscle. Researches work currently 

on the whole cardiovascular system (Lefèvre 1999) 

(Zucarini 2003) using extensively this methodologie. Let us 

also mention (Cellier 2005) a work that contributes to the 

introduction of the Bond Graph methodology into medical 

domain modeling. Recently we have presented a Bond 

Graph model of a sarcomer (Fakri 05). We were precisely 

concerned with the mechanical contraction. The model, we 

proposed is shown figure1(c). A motor modeled as a gyrator 

port converts an electrical stimulus in rectilinear contraction 

and relaxation. It is used to simulate the dynamic behavior 

of the cardiac cells. To follow up this previous work, we 

propose an expansion of our previous unidimensional model 

by adding a second degree of freedom. Below a Sarcomer 

dynamic model is developed according to two main axes.  

To end this introduction let us give a short description of 

what is usually assumed concerning the activation of the 

Sarcomer. It is composed by the adjustment of Myosin and 

Actin elements. Figure1 (a) shows the traditional scheme of 

the Sarcomer. The contraction of the Sarcomer occurs when 

the Actin and Myosin fibers creates a sliding linkages. 

Usually one considers that, as an actuator the Sarcomer 

contraction (Systole) is triggered by a potential change 

(depolarisation) of the cellular membrane, followed by an 

ordered movement of ions mainly sodium (Na
+
), calcium 

(Ca
++
), potassium (K

+
), etc. The contraction is achieved by 

the stowing and the mutual slipping of the Actin and the 

Myosin filaments as shown in Figure 1(b).  

 

 
 

Figure1: Sarcomer grafic models 

 

The shortening of the Sarcomer is characterized by a 

massive concentration of calcium ions on the tandem Actin-

Myosin A mechanical tension takes place during those 

calcium ions movements. The relaxation phase of the cell 

(Diastole) is accompanied by an opposite flow of the 

calcium ions out of its membrane. The process ends with a 

repolarization of the membrane .A potential balance state 

results and is maintained until the next excitation.  

The rest of this paper is organized as follows. Section 2 

analyses the actions that implicate the sarcomer’s 



movements.  Section 3 presents the Bond Graph models and 

the state space equation of the global Bond Graph.  Section 

4 presents shortly a Bond Graph to Block Diagram transfer 

method. Some concluding remarks and directions for future 

work are given in the last Section. 

 

2.  THE SARCOMER AS PRINCIPAL ACTUATOR 

OF THE CARDIAC MUSCLE.     

 

  The sarcomer model, as an isolated rectilinear actuator is 

not satisfactory. Most studies agree to consider that the 

activity of these cells has as first consequence the 

dimensional variations of the muscular fibers. The second 

consequence is the surface and volume variations of the 

cardiac cavities. In the model that follows, we consider the 

sarcomer as a fiber component surronding a cavity section.  

 

 
 

Figure 2: Forces and velocities along main axis 

 

To establish the link between the activation of the 

sarcomers and the variations of cavity dimensions, we 

consider that the activation produce a composed 

movements. These movements follow two main directions 

anoted axis 1 and Axis 2 as indicated in the figure2 (a).  

To simplify the analysis, we split up the cycle activities of 

the sarcomer in three phases: 

The first phase is the bloof filling of the cardiac cavity, 

through an input flow valve. This phase corresponds to both 

of the sarcomer alternate relaxation and strain actions.   

A second phase corresponds to the iso voluminal 

contraction. The cavity is full and tight during this stage of 

the sarcomer activation.  A balance of strengths occurs 

during a short time preceding the following stage. The 

opening of the outflow valve starts the third phase. The 

blood ejection flow corresponds to the shortening and the 

displacement of the sarcomer. Cavity section and volume 

reduce during this last stage. Then the cycle restarts.       

 

3.  THE BOND GRAPH MODELS   

 

From the analysis above we establish the Bond Graph 

representing the dynamics of the sarcomer during its 

activation cycle. 

 

  3.1 DYNAMICS DURING THE FILLING PHASE 

 

At the time of the filling, we assume the existence of two 

kinds of forces.  Normal forces of pressure are applied on 

the cavity wall. These forces are transmitted to the sarcomer 

along axis 2. Tangential constraints on the surface are also 

transmitted to the sarcomer along axis 1. These two efforts 

express strains according to the Laplace low related to 

membranes theory. The Bond Graph in figure 3 represents 

the dynamics of this filling phase.  

 

 
 

Figure 3: Sarcomer model during the filling phase 

 

Essentially, the sarcomer cell expands along axis 1 by the 

spacing between inertias I1 and I2. The effort applied to the 



total inertia of the cell creates the movement along axis 2 

directed to increase the cavity section.  

 

  3.2 DYNAMICS DURING THE CONTRACTION 

PHASE 

 

This aspect of the dynamics of the sarcomer was developed 

in detail in a previous paper (Fakri 05). The Bond Graph 

model describes the electromecanical structure presented 

figure1 (c). The actuator is modelled by a gyrator port that 

converts the electric stimulus into two antagonistic forces. 

These forces are applied to the inertial elements of the cell. 

Capacitive (C) and Resistive (R) elements located between 

the two inertias (I1and I2) respectively dissipates or restores 

partialy the energy produced by the shortening of the cell. 

  

 
 

Figure 4:  Sarcomer model during the contraction phase 

  

The Bond Graph figure 4 represents the dynamics of the 

contraction. In this part of the cycle, the power variables 

(forces and velocity) are applied to the elements of the 

Sarcomer model along both of the two axis. Essentially the 

cell shortens along axis 1, reducing the gap between inertias 

I1 and I2. The effort applied to the total inertia IT of the cell 

creates the motion along axis 2 directed to reduce the cavity 

section.   

 

  3.3    GLOBAL BOND GRAPH 

 

To sum up, the motions of the inertial elements of the 

sarcomer model are dissociated. First the motions of the 

inertias I1 and I2 expands the muscular fiber along axis 1. 

The equivalent inertia IT moves according to axis 2 and 

increases the section of the cavity. Second, in the opposite 

way the inertias I1 and I2 come closer and contract the 

muscular fiber along axis 1. The equivalent inertia IT moves 

along axis 2 and reduces the cavity section. Rs and Cs 

represent rheological elements of the Sarcomer.  Rc and Cc 

are the resistive en capacitive elements of the cavity volume 

acting on the sarcomer. All the transformers of the Bond 

Graph ( TFL, TFL1 TFL2) convert hydraulic and mechanic 

efforts. These efforts are applied to the inertias of the 

Sarcomer along the two axes. The Global Bond Graph is 

shown figure 5. This model aggregates the previous models 

and illustrates all the analysed cycle.   

 

 
 

Figure 5: Global 2D Bond Graph model 

 

 3.4 STATE SPACE EQUATIONS 

 

The state space equations of the global model may be 

directly extracted from its graphical representation.  
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The X-derivative contains the derivatives of the generalized  

energy variables related to the five ports that have an 

integral causality. The efforts applied to the inertias I1, I2 

and IT, and the velocity applied to the compliant elements Cs 

and Cc, compose the X-derivative vector. In the Bond Graph 

terminology, the momentums P4 and P8 relate to I1 and I2 

respectively and the displacements q13 and q18 relates to the 

elements Cs and Cc. The state space equations modeling the 

dynamic behaviour of the sarcomer are given by Equ. (a). 

The output equations representing the velocities Vi  of the 

inertias (I1, I2 IT)  are expressed in Equ. (b).  
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Simulations of this system can be made by tools that use the 

graphical Bond Graph model directly (Granda 2002). State 

Equations programming can also be exploited. Conversion 

into block diagram is also used, so we often use a method 

that  facilitates and accelerates this conversion. 

  

 

 

4.  TRANSFER FROM BOND GRAPH TO BLOCK 

DIAGRAM  

 

A particular method, we suggested (Fakri 97), make the 

transfer easier and quiker. It allows building the Block 

diagram model from a direct reading of the Bond Graph, 

without writing beforehand all equations of junctions. One 

can thus benefit from all the potentiality of a numerical 

computational tool supplied with a Block diagram graphical 

interface. In this short reminder below, we assume that the 

reader is familiar with the Bond Graph elements. The 

achievement of the transfer to block diagram uses the 

following four notions we have introduced: The Owner 

Bond of junction, the Owner Block of junction, the 

internal and external bonds.  

Therefore we identify for each junction a part or all the 

elements defined below.  

The owner bond of junction: It is the unique bond that 

imposes by its causality, the common power variable on the 

considered junction.  

The internal bonds of junction: This is R, I or C element 

bond that requires a constitutive law. They also have the 

common power variable as input. They are always supplied 

with a local feedback loop.   

The external bonds: These are sources and bonds 

exchanging power with other junctions directly or through 

transformer (TF) or gyrator (GY).  

The owner block of junction: It is a summing block 

diagram. It achieves the power conservation. As ouput, it 

always has the power variable (effort or flow) of the owner 

bond. As input, it has the power variables of the internal and 

external bonds of the considered Bond Graph junction. This 

block makes the algebraic sum of these input signals.  

The constitutive blocks: These are the blocks representing 

the mathematical relations (constitutive laws) associated 

witk the power variables applied to the Bond Graph 

elements that composes the junction. 

 The figure 6 illustrates the elements defined above. 

Each junction corresponds to an owner block and has the 

same number. The block diagram model is achieved by a 

direct reading of the Bond Graph. Bonds and the junctions 

are numbered as a preliminary. More details can be found in 

the paper dedicated to this method (Fakri 97). 

 
 

Figure 6:  Example of Transfer elements 

 

 

5. CONCLUSIONS AND FUTURE WORK 

  

A 2D model of the sarcomer cell is proposed in this paper. 

The Bond Graph methodology is used as a powerful 

alternative to model the dynamics of the elementary cardiac 

cell. The model is built based on the analysis of the blood 

flow through the cardiac muscle and the electric stimulus on 

the cells. The three phases cycle of the cardiac activity are 

linked to the sarcomer mobility along two axis. Further 

developments beyond this stage of the modeling work can 

be continued in two main directions: 

To collect realistic simulation values.   

To model an automat needed to control the working phases 

of the cardiac cycle.  

This automat must be implemented and linked to the Bond 

Graph to simulate and improve the 2D model proposed and 

then enable the study of a 3D model of the whole cavity. 
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ABSTRACT 

Modal analysis is extensively used to study dynamic 
behavior of continuous and lumped parameter linear 
systems.  More specifically, modal analysis can be used 
for the analysis and controller design of dynamic 
systems.  In both cases, reduction of model size without 
degrading the accuracy is often required for the efficient 
use of the model.  The reduction of modal models has 
been extensively studied and many reduction techniques 
are available.  The majority of these techniques use 
frequency as the metric to determine the reduced model.  
This paper describes a new method for calculating the 
modal power of lumped parameter systems with the use 
of the bond graph representation, which is developed 
through a power conserving modal decomposition.  This 
method is then used to reduce the size of the model.  
This technique is based on the Model Order Reduction 
Algorithm (MORA), which uses an energy-based metric 
to generate a series of proper reduced models.  An 
illustrative example is provided to demonstrate the 
calculation of the modal power and the elimination of 
unimportant modes or modal elements using MORA. 

Keywords 

Modal Power, Modal Analysis, Bond Graphs, Model 
Reduction, Linear Systems, Energy Metrics, Proper 
Models. 

INTRODUCTION 

Modeling and simulation have yet to achieve wide 
utilization as commonplace engineering tools.  One 
reason is that current modeling and simulation 
techniques are inadequate.  A major disadvantage is that 
they require sophisticated users who are often not 
domain experts and thus lack the ability to effectively 
utilize the model and simulation tools to uncover the 
important design trade-offs.  Another drawback is that 
models are often large and complicated, with many 
parameters, making the physical interpretation of the 
model outputs, even by domain experts, difficult.  This 
is particularly true when “unnecessary” features are 
included in the model.  It is the premise of this work 
that more effective use of modeling and simulation 

necessitates the need for proper models, that is, models 
with physically meaningful states and parameters that 
are of necessary but sufficient complexity to meet the 
engineering objective. 

A variety of algorithms have been developed and 
implemented to help automate the production of proper 
models of dynamic systems.  Wilson and Stein (1995) 
developed MODA (Model Order Deduction Algorithm) 
that deduces the needed system model complexity from 
subsystem models of variable complexity using a 
frequency-based metric.  Additional work on deduction 
algorithms for generating proper models in an automate 
fashion has been reported by Ferris et al. (1994), Ferris 
and Stein (1995) and Walker et al. (1996).  These 
algorithms have been implemented and demonstrated in 
a computer automated modeling environment (Stein and 
Louca, 1996). 

In an attempt to overcome the limitations of the 
frequency-based metrics, Louca et al. (1997) introduced 
a new model reduction technique that also generates 
proper models.  This approach uses an energy-based 
metric (element activity) that in general, can be applied 
to nonlinear systems (Louca et al., 1998; Louca, 1998), 
and considers the importance of all energetic elements 
(generalized inductance, capacitance and resistance) in 
the model.  The contribution of each element in the 
model is ranked according to the energy metric under 
specific excitation.  Elements with small contribution 
are eliminated in order to produce a reduced model.  
The element activity metric provides more flexibility 
from frequency-based metrics that address the issue of 
model complexity by the frequency content of the 
model (Margolis and Young, 1977).  In contrast, the 
activity metric considers the importance of all energetic 
elements, and therefore, the significance of all energy 
elements in the model can be described.  The purpose of 
the current paper is to apply this metric to modal 
representations of linear systems in order to demonstrate 
the ability of the activity to address modeling questions 
of modal analysis.  The bond graph representation is 
used for model development and modal analysis, since 
it provides an easy and straightforward procedure for 
calculating the activity metric and later for reducing the 
model. 



 

This paper is organized as follows: First, background 
about the energy-based metric is provided, along with 
activity calculations for linear systems under steady 
state conditions.  The next section presents the 
derivation of a bond graph representation of modal 
decomposition along with modal activity calculations. 
Then an illustrative example of a linear quarter car 
model is presented, in order to demonstrate the 
generation of reduced modal representations using the 
activity metric.  Finally, a summary and set of 
conclusions are given. 

BACKGROUND 

The original work on the energy-based metric for 
model reduction (Louca et al., 1997) is briefly described 
here for convenience.  Some extensions and applications 
of this idea are given by Louca and Stein, 2002; Louca 
et al., 1998; Louca, 1998. 

The main idea behind this model reduction technique 
is to evaluate the “element activity” of the individual 
energy elements of a full system model under a 
stereotypic set of input and initial conditions.  The 
activity of each energy element establishes a hierarchy 
for all the elements.  Those below a user-defined 
threshold of acceptable level of activity are eliminated 
from the model.  A reduced model is then generated and 
a new set of governing differential equations is derived. 

The activity metric and MORA have been previously 
formulated for systems with nonlinearities in both the 
ideal element constitutive laws and junction structure.  
In this paper, MORA is applied to linear systems for 
which analytical expressions for the activity can be 
derived, and therefore, avoid the use of numerical time 
integration that could be cumbersome.  The analysis is 
simplified even more if, in addition to the linearity 
assumption, the system is assumed to have a single 
sinusoidal excitation, and only the steady state response 
is examined.  These assumptions are motivated from 
Fourier analysis where an arbitrary function can by 
decomposed into a series of harmonics.  Using this 
decomposition, the activity analysis can be performed as 
a function of frequency in order to study the frequency 
dependency of reduced linear models as generated by 
MORA. 

Linear System Element Activity 

A measure of the power response of a dynamic 
system, which has physical meaning and a simple 
definition, is used to develop the modeling metric, 
element activity (or simply “activity”).  The element 
activity, A, is defined for each energy element as: 

     

A = P(t)
0

dt  (1) 

where    P(t)  is the element power and  is the time over 
which the model has to predict the system behavior.  
The activity has units of energy, representing the 
amount of energy that flows in and out of the element 
over the given time .  The energy that flows in and out 
of an element is a measure of how active this element is 
(how much energy passes through it), and consequently 
the quantity in Eq. (1) is termed activity. 

The activity is calculated for each energy element 
based on the system response.  In the case that the 
system is modeled using a bond graph formulation, the 
state equations are derived using the multiport bond 
graph representation (Rosenberg and Karnopp, 1983; 
Karnopp, et al, 1990).  Also, when a single input system 
has linear junction structure and linear constitutive laws, 
which yield linear time invariant state equations, the 
state equations have the general form: 

     
x = A x + b u,    x(0) = x

0
 (2) 

where: 

    
A

n n

, b
n are the constant state space 

matrices, 

   x
n is the state vector, and n is the number of 

independent states, 

  u
is the input, 

    
x

0

n are the initial conditions of the states. 

Appropriate outputs are defined in order to calculate 
the power of each element in the model using the 
constitutive law of each element.  For convenience, the 
outputs are selected to be flow, effort, and flow for 
inertial, compliant, and resistive elements, respectively.  
The output vector for this set of variables has the form: 

   

y =

f
I

e
C

f
R

 (3) 

where 
   
y

k  and     fI , eC
, and f

R
 are vectors of size 

   kI
, k

C
, and k

R
 respectively.  The variables 

   kI
, k

C
, and k

R
 represent the number of inertial, 

compliant and resistive elements, respectively, and total 
number of energy elements in the system is 

   k = k
I

+ k
C

+k
R

.  For the output variables given Eq. (3) 
and using the multiport bond graph representation, the 
output equations can be written as: 

   y = C x + d u  (4) 

where 
   
C

k n
, d

k  are the constant output state 
space matrices.  Given these variables the required 
efforts or flows for calculating the element power, are 
computed from their constitutive law as shown below: 



 

    

I: p = r
I

f
I

e
I

= p = r
I

f
I

C: q = r
C

e
C

f
C

= q = r
C

e
C

R: e
R

= r
R

f
R

 (5) 

where 
  
r
I
, r

C
, r

R
 are known constants.  A vector,  r , with 

all the constitutive law coefficients is introduced as 
shown below: 

   

r =

r
I

r
C

r
R

 (6) 

where   r
k , 

   
r
I

k
I , 

   
r
C

k
C , and

   
r
R

k
R .  This 

vector is used later in the analysis to produce concise 
expressions.  Finally, the power needed for calculating 
the activity in Eq. (1) is computed from Eq. (5) as: 

     

I: P
I

= e
I

f = r
I

f
I

f
I

C: P
C

= e
C

f
C

= r
C

e
C

e
C

R: P
R

= e
R

f
R

= r
R

f
R

f
R

 (7) 

Activity Index and MORA 

The activity as defined in Eq. (1) is a measure of the 
absolute importance of an element as it represents the 
amount of energy that flows through the element over a 
given time period.  In order to obtain a relative measure 
of the importance, the element activity is compared to a 
quantity that represents the “overall activity” of the 
system.  This “overall activity” is defined as the sum of 
all the element activities of the system, is termed total 
activity (ATotal) and is given by: 

   

A
Total

= A
i

i=1

k

 (8) 

where Ai is the activity of the ith element given by 
Eq. (1).  Thus a normalized measure of element 
importance, called the element activity index or just 
activity index, is defined as: 

      

AI
i

=
A

i

A
Total

=

P
i

t( )
0

dt

P
i

t( )
0

dt

i=1

k

,   i = 1,…,k  (9) 

The activity index, AIi, is calculated for each element 
in the model and it represents the portion of the total 
system energy that flows through a specific element.  
This calculation is typically performed on the results 
produced by numerical integration of the system state 
equations.  MORA then produces a reduced model by 
eliminating elements from the model based on their 
activity (Louca et al., 1997). 

Single Harmonic Excitation 

The time response of the outputs, 
   
y(t) , in Eq. (3) is 

required in order to complete the calculation of the 
element power.  For the purposes of this work it is 
assumed that the excitation is a single harmonic of 
frequency : 

    u(t) =U sin( t)  (10) 

where   U   is the amplitude of the excitation and   
is the excitation frequency.  The steady state response 
for the excitation in Eq. (10) is calculated using linear 
system analysis.  The response of the output vector 

 
y  is 

given by: 

    
y

i
t,( ) =U Y

i ( ) sin t +
i ( )( )  (11) 

where: 

       

Y( ) = G(j ) , is the steady state amplitude

( ) = G(j ), is the steady state phase shift

G(s) = C s I A( )
1

b + d

i = 1,…,k

 

The output, 
   
y

i
t,( ) in Eq. (11), is either an effort or 

a flow that is needed to calculate the power of each 
element in Eq. (7).  The element power can then be used 
to calculate the element activity.  However, in order to 
compute the activity, the upper bound of the integral in 
Eq. (1) must be determined first.  For this case, the 
periodicity feature of the response is exploited.  A 
periodic function repeats itself every T seconds, and 
therefore, a single period of this function contains the 
required information about the response.  Thus, the 
upper bound of the integral is set to one period of the 
excitation, 

    
T = 2 . 

The activity of the energy elements is calculated by 
substituting Eq. (11) into Eq. (7) and then by using the 
definition of the activity in Eq. (1).  These substitutions 
give the steady state activity for the energy storage 
elements     i = 1,…,k

I
+k

C
: 

     

A
i

ss =
r
i

U
2

Y
i

2
sin 2 t +

i
( )( )

2
0

T

dt  

A
i

ss ( ) = 2 r
i

U
2

Y
i

2 ( )

 (12) 

and energy dissipation elements     i = k
I
+k

C
+1,…,k : 

    

A
i

ss = r
i

U
2

Y
i

2 sin2( t +
i
)

0

T

dt

A
i

ss ( ) =
r
i

U
2

Y
i

2 ( )
 (13) 



 

Next, the activity indices are calculated as defined in 
Eq. (9).  For the activity results of energy storage 
elements      i = 1,…,k

I
+k

C
 in Eq. (12) the activity indices 

become: 

    

AI
i

ss ( ) =
2 r

i
Y

i

2

2 r
j

Y
j

2

j=1

k
I

+k
C

+ R
j

Y
j

2

j=k
I

+k
C

+1

k
 

(14) 

and for the energy dissipation elements 

     i = k
I
+k

C
+1,…,k  in Eq. (13) the activity indices are: 

    

AI
i

ss ( ) =
r
i

Y
i

2

2 r
j

Y
j

2

j=1

k
I

+k
C

+ r
j

Y
j

2

j=k
I

+k
C

+1

k
 (15) 

The input amplitude  U  does not appear in any of the 
element activity indices, as it is shown in Eq. (14) and 
(15), since all element activities are proportional to the 
square of the amplitude. 

The above results for the activity index can be used 
by MORA to generate reduced models.  The generated 
results are only valid for an input of a single frequency.  
However, for generic inputs the reduced model can still 
be generated using a Fourier expansion of the input into 
a series of harmonics.  Using this decomposition, the 
analysis is first carried out for a single input sinusoidal 
excitation under steady state conditions.  Then, the 
effects of each harmonic are superposed to get the 
aggregate response caused by a generic input. 

POWER CONSERVING MODAL 
DECOMPOSITION 

In order to calculate activity, the power of elements 
and modes must be available.  These can be easily 
evaluated if the bond graph of the modal decomposition 
is available.  In addition, it is necessary to have 
available all power variables for calculating the activity 
at all bonds.  To satisfy these requirements, the system 
model is developed using the bond graph formulation 
and the equations are derived using the junction 
structure matrices (Rosenberg, 1971).  In this case the 
state space matrices are given by: 

    

A = J
SS

+ J
SL

L I J
LL

L( )
1

J
LS

S

B = J
SU

+ J
SL

L I J
LL

L( )
1

J
LU

 (16) 

where the junction structure matrices 
  
J

??
 represent the 

kinematic interconnections between the capacitance, 
inertance, resistance, and source multiports.  This 
approach for representing the state equations has been 
selected in order to allow more flexibility in the analysis 
and generation of the modal decomposition.  For 

example when the there is no path between the inputs 
and resistive elements (

   
J

UL
= J

LU

T
= 0 ) the expressions 

can be significantly reduced. 

Using the same approach the power flowing into the 
system is given by: 

     

P
in

S = u J
US

+ J
UL

L I J
LL

L( )
1

J
LS

S x

+u J
UL

L I J
LL

L( )
1

J
LU

u

 (17) 

The power in Eq. (17) has a quadratic term in the input, 
 u , which is must be considered when generating the 
modal expansion bond graph. 

For building the modal expansion bond graph, the 
state equations in Eq. (2) are first decoupled after 
solving the eigenvalue problem for the state matrix A .  
The decoupled equations are then given by: 

      z = z + V
1

b u  (18) 

where 
    

= diag
1
,

1

*,…,
n/2

,
n/2

*( )  is the diagonal 

matrix with the eigenvalues of  A  and  V  is a square 
matrix that its rows are the eigenvectors of A .  The 
transformation between the real and modal states is 
given by  x = V z . 

Given the decoupled modal equations a bond graph 
that has the same dynamic equations is developed as 
shown in Figure 1.  The equations of this model are 
given by: 

    
z = L

m

S
m

z + L
m

t u  (19) 

where 

     
L

m
= diag R

1
,R

1

*,…,R
n/2

,R
n/2

*( ) is a square matrix 

representing the damping in the system, 

     
S

m
= diag I

1
,I

1

*,…,I
n/2

,I
n/2

*( )
1

is a square matrix 

representing the inertia of the system, 

     
t = t

1
,t

1

*,…,t
n/2

,t
n/2

*{ }
T

is a vector representing the 

contribution of the input to each mode. 
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Figure 1: Complex modal decomposition 



 

The power flowing into the modal bond graph model in 
Figure 1 is given by: 

     

P
in

M
= u t

T
L

m
t u u t

T
L

m
S

m
z

= u t
T

L
m

t u u t
T

L
m

S
m

V
1

x

 (20) 

Up to now the modal bond graph in Figure 1 had a 
given structure but no parameters.  This can be 
accomplished by enforcing the dynamic equations in 
Eq. (18) and (19) to be the same, and the power flowing 
into the two models as given by Eq. (17) and (20) to be 
equal.  These conditions provide enough equations to 
calculate the missing parameters of the modal bond 
graph, and they are given by: 

     

t
T = J

US
+ J

UL
L I J

LL
L( )

1

J
LS

S V
1

V
1

b = L
m

t

= L
m

S
m

 (21) 

The model in Figure 1 has complex states and 
parameters, which need to be transformed into real 
modal states and parameters.  This step is necessary in 
order to be able to perform the reduction and finally 
obtain a reduced model with real states.  The 
transformation is depicted in Figure 2 where the ith 
mode of the system shown in the complex 
representation and its equivalent real realization.  The 
parameters of the real modal bond graph are calculated 
by enforcing the same dynamics and power flow 
between the real and complex bond graphs.  These leads 
to the following expressions for the parameters: 

    

k
i

=
1

i

2
=

1

real
i( )

2

+ imag
i( )

2

b
i

= 2 real
i( )

f
i

=
m

i
t
i

2 R
i i i i

*( )
b

i
+m

i i

*( ) k
i

+b
i i( )

,     m
i

= 1( )

 (22) 

�

�

����

�����

����

�

�

����

�����

����
�

�

�
��
��

	�
��

	�
�




�

�����

���

�

����

	���

�

�
��
��




 
Figure 2: Complex and real modes 

The equivalent real bond graph can only be 
calculated in the case of proportional damping.  In the 
general non-proportional case the modes cannot be 
completely decoupled and therefore the decoupled bond 
graph in Figure 2 is not realizable. 

With the above modal representation the activity 
analysis can be performed as described above in the 
previous section.  The activity can be calculated for 
either the mode or the individual modal components. 
This gives as the flexibility to eliminate a complete 
mode or individual components of the mode (I, C, R). 

ILLUSTRATIVE EXAMPLE 

A quarter car model is selected as the linear system 
to apply MORA and modal activity.  The modal 
decomposition model can be used to obtain reduced 
models as function of the excitation frequency.  This 
model is chosen because it has been extensively used in 
the automotive literature and the frequency dependent 
properties of the system are well understood.  The 
model consists of the sprung mass, namely, the major 
mass supported by the suspension, and the unsprung 
mass, which includes the wheel and axle masses 
supported by the tire.  The suspension is modeled as a 
spring and a damper in parallel, which are connected to 
the unsprung mass.  The tire is also modeled as a spring 
and a damper in parallel, which transfer the road force 
to the unsprung mass (wheel hub).  The input to the 
system is the road profile that prescribes a velocity, 

  
V

r
t( ) , to the contact point of the tire with the road.  The 

system is composed of six ideal energy elements 
described by an equal number of parameters.  The bond 
graph model of the system is depicted in Figure 3 and 
the parameters representing a medium size passenger 
car are given in the Appendix.  Note that the parameters 
satisfy the condition for proportional damping in order 
to be able to develop the real bond graph representation 
of the modal decomposition. 
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Figure 3: Full Quarter Car Model 



 

The real bond graph representation of the modal 
expansion is first developed according the procedure 
presented in the previous section.  The model has four 
states (   n = 4 ), and therefore, the modal expansion 
consists of two modes that for the given set of 
parameters are underdamped.  The modal parameters as 
calculated by Eq. (22) are given in Table 1 and the 
modal bond graph depicted in Figure 4. 

Table 1: Modal parameters 

Mode m b k f 

1 1 0.5117 63.939 16.531 

2 1 46.55 5816.6 5.5077 
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Figure 4: Modal expansion bond graph 

The modal bond graph can be used to calculate the 
modal power and activity.  The modal power is the 
power flowing through the transformers (

 
f
i
), which is 

distributed into the model elements (
  
m

i
,c

i
,b

i
).  Using 

Eq. (1), the activities are calculated as a function of the 
road frequency.  The road frequency is varied from 
0.1 rad/s to 10000 rad/s, which includes all the 
frequencies well below and above the low (8 rad/s) and 
high (76 rad/s) system natural frequencies, respectively.  
The element activities and activity indices for the two 
modes are shown in Figure 5.  The 1st mode (low 
frequency) dominates response with about 90% activity 
for the low range of the excitation, while the roles are 
reversed for the high range of frequencies where the 2nd 
mode (high frequency) is dominating.  According to the 
activity analysis both modes are important and should 
be retained in the model except around the first 
resonance.  The activity index of the second mode 
around the first resonance is very small and with a 
threshold of 99% MORA will produce a reduced model 
that includes only the first mode. 
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Figure 5: Activity and Activity Indices of modes 

A more detailed analysis can be carried out by 
considering the activity of individual modal elements 
rather than the whole mode.  The element activities are 
calculated using Eq. (12)-(15) and their frequency 
dependency is shown in Figure 6.  At low frequencies 
the most active elements are the two modal masses.  
These elements handle the bulk of the energy flow 
induced into the system by the input.  As the road 
frequency increases the activity of all the elements 
increases, and finally at the first resonance the modal 
elements of the first mode are the most active.  The 
second mode elements have very small activity since 
most of the energy flow is handled by the first mode.  
The reverse is observed around the second resonance 
with second mode elements having the highest 
activities.  As the frequency continues to increase, the 
activity of elements drops except the two modal 
resistances for which the activity reaches a steady state 
value. 
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Figure 6: Modal elements activity analysis 

MORA is then applied to generate a series of reduced 
models.  Based on a 99% activity threshold (arbitrary 
threshold), the model complexity is determined as a 
function of the input road frequency.  The first plot in 
Figure 7 shows the range of frequencies over which 
each element is included in the reduced model 
according to MORA.  The y-axis represents each 
element, where the thick line defines the range of 
frequencies, over which the element should be included, 



 

while no line implies the range of frequencies over 
which the element could be removed.  The second plot 
shows the number of elements included in the reduced 
model and the third plot the amount of activity 
maintained in the reduced model. 
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Figure 7: Included Elements, Threshold = 99% 

As shown in Figure 7, a low frequency excitation 
requires only the rigid body model with the two modal 
masses as the only elements included in the reduced 
model.  As the frequency increases, the first mode 
stiffness must also be included.  Just before the first 
natural frequency, the modal elements of the second 
mode are eliminated and the reduced model includes 
only the first mode elements.  This agrees with the 
activity analysis performed for the complete mode in 
Figure 5.  For high frequencies the modal resistances 
have the highest activities and they are the only 
elements included along with the stiffness of the second 
mode. 

SUMMARY AND CONCLUSIONS 

A previously developed concept, an energy-based 
modeling metric called activity, is applied to the modal 
expansion of linear systems to compare model 
complexity as a function of frequency.  It is shown that 
when considering the sinusoidal steady state response, 
the derivation of analytical expressions for the activity 
as function of the input frequency is possible.  It is also 
shown that the activity varies with the frequency content 
of the excitation.  Thus, a series of models can be 
generated by a previously published algorithm, MORA, 
which is based on the activity metric.  The importance 
of individual modal elements, in contrast with a 

complete mode, can be addressed and lead to a 
significant reduction in model size.  The benefits from 
this reduction are twofold.  First the reduced size of the 
model should result in an equivalent reduction in 
computational cost.  Second, the identification of low 
activity elements, and thus unimportant, reduces the 
development time since for these elements less accurate 
parameters can be used. 

The results of this paper provide more insight into the 
nature of the reduced ordered models produced by 
MORA, and therefore, demonstrate that MORA is an 
even more useful tool than previously realized for the 
production of proper models of nonlinear systems.  
Also, a new methodology for addressing the importance 
of modes in modal decomposition has been developed.  
This methodology can handle complete modes as well 
as individual modal elements. 
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APPENDIX – VEHICLE PARAMETERS 

Sprung Mass, Ms 
  
r
1
= 267 kg 

Suspension Stiffness, Ks 
  
r
3

= 18,742 N/m 

Suspension Damping, Bs 
  
r
5

= 150 N·s/m 

Unsprung Mass, Mu 
  
r
2

= 36.6 kg 

Tire Stiffness, Kt  
  
r
4

= 193,915 N/m 

Tire Damping, Bt 
  
r
6

= 1,552 N·s/m 
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ABSTRACT 
 
The High Level Architecture (HLA), IEEE Std. 1516-
2000, provides a general framework for distributed 
simulation applications, called federations. An HLA 
object model, be it a simulation object model (SOM), a 
federation object model (FOM) or the management 
object model (MOM), describes the data that can be 
transferred during some federation execution. This paper 
introduces a metamodel for the HLA Object Model, 
fully accounting for IEEE Std. 1516.2. The metamodel 
(“paradigm”) is constructed with GME (Generic 
Modeling Environment), a meta-programmable tool for 
domain-specific modeling, developed by the Institute for 
Software Integrated Systems at Vanderbilt University. 
The paper also describes an application based on the 
paradigm. This work aims at bringing model-integrated 
computing to bear on HLA-based distributed simulation. 
 
INTRODUCTION 

The High Level Architecture (HLA) provides a 
standardized, general framework within which 
distributed simulation developers can structure their 
applications.  HLA puts special emphasis on 
interoperability and reusability of individual 
simulations. It has three components: HLA Rules, 
Object Model Template (OMT) and Federate Interface 
Specification. OMT, which constitutes the subject of 
this paper, describes the forms of data involved in any 
HLA object model, which can be a simulation object 
model (SOM), a federation object model (FOM) or the 
management object model (MOM).  
 

Officially designated “IEEE Std. 1516-2000 Standard 
for Modeling and Simulation (M&S) High Level 
Architecture (HLA)”, the standard was prepared by the 
HLA Working Group, sponsored by the Simulation 
Interoperability Standards Committee (SISC) of the 
IEEE Computer Society [SISC 2000]. The standard 
consists of four related standards: 

 

• IEEE Std. 1516-2000: IEEE Standard for M&S HLA 
Framework and Rules: Provides an overview of the 
HLA and defines a set of principles that governs 
HLA-compliant federations and federates. 

• IEEE Std. 1516.1-2000: IEEE Standard for M&S 
HLA Federate Interface Specification: Defines the 
standard services and interfaces to be provided by the 
Run Time Infrastructure (RTI) and to be used by the 
federates in a federation to interact with each other. 
Federate Interface Specification also introduces the 
Management Object Model (MOM), which provides 
facilities for federates to access RTI operating 
information during federation execution.  

• IEEE Std. 1516.2-2000: IEEE Standard for M&S 
HLA Object Model Template (OMT) Specification: 
We present an overview in the next section. 

• IEEE Std. 1516.3: IEEE Recommended Practice for 
HLA Federation Development and Execution Process 
(FEDEP): Provides guidance in the process of 
developing HLA federations.  

 
Several OMT tools are available in the marketplace. 

Object Model Development Toolkit (OMDT) by AEgis 
Corporation, Calytrix SIMplicity by Calytrix 
Technologies, Visual OMT by Pitch Technologies AB, 
and GENESIS by the French National Air and Space 
Agency (ONERA) are examples. Presumably, each of 
these tools has some native representation scheme for 
object models. The point is to make these schemes 
explicit, in the form of a metamodel, and available to the 
users. 

 
In this work, we have adopted a domain specific 

metamodeling approach. A metamodel is a definition of 
an architectural language in the form of a model [Kleppe 
et al. 2003]. We believe that tool integration and tool 
extensibility will be greatly facilitated by the use of 
metamodels that are accessible to users. Adoption of 
standardized metamodels will further improve 
integration and extensibility issues. Metamodeling is at 
the core of the approaches, such as Model Driven 
Architecture (MDA) and Model Driven Engineering 
(MDE) as well as Model Integrated Computing (MIC) 
[Bezivin et al. 2005]. 

 
This paper presents a study of developing an object 

model tool for HLA Object Model (OM) based on MIC. 



 

 

The study focuses on constructing a metamodel for HLA 
OM, expressed in the GME domain specific modeling 
environment. In GME, metamodels are defined as 
modeling paradigms, which are instances of MetaGME, 
the top level metamodel of GME. Upon loading the 
HLA OM paradigm, the MetaGME interpreter 
automatically creates an environment for HLA OM, 
which federate and federation developers can use to 
design their HLA object models. 

 
As a practical application of the HLA OM paradigm, 

a “model interpreter” has been developed to generate 
FOM Document Data (FDD) files, which the RTI inputs 
prior to federation execution.  

 
The remainder of the paper is organized as follows. 

The two succeeding sections provide overviews of the 
HLA Object Model Template and Model Integrated 
Computing. Then, the HLA OM paradigm is introduced 
and the resulting Object Model Design Environment 
(OMDE) is discussed. Next, the “interpreter” built for 
OMDE to generate FDD files is described. Finally, 
conclusions are drawn and future work is suggested. 
 
HIGH LEVEL ARCHITECTURE OBJECT 
MODEL TEMPLATE 

OMT introduces two types of object models:  
Simulation Object Model (SOM), one per federate, 
which describes the interests and capabilities of the 
federate, and Federation Object Model (FOM), one per 
federation, which describes the data that can be 
exchanged among the members of the federation. An 
HLA object model is composed of a group of 
interrelated components.  The OMT Specification, IEEE 
Std. 1516.2, specifies the format, abstract syntax and 
information contents of HLA object models.  

 
The standard presents object models in OMT tabular 

format. The OMT consists of 14 components which are 
presented as tables: Object model identification table, 
Object class structure table, Interaction class structure 
table, Attribute table, Parameter table, Dimension table, 
Time representation table, User-supplied tag table, 
Synchronization table, Transportation type table, 
Switches table, Datatype tables, Notes table, FOM/SOM 
lexicon. We refer the reader to the standard, where the 
contents of these tables are specified.  

 
Differences between the HLA OM and object models 

encountered in object-oriented programming languages 
have been pointed out in the 1516.2. For an extensive 
discussion of the HLA OM, see [Tolk 2001]. A 
comparison of HLA and DEVS object models appears 
in [Sarjoughian and Zeigler 1999]. 

 

MODEL INTEGRATED COMPUTING 

Model Integrated Computing (MIC) allows the 
synthesis of application programs from models by using 
customized domain-specific Model Integrated Program 
Synthesis (MIPS) environments [Nordstrom et al. 1999]. 
Once a domain-specific modeling language (in our case, 
HLA OM metamodel) has been formally defined, a 
meta-level translation can be performed to synthesize 
the Domain-Specific MIPS Environment (DSME) from 
the metamodel [Karsai et al. 2003]. The DSME (in our 
case, OMDE) is then used by domain experts (in our 
case, HLA-based distributed simulation developers) to 
create various models of domain-specific systems (e.g., 
a FOM). Given domain models, model interpreters 
perform semantic translations on them to generate 
executable models and other artifacts (e.g., an FDD 
file), or perform various types of analyses (e.g. 
constraint checking).  

 
A MIPS environment operates according to a 

modeling paradigm. A modeling paradigm is a set of 
requirements that governs how systems within the 
domain are to be modeled. In other words, a modeling 
paradigm is a formal language, i.e. a metamodel, for 
modeling systems in the domain. In summary, MIC 
applies the metamodel based approach to domain 
specific applications.  

 
We have used GME version 5.9.21 in this work. 

GME (Generic Modeling Environment) is described as a 
configurable MIPS tool, where configurable means that 
it can be programmed to work with vastly different 
domains [ISIS 2005]. It is available as free and open 
source software.  

 
In GME models can include models, atoms, FCOs 

(first class objects), references, sets, and connections. 
The purpose of the GME is to create and manipulate 
these models. Modeling paradigms may have several 
kinds of models. MetaGME supports various techniques 
(hierarchy, multiple aspects, sets, references, and 
explicit constraints) for building large-scale, complex 
models.  

 
The proposed metamodel for HLA OM is a GME 

modeling paradigm, based on MetaGME, the GME 
metamodel. GME generates a design environment for 
HLA object models automatically using the defined 
metamodel. This is achieved by the MetaGME 
Interpreter and we designate the generated design 
environment as Object Model Design Environment 
(OMDE). Figure 1 indicates how MIC process is 
applied to HLA OM. 

 
 



 

 

 
Figure 1: MIC Process applied to HLA OM (adapted from [Nordstrom et al. 1999]) 

 
HLA OM PARADIGM  

This section introduces the HLA OM paradigm. The 
class diagrams, aspects, attributes and constraints are 
briefly discussed for each model. For the missing details 
the reader is referred to [Çetinkaya 2005], where the 
complete HLA OM metamodel including MOM, IEEE 
default library model, a sample federation design model, 
modeling rationale and a user’s guide are presented.  

 
The introduced metamodel fully accounts for IEEE 

Std. 1516.2. The modeling elements in our metamodel 
are named consistently with OMT Data Interchange 
Format (DIF), where DIF is defined with an XML 
Document Type Definition (DTD). The metamodel is 
compatible with the HLA OMT tabular format in the 
sense that every table column in the OMT tabular format 
has a corresponding, metamodel element. Together with 
the attached commentary, we regard the HLA OM 
metamodel as an alternative rendering of the 1516.2. 

 
The HLA OM paradigm includes the Object Model 

paradigm sheet, the Federation Design paradigm 
sheet and the OMT Core folder. Paradigm sheets are 
separate models. OMT Core folder includes the 
definitions for OM identification, classes, data types, 
dimensions, normalization functions, notes, switches, 
synchronization points, user supplied tags, time 
representations and transportations in separate paradigm 
sheets. To provide a context for the HLA OM paradigm, 
we have also defined a rudimentary Federation Design 
metamodel. Object Model paradigm sheet and OMT 
Core Folder could be used separately from 
Federation Design Model. 

 

There are some rules which apply to the whole 
metamodel. One of them is the naming constraint: Names 
in object models can be constructed from a combination 
of letters, digits, hyphens, and underscores with no spaces 
or other breaking characters. Names beginning with the 
string “hla” or any string that would match (('H'|'h') ('L'|'l') 
('A'|'a')), are reserved and also the string “na” or any 
string that would match (('N'|'n') ('A'|'a')), is reserved. 
These may not be included as a user-defined name. We 
check this constraint for object class names, interaction 
class names, attribute names, parameter names, datatype 
names, enumerated datatype enumerators, enumerated 
datatype values, fixed record field names, variant record 
alternative names, basic data representation names, 
dimension names, transportation type names, 
synchronization point names, note identifying labels. 
Other names could be checked in the same fashion. 

 
Another common constraint is the cardinality 

constraint. We check the cardinalities in terms of the 
upper bounds and the lower bounds. Violation of an 
upper bound is an error, and the user is not allowed to do 
the operation. Violation of a lower bound generates 
warnings, allowing the user to add the missing elements 
later. 

 
Unique name constraints are applicable for various 

elements. If an element’s name has to be unique 
throughout the model, this constraint causes error 
messages for duplicate names. We also checked for the 
null references, in order to detect the omitted elements. A 
null reference causes a warning. 

 
In our metamodel some elements have standard 

attributes or names, which can not be changed. For 



 

 

example, the name of the object class HLAobjectRoot 
cannot be changed. Any violation causes errors or 
warnings according to the severity of the situation. Some 
attributes and some model parts are mandatory, and the 
user is expected to fill in these fields. Some attributes 
may be “NA”, which means “not applicable”. Such 
attributes as date, e-mail, etc., have a common format. 
We also check the validity of attributes and model parts. 

 
All the constraints are expressed in OCL. Extended 

OCL support of GME helped us immensely to enhance 
the precision of the metamodel.  

 
Succeeding sections describe the Federation 

Design Model, Object Model and OMT Core 

Folder in some detail. 
 
Federation Design Model 

The Federation Design Model (FDM) provides 
an interface to define a federation and the member 
federates and to connect them to their respective FOM 
and SOMs. In FDM, FOM and SOMs are referenced 
object models. Each design can include one federation 
and one FOM reference, with any number of federates 
and their respective SOMs. 

 

There is a “MemberOf” connection between federation 
and federates. This connection presents the federation 
execution capabilities. FDM is not intended to be 
complete; it is constructed simply to illustrate the usage 
of object models in context. 
 
Object Model 

The Object Model paradigm sheet includes the main 
diagram for object models. There are three types of 
object models, namely, FOM, SOM and Other. FOM and 
SOM are as given in the HLA OMT specification. The 
Other type provides a template for “temporary” object 
models -not to be included in the Federation Design 
model. Figure 2 shows a simplified view of the Object 
Model top level.  

 
GME allows large models to be partitioned into 

“aspects”. A certain set of model elements become 
visible when that aspect is on. Object models have six 
aspects, namely Classes, User-Supplied Tags, 
Synchronization, Switches, Time Represen-

tation and OM Identification. In each aspect, the 
model definitions are taken from the related paradigm 
sheets with proxy elements, which are packaged under 
the OMT Core folder.  
 

 

 
Figure 2: Object Model top view 

 



 

 

The Classes aspect includes the definitions of object 
classes, attributes, interaction classes and parameters. It 
also includes FOM/SOM lexicon definitions. The User-
Supplied Tags aspect includes the user-supplied tag 
elements. The Synchronization aspect includes the 
definition of synchronization point models. The 
Switches aspect includes the switches in order to 
change the initial settings. The time representation 
aspect includes the definitions of lookahead and 
timestamp models. Proxy elements referring to the related 
models can be seen in Figure 2. 
 
OMT Core Elements 

The OMT Core folder includes the basic elements 
needed to define an object model, namely OM 

identification model, classes model, datatypes 
model, dimensions model, normalization 

functions atom, notes atom, switches atom, 
synchronization points model, user supplied 
tags model, time representations model, 
transportations model and FOM/SOM lexicon 
definitions model. 

 

The predefined datatypes and transportation types are 
modeled in IEEE default library. This library can be 
attached to all federation design models and provide the 
default entries in the 1516.2 [Çetinkaya 2005]. 

 
Figure 3 shows a simplified view of the Classes 

Model. 
 

Management Object Model 

Management Object Model provides facilities for 
joined federates to access RTI operational information 
during federation execution. MOM specification, given in 
the 1516.1, employs the OMT tabular format. So we have 
readily modeled it in our metamodel. MOM provides 
some default model elements for some services, such as 
publishing object classes; registering object instances and 
updating values of attributes of those object instances; 
subscribing to and receiving some interactions; or 
publishing and sending other interactions. The classes, 
attributes, parameters, datatypes and dimensions in MOM 
are modeled completely. This serves as a test of our 
metamodel as well. 

 
Figure 3: Classes Model (simplified) 

 



 

 

OBJECT MODEL DESIGN ENVIRONMENT 
(OMDE) 

From the HLA OM metamodel GME’s Meta 
Interpreter generates the Object Model Design 
Environment (OMDE) automatically. OMDE serves as a 
design tool to provide individual federates and 
federations with SOMs and FOMs, respectively. OMDE 
also allows modeling simple federation designs for 
illustrative purposes. The object models defined with 
OMDE are the domain models of the MIC process. So 
they can be used in available model transformation tools, 
such as GReAT [Agrawal et al.], and model interpreters. 

 
We have modeled the sample restaurant federation, 

which is used throughout the 1516.2 to illustrate the 
OMT tabular format. We have extended this example 
with a few additional modeling elements and a simple 
federation design model to have a more involved test 
case.  

 
Figure 4 shows a screenshot from OMDE. On the right 

side of the screen the tree browser shows the datatypes, 

dimensions and transportations. On the left side, the 
model shows some of the object classes of Restaurant 
Federate SOM. The modeling elements for object models 
can be seen at the bottom of the figure. 

 
GME has a decorator facility for nicer visualization of 

the models. We used the standard Meta Decorator, 
although more advanced decorators can be defined and 
used. 

 
INTERPRETING OMDE MODELS 

In this section we discuss the generation of Federation 
Object Model Document Data (FDD) files based on the 
HLA OM paradigm.  

 
Object model development tools, such as OMDT, can 

convert between the OMT tabular representation of the 
object models and the data interchange format (DIF) 
representation. With that it is possible to automatically 
generate the FDD file that is required by the RTI to start 
a federation execution. 

 

 
Figure 4: Sample object model overview 



 

 

In our study, a pluggable component (“model 
interpreter” in GME terminology) that generates the 
FDD file for a federation design model or an object 
model, particularly a FOM, is developed. This 
interpreter is written in Java, although it could be written 
in C or C++ as well. It uses the Builder Object Network 
(BON) API provided with GME. 

 
The file generated is fully compliant with the data 

interchange format (DIF) that is defined in the 1516.2. 
So it can be used by any compliant OMT tool to import 
object models. This is successfully tested with OMDT.  

 
CONCLUSION 

Defining a metamodel for HLA OM has been an 
exercise in domain-specific modeling. The main 
contribution of this effort is a metamodel, in the form of 
a GME paradigm, for HLA object models. This forms 
the foundation for federation object model design tools, 
which can be a part of a federation development toolkit, 
by applying model integrated computing to HLA. 

 
The proposed metamodel is in complete agreement 

with IEEE Std. 1516.2, due, in part, to constraints 
expressed in OCL. Our metamodel can support virtually 
any presentation of an object model compliant with the 
1516.2. All that is required is to provide a generator 
based on model traversal, which is supported through an 
API in GME. The interpreter that generates OMT DIF 
formatted FDD file serves as an example on how to do 
it. 

 
Applying MIC to HLA opens up new possibilities 

considering model transformations and code generation, 
for which the proposed metamodel can be directly used. 
The researchers at Vanderbilt University developed a 
model-to-model transformation language, The Graph 
Rewriting And Transformation language (GReAT) 
[Agrawal et al.], and a meta-programmable 
transformation tool that supports the development of 
translators based on graph transformations. In a separate 
but related work we are trying to map, by using GReAT, 
a particular domain model, unrelated to HLA or any 
simulation platform, to alternative FOMs reflecting 
federation design choices. In this application, the HLA 
OM metamodel serves as the target metamodel for the 
transformation [Ozhan and Oguztuzun]. 

 
We believe that an integrated, open and extensible 

environment for HLA based distributed simulations, 
supporting all activities in FEDEP, can be constructed 
by adopting the metamodeling approach. Having access 
to the models and model transformations will enable 
users to customize the environment according to their 
own needs. 
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Abstract—Simulation model composability is a highly
debated issue, especially the specific requirements of
model components as compared to software compo-
nents. Selected software component techniques are
reviewed and adapted according to simulation mod-
els needs. Standard technologies like UML and XML
are exploited to form the basis for a specification layer
that wraps model definitions. This layer accounts for
explicit dependencies, compositions, and parametriza-
tion of simulation models. Thereby, the specification of
model components can be done in a platform and simu-
lation system independent manner. For the purpose of
simulation a mapping to a concrete modeling formalism
becomes necessary. This is here done on the example
of the Parallel DEVS formalism.

Keywords—Model Components, XML, UML, Parallel
DEVS

Introduction

The need to combine models whose development is
spread in space and time increases. Middleware ap-
proaches like HLA (IEEE, 2000) focus on the interop-
erability of entire simulation systems. Thereby, the in-
tegration of very heterogeneous models is supported.
HLA is based on low-level synchronization between
simulation systems via events (Tolk, 2002). More re-
cent work has shifted focus from pure wiring solutions
to the semantic dimensions of interoperability (Brutz-
man et al., 2002). Today, it is accepted that inter-
operability is necessary but not sufficient to compose
complex simulation models (Tolk and Muguira, 2003)
as the composition of models alludes to the grand chal-
lenge of re-using models (Overstreet et al., 2002).

There is a vivid discussion about composability of
simulation models and how simulation model compo-
nents differ from software components. While many
simulationists stress the differences between software
and model components (Davis and Anderson, 2004;
Kasputis and Ng, 2000), some argue that software com-
ponents and model components face basically the same
challenges. This paper takes a pragmatic approach to
the problem of model composition by reviewing exist-
ing software component solutions and adapting them
according to their suitability in the context of simula-
tion. UML specifications of components and compo-
sitions (OMG, 2005), XML representations of entities,
and the Parallel DEVS formalism (Zeigler et al., 2000)
will serve as the integrative cornerstones of the pre-
sented approach.

The paper is structured as follows. It starts with
a short introduction to software components. Sub-

sequently, it relates them to the problem of simula-
tion model composability and the special requirements
of model components. Four central cornerstones for
a simulation model component approach are identi-
fied and arranged with activities of a simulation study.
Each cornerstone is presented in detail and illustrated
on simple examples. Finally, related work is discussed.

Composability

Literature on software components (Szyperski, 2002)
defines a component as a unit of independent deploy-
ment. Components are separated from their envi-
ronments and encapsulate their constituent features.
These characteristics serve the need of composition
which refers to the “Assembly of parts (components)
into a whole (a composite) without modifying the
parts.” (Szyperski, 2002).

To be composable by third parties the requirements
and provisions of a component have to be clearly spec-
ified. In software component approaches this is usually
done with the help of interfaces. References to inter-
faces instead of implementations allow components to
avoid direct dependencies. The implementation part
is hidden for others and is not relevant for consistency
checks.

Interfaces are not part of a component but situated
between components (Szyperski, 2002), i.e. their exis-
tence is not bound to that of a particular component.
Components do not own interfaces but merely refer
to them for the purpose of publishing provided and
required services. Thereby, providers and users of ser-
vices are decoupled, same as the development of the
corresponding provider and customer components.

Besides the ability to let components expose well-
defined interfaces that allow connecting them, compo-
nents should be flexible enough to be useful in a variety
of circumstances. Configurability enables reuse of com-
ponents without modifying their internal implementa-
tions. The Corba Component model uses attributes
(OMG, 2002) to let components represent a whole class
of implementations.

Simulation Model Composability

A recent definition of simulation model composabil-
ity reads: “Composability is the capability to select
and assemble simulation components in various combi-
nations into simulation systems to satisfy specific user
requirements.” (Morse et al., 2004). Basically this def-
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inition is in line with software components. A clear and
precise specification of dependencies is interpreted as
a fundamental requisite for a component-based design
also in the context of simulation (Yilmaz, 2004b).

To compose models components dependencies be-
tween components have to be evaluated. Components
have to be connected according to their interface spec-
ifications. While software components are usually ei-
ther present or not and thereby services are either pro-
vided or not, within a simulation model often a mul-
titude of instances of the same component becomes
necessary.

An important difference between model and soft-
ware components arises from the fact that a simulation
model shall represent a system having a certain objec-
tive (set of experiments) in mind. Modeling implies
purpose-driven abstraction. Model components have
to be enriched with meta data descriptions accounting
for the context of use and the level of abstraction. Var-
ious publications emphasize this as one of the central
requirements distinguishing simulation model compo-
nents from software components (Davis and Anderson,
2004; Yilmaz, 2004a; Heisel et al., 2004). Meta data
descriptions require high flexibility, e.g. to incorporate
application domain specific parts (Uhrmacher et al.,
2005). XML-based solutions may provided this flexi-
bility (Harold, 2002).

While component specifications and compositions
work on the conceptual level, simulation requires exe-
cutable models. Each simulator supports one or a set
of modeling formalisms. Thus, in order to simulate,
component specifications have to be related to model
formalisms. Compositions and connections have to be
transformed to model elements of a concrete simulation
modeling formalism, which eventually can be executed
and experimented with.

Within a component-based design of simulation
models we distinguish four “cornerstones”:
• XML documents
• Single Components

• Compositions
• Simulation Model

Figure 1 arranges these four cornerstones clockwise
into activities of a simulation study and shows their in-
tertwining. Database activities like storing, querying,
and retrieving are completely based on XML represen-
tations of model entities. XML eases the import and
export of model components. For the purpose of us-
age the XML representations of building blocks have
to be converted from/to objects of a programming lan-
guage by marshal and unmarshal operations (Röhl and
Uhrmacher, 2005). Taking into account the purpose
of the simulation study complex models can then be
composed. Please note, that questions that motivate a
simulation study have not only a direct impact on the
specification of models but gain influence on the selec-
tion/retrieval and composition of model components.
The driving idea behind this is to decouple specifica-
tion and use of models.

In the following we will take a closer look at each
of the four cornerstones and their associated activi-
ties. We start with the conceptual layer by introducing
UML notations for components and compositions. Af-
terwards, an XML representation for simulation model
components will be presented. Finally the transforma-
tion of the composite to a simulation model is shown.

Single Components

The Unified Modeling Language (OMG, 2005) pro-
vides a standard notation to describe components and
interfaces. Component diagrams of UML 2.0 spec-
ify components in accordance to the discussion above,
namely as a “modular unit with well-defined interfaces
that is replaceable within its environment”. We will
use the graphical means of UML diagrams for intro-
ducing basic ideas.

UML 2.0 component descriptions comprise a set of
ports, a set of parts, a set of connectors, and a behav-
ior. Ports are used to announce points of interactions
of a component by means of interfaces. Ports that rep-
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resent required interfaces are called receptacles and are
denoted by antennas. Provided interfaces are called
facets and look like lollipops.

Figure 2 contains the UML notation for a compo-
nent ProtImpl that has a facet of type Protocol and a
receptacle of type Transport.

Compositions

For composition providers and consumers have to be
connected via their required and provided interfaces.
Components may be connected in two different ways.
First we can connect provided and required ports by
a so called assembly connector. In contrast, the dele-
gation connector connects two ports of the same type
between a component and one of its sub components.
Thereby, hierarchical components become possible.

Figure 2 shows the User and ProtImpl components
connected via an assembly connector between their
Protocol ports. The composite component Node del-
egates the Transport receptacle of the ProtImpl sub
comopnent to its own Transport port. The receptacle
of the node component is finally connected to a net-
work component that offers an according facet.

XML Documents

The XML representation of UML specifications
(XMI) bears overhead that does not account for sim-
ulation purposes. UML ports can have multiple in-
terfaces and interfaces are usually based on method
declarations. In the following we develop a small but
expressive XML Schema Definition for simulation of
model components that defines component syntax tai-
lored for simulation purposes.

Storage within and retrieval from a database requires
unique identification of entities. To this end identifiers
are introduced that comprise a name and a version.

<xsd:complexType name="Id">
<xsd:attribute name="name" type="xsd:string"

use="required"/>
<xsd:attribute name="version" type="xsd:string"

use="required"/>
</xsd:complexType>

Late binding of components is realized by interfaces.
Interfaces typically contain method declarations in the
realm of software engineering. Within discrete-event
modeling and simulation models do not call meth-
ods of other models but exchange events with each
other. This is actually a relaxing condition since soft-
ware component approaches like the Corba Component
Model have to account for both method invocations
and event passing (OMG, 2002).

A model interface definition comprises a unique iden-
tifier and a set of event port declarations that allow ex-
changing typed events. Events may flow in two direc-
tions. The boolean attribute isInput indicates whether
a port declaration denotes a potential flow of events to-
wards an entity, or it declares a port that is intended
to emit events from an entity.
<xsd:complexType name="Interface">

<xsd:sequence>
<xsd:element name="id" type="Id"/>
<xsd:element name="decl" type="PortDeclaration"

minOccurs="0" maxOccurs="unbounded"/>
</xsd:sequence>

</xsd:complexType>

<xsd:complexType name="PortDeclaration">
<xsd:attribute name="name" type="xsd:string"

use="required"/>
<xsd:attribute name="type" type="xsd:string"

use="required"/>
<xsd:attribute name="isInput" type="xsd:boolean"

use="required"/>
</xsd:complexType>

Component instances need to refer to interfaces to ex-
hibit provided interfaces (facets) and required inter-
faces (receptacles). A Port refers to exactly one inter-
face specification by means of the interface’s identifier
and a name attached to it. Using ports instead of direct
references to interfaces increases flexibility as multiple
ports can be typed by the same interface while carry-
ing different names. The boolean attribute isFacet is
used to distinguish provided from required ports.
<xsd:complexType name="Port">
<xsd:sequence>
<xsd:element name="type" type="Id"/>

</xsd:sequence>
<xsd:attribute name="name" type="xsd:string"

use="required"/>
<xsd:attribute name="isFacet" type="xsd:boolean"

use="required"/>
</xsd:complexType>

According to the above discussion we introduce a type
that allows parametrization of model components.
<xsd:complexType name="Parameter">
<xsd:attribute name="name" type="xsd:string"

use="required"/>
<xsd:attribute name="type" type="xsd:string"

use="required"/>
<xsd:attribute name="value" type="xsd:string"

use="required"/>
<xsd:attribute name="description" type="xsd:string"/>

</xsd:complexType>

The type Parameter supports simple parameters di-
rectly. Expectation values for random distributions,
e.g. mean waiting or activity times, may be useful pa-
rameters for model components. For the purpose of
parameter delegation the type Composition can be an-
notated with parameter values.
<xsd:complexType name="Composition">
<xsd:sequence>
<xsd:element name="type" type="Id"/>
<xsd:element name="name" type="xsd:string"/>
<xsd:element name="parameter" type="Parameter"

minOccurs="0" maxOccurs="unbounded"/>
</xsd:sequence>

</xsd:complexType>



The definition of Connector keeps the distinction be-
tween assembly and delegation connectors implicit. A
connector is interpreted as an assembly connector if it
connects two sub components. If the connection in-
volves the component and own of its sub components
it becomes interpreted as a delegation connector.

<xsd:complexType name="Connector">
<xsd:attribute name="fromComponent" type="xsd:string"

use="required"/>
<xsd:attribute name="fromPort" type="xsd:string"

use="required"/>
<xsd:attribute name="toComponent" type="xsd:string"

use="required"/>
<xsd:attribute name="toPort" type="xsd:string"

use="required"/>
</xsd:complexType>

Given the type definitions above we are prepared for
defining a component type:

<xsd:complexType name="Component">
<xsd:sequence>
<xsd:element name="id" type="Id"/>
<xsd:element name="param" type="Parameter"

minOccurs="0" maxOccurs="unbounded"/>
<xsd:element name="mapper" type="xsd:string"

minOccurs="0"/>
<xsd:element name="port" type="Port"

minOccurs="0" maxOccurs="unbounded"/>
<xsd:element name="component" type="Composition"

minOccurs="0" maxOccurs="unbounded"/>
<xsd:element name="connection" type="Connection"

minOccurs="0" maxOccurs="unbounded"/>
<xsd:element name="model" type="Id"/>
<xsd:element name="portmapping" type="PortMapping"

minOccurs="0" maxOccurs="unbounded"/>
</xsd:sequence>

</xsd:complexType>

The definition of Component contains three elements
that were not mentioned before, namely a reference to
a model, a mapper, and port mappings.
Very little is assumed here about the shape of a model.
It is only required that for the purpose of identifica-
tion each model has a unique identifier. One strength
of this approach lays in the independence from a con-
crete modeling formalism, i.e. a component instance
documents can refer to any model definitions as its
type derives from Model.

Unlike software components where components are
executable implementations, our model components
are declarative in nature. Evaluation of parameter
values can neither be done by a model component it-
self nor by the simulator. Simulators do not normally
know about parameters. Thus, we need a third entity
that maps parameter values to elements of a compo-
nent. The mapper is exactly for this purpose. At this
point nothing is said about the language a mapper may
be specified in. XSLT would be a good choice, which
can be specified itself in XML and thereby preserves
platform independence of the component specification.
Nevertheless, mappers may also be specified in a pro-
gramming language, as it is the case in our current
realization of the component framework, which uses
Java.

Instances of type PortMapping associate the declara-
tions of a component’s published ports to “real” ports

of the contained model. For reasons of brevity we omit
the complete definition of this type.

Let us take a look at a simple example. Assume we
want to develop a model to simulate users in a network.
Users should communicate via a certain protocol. We
start with the definition of the Protocol interface. This
interface declares event flow of type Call and of type
Response.

<interface>
<id name="Protocol" version="1.0"/>
<decl name="call" type="Call" isInput="true"/>
<decl name="response" type="Response" isInput="false"/>

</interface>

Now we could start to implement the User component.
Additionally, we could develop different versions of it.
Each time we have to explicitly state that it assumes
another component to exist that behaves according to
the Protocol interface. Independently from this com-
ponent we can develop a ProtImpl component, that
provides the required interface.

Within the simulation model we need to compose
these two components and plug them together, i.e.
to connect receptacles to according facets. This is
done inside the Node component. It declares User and
ProtImpl as compositions and connects their Proto-
col ports via an assembly connector. Furthermore the
Node component connects its own Transport recepta-
cle to that of the ProtImpl component by a delegation
connector.

<component
<id name="Node" version="1.0"/>
<param name="id" type="int" value="0"/>
<param name="radiorange" type="double"

value="250"/>
<mapper>unihro.com.node.v1.Mapper</mapper>
<port name="transport" isFacet="false">

<type name="Transport" version="1.0"/>
</port>
...
<composition>
<type name="User" version="1.0"/>
<name>user</name>

</composition>
<composition>
<type name="ProtImpl" version="1.0"/>
<name>protocol</name>

</composition>
<connection fromComponent="protocol"

fromPort="protocol"
toComponent="user" toPort="protocol"/>

<connection fromComponent="this"
fromPort="transport"
toComponent="protocol" toPort="transport"/>

...
</component>

For this composition to work, the User component has
to provide a receptacle with type Protocol.

<component id="User" version="1.0">
...
<receptacle name="protocol">

<type name="Protocol" version="1.0"/>
</receptacle>
...
<model name="UserModel" version="1.0"/>

</component>
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Analogously, the ProtImpl component has to exhibit
a protocol facet. Thereby, compositions rely only on
XML specifications and direct dependencies between
the implementation parts of the User and ProtImpl
components are eliminated.

Simulation Models

By specifying components we are not yet able to
execute experiments. We need to transform the com-
ponent constructs to models represented within an ex-
ecutable modeling formalism. For the component and
composition specifications presented above this can be
done employing the Parallel DEVS formalism (Zeigler
et al., 2000).

A coupled Parallel DEVS model N is specified by
a tuple 〈X, Y,D, {Md|d ∈ D},EIC ,EOC , IC 〉, where
d ∈ D. X = {(i, v)|i ∈ InPorts, v ∈ Xi} denotes
the set of input ports and values. Y = {(o, v)|o ∈
OutPorts, v ∈ Yo} is the set of output ports and val-
ues. D is a set of component references (names). For
each d ∈ D, Md is either an atomic or a coupled
PDEVS model. EIC is the set of external input cou-
plings that connect input ports of the coupled model to
input ports of sub models. EOC are external output
couplings and IC denote internal couplings between
sub models.

Please note the difference between DEVS model
ports and component ports as introduced above. While
DEVS ports are typed by value ranges, component
ports refer to a certain interface to declare the ex-
istence of model ports. When mapping component
structures to simulation models, the models must en-
sure that they have model ports according to the ports
declared by their published interfaces. On the provider
side input port declarations require the actual model
to have an according input port while on the customer
side they require the model to have an output port
respectively.

Using Parallel DEVS as the target formalism the
mapping of component connections to model couplings
and their association with model ports becomes rela-
tively easy. Each component connection maps to a set
of couplings c ∈ EIC ∪ EOC ∪ IC . Assembly connec-
tors map to internal couplings and delegation connec-
tors map to external input and output couplings. At
the end, for ensuring consistency, it has to be checked
for each receptacle of a component whether it got con-
nected.

Our examples use Parallel DEVS not only as the tar-
get formalism for mapping component specifications

but also for specifying model behavior. If other for-
malisms than Parallel DEVS should be used for spec-
ifying behavior, transformations have to be executed.
To this end, the target modeling formalism has to be
at least so expressive like the implementation formal-
ism. This does not constrain the generality of the pre-
sented approach as Parallel DEVS in principle can be
used as the target for many formalism transformations
(Vangheluwe, 2000).

Related Work

DEVS has gained a widespread use as formalism
for specifying model components. DEVS supports de-
layed binding of model parts. A model does not it-
self determine where an output will be forwarded to.
More specifically DEVS allows specifying of modu-
lar systems that receive inputs and produces outputs
over a time base depending on their (hidden) state).
Putting a model into a certain context is within the
responsibility of the surrounding coupled model. How-
ever, existing DEVS component approaches (Zeigler
and Sarjoughian, 2002; MacSween and Wainer, 2004)
lack explicit compositions based on published inter-
faces. Thereby, current DEVS solutions provide the
means for hierarchical model construction but not for
the act of composition.

The System Entity Structure/Model Base (SES/MB)
framework equips DEVS with an additional layer that
allows to manage alternative decompositions of mod-
els. While component approaches are usually bottom-
up and are all about the integration of third party
components, SES provides a centralized top-down ap-
proach that aims at representing possible structures of
a system (its design space) (Zeigler et al., 2000). SES
organizes families of models for the purpose of system-
atic experimentation.

Software component technologies are already uti-
lized for simulation model components at the level of
source code, e.g. using Microsoft’s component stan-
dard COM (Cho and Kim, 2002) or building upon
CORBA (Zeigler et al., 1999).

The component approach presented here is comple-
mentary to research on semantical compositions. Our
specification of model component approach is open for
integration of stronger semantic consistency checking,
e.g. as described by (Yilmaz, 2004a) who specified in-
teraction constraints of DEVS models in the temporal
dimension explicitly by means of I/O system specifi-
cation. These constraints could be integrated into the
XML representation as Meta Data descriptions. The
same pertains to application domain specific model an-
notations, e.g. as in (Uhrmacher et al., 2005).

(Zinoviev, 2005) suggests another mapping between
DEVS models and UML component diagrams. His
UML representation is not intended to provide a uni-
fied representation on top of a modeling formalism for
the purpose of composition but as a replacement for
the original DEVS specification.

Our approach is close to that of BOMs (Gustavson



and Chase, 2004) in exploiting the flexibility of XML
and XSD and striving for platform independent speci-
fications. Both approaches suggest transforming plat-
form independent XML representations into platform
specific models. While BOMs focus on HLA compli-
ance, the approach presented here puts a strong em-
phasis on interface definitions according to UML.

Conclusion

To support a component-based design of simulation
models concepts of UML were exploited. This applies
to the specification of components as well as composi-
tions. Component constructs work on top of simulation
model representations facilitating a separation between
the public and private part of a model component.

XML forms another important cornerstone for spec-
ification of components. Much care was taken to let all
public visible parts of simulation model components be
specifiable via XML representations. To this end, an
XML Schema Definition was tailored to model compo-
nent purposes. The schema is easily extensible to in-
clude semantically stronger concepts by means of meta
data descriptions.

Finally, the mapping of component constructs to a
simulation model was shown on the example of the Par-
allel DEVS formalism. Parallel DEVS fits this purpose
very well as its worldview, build upon ports, channels,
and hierarchical construction, closely resembles the one
of UML component specifications.

The presented concepts were implemented based on
the simulation system James II (Himmelspach et al.,
2006).

Further work is directed towards bringing specifica-
tion of simulation model components event closer to
the UML, e.g. by the definition of a proper UML 2.0
profile. This would enable standardized exchange of
component descriptions by means of XMI.
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ABSTRACT 

Today almost every IT specialist uses models of some 
form or another. Models help raise the abstraction level 
of a system description. Although models usually 
describe IT systems statically, they can also be used to 
describe the dynamic behaviour of the system. The 
OMG's MDA® approach suggests describing business 
and application logic separately from any underlying 
platform technology in Platform Independent Models. 
The UML 2.0 provides powerful and flexible 
behavioural modelling capabilities. 

As the focus of the development process shifts from 
being code-centric to model-centric, the need for an 
environment to debug and execute models becomes 
more apparent. The ability to execute models provides 
additional avenues for the exploitation of the models in 
validation, verification, and simulation. The use of 
executable models enables the visualization and 
discovery of defects early in the development cycle, 
avoiding costly rework at later stages. 

We describe an architecture for implementing a 
generic model execution engine that enables the 
simulation of models. The main advantages of our 
architecture are its generic nature and its dedication to 
maintaining controllability and observability of the 
simulation. We have used this generic framework to 
build a UML simulator, which can be extended to 
support different UML profiles. The architecture also 
supports non-UML models. 

INTRODUCTION 

As the complexity of software increases, it becomes 
necessary to raise the abstraction level of system 
descriptions. The Model Driven Architecture® (Brown 
2004) of the Object Management Group™ aims to raise 
the abstraction level and separate business logic from 
the underlying platform technology. The MDA 
approach suggests specifying a system independently of 
a specific target platform, transforming the system 
specification to a platform specific specification, and 
then generating code for the target platform. 

To enable model driven development, programmers 
must be provided with the appropriate tools for 
supporting the entire development process, from 
platform-independent model specification to platform-
specific code generation, and on through testing, 
deployment, and maintenance.  

Exploring system behaviour is an essential part of the 
development process. There are a variety of tools that 
enable exploration for platform-specific code, but it is 
also important to analyze system behaviour in the early 
stages of development when the impact of defects is 
high and such defects are costly to repair at later stages. 
Thus, there is a need for tools to explore system 
behaviour at the model level.  

This paper describes a model execution engine that is 
a fundamental component of any model behaviour 
exploration tool. Note that model execution does not 
necessarily provide an application run-time platform 
and is not intended to be a generic virtual machine since 
models are, by definition, at a higher level of abstraction 
and may omit essential details of the whole application. 
Our main goal is to provide a platform for model 
behaviour exploration in the early stages of the 
development process. Executing a model enables us to 
understand the architecture and its implications. It 
enables the early simulation and testing of applications 
and helps bridge the IT to business communication gap. 
A generic model execution engine provides mechanisms 
for realizing the behavioural semantics and observing 
the model behaviour. Our execution environment can be 
extended to support a variety of modelling languages, 
and semantic variation points. 

In this paper, we describe the architecture of a generic 
model execution framework. We focus on its 
extensibility to enable the execution of models 
conforming to a variety of meta-models and its 
controllability and observability to enable 
interoperability with behavioural exploration tools, such 
as model debuggers and model-based test generators. 
We also include sections describing its application to 
UML model execution, related literature, and further 
implementation plans. 

The relationships between a model execution engine, 
a modelling language execution framework, and 
debugging facilities are illustrated in the : Figure 1



 
Figure 1: UML Debugger Framework Based on 

Generic Model Execution Engine 

GENERIC MODEL EXECUTION ENGINE 

This section describes a generic model execution 
framework. We first describe an extended set of 
requirements and then present a conceptual framework 
based on the requirements. Next, we provide the 
detailed architecture of our generic execution engine. 

The run-time representation of model structure has 
been described by Riehle et. al. (Riehle at al. 2001). We 
extend the existing structural methods to support 
behavioural features. 

Requirements 

The following set of requirements for the model 
execution engine form the basis of our work. We require 
that the execution engine have the following properties: 

• Extensibility – support a variety of modelling 
languages. For example, it should support UML with 
its behavioural features, including activities, state 
machines and interactions. 

• Observability – provide interfaces for other 
behaviour exploration tools to allow model-level 
observation and manipulation. 

• Controllability – allow control of the execution 
process. 

• Parallelism – support parallel execution of multiple 
flows running in the same or different contexts. 

• Flexibility – support different implementations of 
behaviour for the same model element (semantic 
variation points). 

• Scalability – support large models. 
• Simplicity – support simple definition and 

modification of model elements behaviour. 

Observability and controllability are generally not 
required from an execution engine. We incorporate 
them in order to achieve interoperability between the 
engine and other development tools including debuggers, 
test generators, etc. 

Execution Engine 

It is possible to implement the behavioural logic of 
any particular modelling language from scratch using 
any of the existing programming languages such as Java 
or C++. However, providing a standard set of 
mechanisms that are common to most modelling 
languages can simplify the process of describing the 

model behaviour and therefore significantly reduce the 
effort required to develop behaviour exploration tools. 

Our execution engine provides a fundamental set of 
execution mechanisms that can be used for a variety of 
modelling languages. The execution engine allows full 
control and observation of the entire execution process. 
Moreover, our execution engine is easy to extend so it 
can facilitate the implementation of specific modelling 
language logic. It can also be scaled to support large 
scale industrial models. 

Supporting parallel execution using a programming 
language such as Java is not simple and does not 
provide controllability and observability of the 
execution by other tools. For this reason, we 
concentrated our attention on providing a specialized 
engine mechanism for the parallel execution of model 
elements. The major specializations we adopted are the 
support of non pre-emptive process execution and the 
assumption of a single platform. This does not prevent 
the engine from performing functional simulation of 
distributed systems. 

Interrupt Controller 

We provide an open mechanism for the control, 
modification and observation of the engine 
functionalities, for example, modifying the scheduling 
algorithm or overriding commands. This enables other 
behaviour exploration tools to customize the engine 
framework. To support this mechanism, the execution 
engine provides a set of “soft interrupts” that are 
controlled by an interrupt controller. Every event to be 
observed (e.g., rescheduling, entering an idle state, 
receiving a command) generates an interrupt. The 
engine provides an interrupt handler for some of these 
interrupts. The interrupt controller allows external tools 
to implement different interrupt handlers by replacing 
the responses to the interrupts, without modifying the 
engine code. For example, replacing the rescheduling 
interrupt with code that first checks break-point 
conditions and then executes the original rescheduling 
interrupt, can add support for break-points as a feature 
of a model debugger. 

Execution Environment 

One way to describe model behaviour is to translate 
the model directly to a target programming language, 
replacing model elements with the corresponding 
statement in the implementation language. For example, 
if the modelling language is UML and the implementing 
language is Java, a decision node can be translated to 
the “if” or “switch” statements. Translation of model 
logic directly into a programming language will 
improve the performance of its execution, but it requires 
designing a dedicated compiler for each modelling 
language. Another problem with this solution is that in 
order to achieve model-level observability we must 
keep traceability between the implementation logic and 
the original model. In the case of a decision node, we 



must specify that the generated “if” statement relates to 
the corresponding UML model element. This 
correspondence is much more complex for other 
modelling constructs such as tokens in a Petri net. 

 

Rather than carrying out direct translation, we keep a 
one-to-one relationship between model elements and 
their run-time representation. This is done using the 
notion of the model element model element Instance to 
achieve the required model-level observability. An 
instance describes the behaviour and run-time data of a 
particular model element. Each model element (e.g., 
activity A, action B) must have a corresponding 
Instance describing its behavioural logic. Each model 
element can have any number of instances at the same 
time, since the containing model element (e.g., activity, 
state machine) may be instantiated several times. For 
example, the ActivityEdgeInstance Java class can 
describe the run-time logic of all activity edges in the 
model, but each one of the edges will have a 
corresponding object of the ActivityEdgeInstance Java 
class during execution of the edge logic.  

Figure 2: Interpreter 

The compilation process consists of the following 
steps: 

• Step 1: Definition. A compiler component is written 
once for each meta-model element by the developer 
of the execution engine extension. 

• Step 2: Compilation. The compilation is performed 
once per specific model. Instance code is generated 
for all model elements. 

• Step 3: Run-time. All model element logic is 
compiled in the Instance code. The relation between 
a model element and its Instance code is set up 
during the compilation step. 

The execution environment contains all information 
specific to the modelling language, including Instance 
descriptions; it is also responsible for their creation. The 
execution environment provides the execution 
framework with flexibility by specifying methods for 
mapping between model elements and their run-time 
representations to allow the support of semantic 
variation points.   An execution environment must be 
provided for each of the modelling languages whose 
models we want to execute, in contrast with the 
execution engine mechanisms that are common to all 
modelling languages. 

 

Interpretation vs. Compilation 

As discussed above, a model element is represented at 
run-time by its Instance. There are two different ways to 
define instance logic. One way is an interpretation and 
the other way is as a compilation.  

Figure 3: Compiler 

The following example illustrates the difference 
between the two approaches: The interpretation process consists of the following 

steps: 
Let’s suppose we want to describe UML Activity 

logic and our model contains two activities, A and B, 
with different numbers of nodes and edges. We assume 
the activity’s execution logic is comprised of the 
following steps: 

• Step 1: Definition. Instance code is written once for 
each meta-model element by the developer of the 
execution engine extension. The execution of 
models conforming to the meta-model does not 
require any code generation (automatic or manual). 

• Initialize all nodes that have no incoming edges. • Step 2: Run-time. Instance logic may analyze the 
corresponding model elements at run-time. An 
instance implementation (instance implementing 
class) is chosen at run-time based on the 
corresponding model element type (meta-model 
element). 

• Wait until all flows have finished or until one of the 
activity’s final nodes was reached. 

• Notify the invoker of the activity that it has 
completed. 

Suppose a Java class named ActivityInstance contains 
the implementation of this logic. 

In the interpreter approach, ActivityInstance will 
contain (among other things) the logic that determines 
which nodes belong to the activity at run-time by 
accessing the model and analyzing its structure. In this 



case, both activities A and B in the model will be 
represented as instances of the same ActivityInstance 
Java class. 

In the compiler approach the model will pass through 
a compiler component that generates two Java classes, 
AActivityInstance and BActivityInstance representing A 
and B, where each of these classes extends the 
ActivityInstance class. Each of the generated classes will 
contain code for the generation of nodes based on the 
analysis that was performed during the compilation. No 
run-time analysis of the model is required.  

 

Another possibility is a combination of both methods, 
where instance code is generated for some model 
elements (see ) while others are interpreted at 
run-time. To execute such a model, the following steps 
are performed: 

Figure 4

Figure 4: Interpreter and Compiler Combined 

• Step 1: Definition. Instance code is written once for 
a subset, X of the meta-model elements. A compiler 
component is written for the remaining meta-model 
elements, X`. 

• Step 2: Compilation. Instance code is generated for 
the model elements of types described in X`. 

• Step 3: Run-time. Instance logic that was not 
generated in Step 2 analyzes the model elements of 
types in X. 

 

In our architecture, we want the flexibility to adopt 
either the interpreter or compiler approaches, depending 
on the specific meta-model. 

UML SIMULATION 

Using the architecture described in the previous 
section, it is possible to define an environment for any 
meta-model. In this section we briefly explain how a 
UML environment can be constructed. 

For every element of the UML meta-model, we define 
an Instance describing its behaviour. Our architecture is 
implemented in Java so an Instance is a Java class. We 
can define a number of Instances for a single meta-
model element to support semantic variation points. A 
configuration file is used to select the appropriate 

semantic variation. Moreover, one can add support for 
any UML profile by defining Instances for stereotyped 
model elements. To improve the performance of our 
debugger we generate code of specific Instances for 
some model elements.  

Since Instances are Java classes, memory 
management, garbage collection, and primitive data 
types are handled by the Java Virtual Machine. This 
implementation allows us to support Java as an action 
language with minimal effort. 

We can provide visualization facilities and other 
capabilities related to the execution of UML behaviours 
using the connection between Instances and model 
elements. 

Figure 5

Figure 5: Example of Running Activity 

 illustrates an example of a running UML 2.0 
activity. 

 

UML SIMULATOR PROTOTYPE 

The model execution engine provides mechanisms for 
the realization of behavioural semantics and the 
execution and observation of model behaviour. We used 
this generic execution engine to implement a UML 
Model Simulator. It is designed as an extension to 
Rational Software Architect (RSA), adding execution 
and simulation capabilities. 



Rational Software Architect (RSA) 

Eclipse platform 

UML Model Simulator 

Generic model 
execution engine 

UML Activities 

UML State Machines 

Voice Applications Profile
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Extensions: 

 

 
Figure 8: Call Stack View 

I/O view. This view, is used to observe outputs sent 
from the model and to send or broadcast signals to 
model behaviours. 

 
Figure 6: UML Simulator 

The first version of the tool supports UML classes and 
primitive data types, and focuses on the execution of 
activities. It also supports Java as an action language. 
The behaviour of a UML element can be changed using 
profiles by applying stereotypes to UML elements. The 
tool can be extended to support the execution of models 
that conform to a specific profile. 

Figure 9: I/O View 

Ready view. This view shows all elements that are 
ready for execution and all elements that have reached 
breakpoints. The user can select the next element for 
execution. 

 

The UML Model Simulator provides a wide range of 
capabilities. It supports the most commonly used 
execution modes such as step-wise execution and run to 
break-point. It allows run-time state observation, 
including the visualization of the current execution state, 
token offers, and parameter values. The debugger also 
allows dynamic object creation and user initiated 
invocation of behaviours and operations. The most 
useful feature is the visualization of the execution of 
model behaviour. 

Figure 10: Ready View 

Breakpoints view. This view lists all active 
breakpoints. 

Diagram visualization. This is the most powerful 
part of the tool. It illustrates the execution of a UML 
behaviour model. The user can see which nodes are 
ready for execution (green), which edges pass tokens 
(blue), and which node provides the token (magenta): 

We extended RSA with a Model Debugging 
perspective that contains various views: 

Model Explorer view. This is the corresponding 
RSA view with the addition of two items to the popup-
menu: Debug Model used to start a model simulation 
session, and Add Breakpoint, which can be applied to 
any runnable element of the model. 

 

Debug view. This view is responsible for the control 
of the execution process (starting, stopping, and step 
mode execution), object creation and destruction, 
observing the values of objects’ attributes, and invoking 
the operations on the objects. 

 

Figure 11: Diagram Visualization 

We developed a UML profile for model simulation. 
The profile is used to specify: 

Figure 7: Debug View • Elements containing Java code (Java as an action 
language) Call Stack view. This view shows all running 

behaviours organized according to the call history. • External classpath for linking with existing code 



• Initial system configuration – objects that are created 
at the beginning of the simulation session 

• System boundaries – classes that are visible to the 
user 

• Predefined values for parameters 
• Predefined decisions for activity decision nodes 

We have completed a prototype version of the tool 
and we continue to extend the capabilities of the tool 
and improve its maturity. 

RELATED WORK 

Prior work on model execution can be divided into 
two streams, the academic and the industrial. The 
academic study of model execution was initiated by 
Riehle et. al. in their paper (Riehle at al. 2001). They 
describe a UML virtual machine focusing almost 
entirely on the instruction set and memory model. Much 
of their work has been subsumed by developments in 
the definitions of UML 2.0 (Selic) and the MOF (MOF). 

In the industrial arena, several model execution 
frameworks have been defined. One of the earliest tools 
capable of executing models was Rational Rose Real 
Time, now known as Rational Rose Technical 
Developer (Rational Rose Technical Developer). Other 
tools that use a similar approach are the Kennedy Carter 
tools for xUML (Raistrick at al. 2004), the Kabira tools 
(Kabira Technologies), which implement Mellor and 
Balcer’s version of executable UML, and the I-Logix (I-
Logix) tool Rhapsody, which implements Harel’s 
Statecharts (Harel and Politi 1998). Other commercial 
tools that claim to implement model execution include 
those from (Interactive Objects), (Compuware), 
(Telelogic), and (Artisan Software). 

All of these tools rely almost exclusively on state 
diagrams to describe behaviour in a generic way. They 
only support one behavioural semantic each – and no 
two of them support precisely the same semantics. Each 
tool limits itself to a particular application domain and 
adopts the most appropriate conventions for that domain. 
Many of them compile the state diagrams into 
executable code, losing the observability property of our 
framework. Our framework allows for incomplete 
models to be executed at the level of abstraction 
appropriate to the modelling context since we support 
user/tool interaction at run-time to supply missing 
information. We are also taking part in the OMG’s 
standardization effort for executable UML. 

FURTHER WORK 

This work is taking place under the auspices of the 
ModelWare project (ModelWare) as part of the task of 
building an infrastructure for industrial strength model 
driven development (MDD). ModelWare is a European 
project involving a consortium of 19 academic and 
industrial partners whose objectives are to provide the 
tools, processes, and methodologies supporting MDD, 

and to promote the industrial adoption of these work 
products. 

Our model execution engine is being used as the basis 
for a UML simulator and model-based test generation 
tools. These tools are being used in several distinct 
industrial contexts including large-scale distributed 
systems for air traffic management, voice-based 
application dialogs, retail business applications, and 
others. In order to satisfy these diverse modelling 
requirements, we are developing industry specific 
profiles for executable models with the appropriate 
interfaces to our model execution framework. 
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Abstract—In this paper, we present the motivation for de-
signing a high level architecture for network simulators. We
discuss the elements and stakeholders of network simulation,
in order to set the terminology for our discourse on network
simulator architectures. We also present a list of hypothe-
ses about network simulators, which we believe would lead
to better network simulators and network simulation ex-
periments, if realized as design requirements for network
simulators. Then we describe the design of the AMINES
high level architecture for network simulators. AMINES-
HLA have been developed to provide a common architec-
tural basis for network simulators that aim to support the
hypotheses presented.

I. Introduction

Simulations have been one of the main methods for un-
derstanding, tuning, and therefore designing networks and
network protocols. Interest in network simulation in the
simulation community also have been increasing. This con-
tinuing increase in interest is caused by challenges intro-
duced by two developments at the networking research side.
The first development is the ever-growing Internet. Under-
standing how existing and newly proposed protocols would
behave in this massive network, has created a demand for
highly scalable network simulation systems. The other
development is the development and deployment of new
wireless technologies. These wireless technologies have in-
troduced mobility, dynamic and complex physical channel
characteristics, and resource limited network nodes. The
wireless technologies have thereby changed the processing
power needs of the models employed in network simulations
and affected the architectures of the simulators.

The number of network simulators is growing by the
day. Among the mostly used network simulators, Ns-2 [1],
GloMoSim [2], SSFNet [3], OPNET Modeler, and OM-
NeT++ [4] can be mentioned. Beside these major systems,
papers reporting new simulators are being published in al-
most every major conference on networking or simulation.

What is described in this paper, is not a new network
simulator, but a high level architecture for network simu-
lators. We believe that the lack of a common higher level
architecture increases the cost for reusing models of net-
works across the network simulation systems. Interestingly
this happens despite an apparent architectural similarity
between the simulators available today. This last comment
naturally does not cover commercial systems like OPNET
Modeler where the source is not available.

The idea behind having a high level architecture for net-

work simulators is twofold. The first idea is to standardize
channels of communication between architectural elements
of simulators, so that different simulators can be connected
and run together by tapping into these standardized chan-
nels, and moving back and forth data between the simula-
tors. This is also one of the ideas behind the High Level
Architecture (HLA), the IEEE standard 1516 for modeling
and simulation [5]. However, the high level architectures
for network simulators should aim for a lower granularity
mapping between the architectural elements and the simu-
lation model elements. This is because it appears beneficial
to compose the models of networks from submodels of vary-
ing detail in network simulation experiments. Therefore we
favor imposing a one-to-one mapping between elements in
the metamodel, which is assumed and used when creating
the simulation model, and the elements of the simulator’s
architecture. IEEE standard HLA leaves such issues of
multiplexing model elements onto federates to the design-
ers of the simulators.

The second reason for having a high level architecture
for network simulators is to ensure that the run-time sim-
ulation management functionality in the simulators is suf-
ficiently abstracted from the executable models of the net-
works being studied. Although part of such functionality
is also included in the IEEE HLA’s Run-Time Infrastruc-
ture, IEEE HLA does not explicitly specify where and by
which entities or programs the construction of the run-time
representation of the model will be made. We believe this
is an integral part of the network simulation systems, as
evidenced by various script based or graphical tools for
designing experiments on current network simulation sys-
tems. Abstraction of this functionality would ease simula-
tion model element reuse at the level of executable models.
It would become possible that the executable models of
two network simulators constructed using different simula-
tion libraries or systems can be run together by stripping
their management functionality and customizing it. Natu-
rally, necessary model entities that will act as data bridges
between the two models should also be added.

This paper reports our ongoing work on the AMINES
high level architecture (AMINES-HLA) for network simula-
tors. We have finished our initial design of the system, im-
plemented a sequential (single-thread) run-time infrastruc-
ture, formulated some extensions to the architecture for
concurrency support, and we are currently in the process of
implementing a run-time infrastructure for AMINES-HLA
with concurrency extensions. The concurrency extensions
involve managing execution units, which are similar to log-



ical processes [6], and will not be discussed in this paper
due to size limitations. Design of a typical simulator is ex-
emplified in [7], along with comparison of AMINES-HLA
to architecture of various other simulation systems.

The paper is organized as follows: in Section II, we an-
alyze the role a higher level architecture would play by
discussing the elements and stakeholders of network sim-
ulation, and propose a set of hypotheses about building
network simulators. Then, in Section III, we describe the
design of AMINES-HLA. We present our conclusions, and
point to further research topics and directions in the last
section.

II. Elements and Stakeholders of Network

Simulation

In this section, we will lay the grounds for the rest of
the paper by identifying the elements of network simula-
tions by defining terminology, identifying the stakeholders
involved, and discussing their goals and interests. The sec-
tion is concluded with some hypotheses intended to serve
as guidelines for the network simulation system and library
developers. An extended presentation of the material in
this section, can be found in [8].

A. Elements

The goal of a simulation experiment is to investigate
some target phenomena through modeling. The central
element in the target phenomenon in a network simulation
experiment (NSE) is a network which exists for real or as a
design. Such a network we will call a target network (TN).

The TN is represented in an NSE as a model. Since we
don’t intend to attempt at giving a complete definition and
a theory of what constitutes a model, if will suffice to say
that a model can be roughly defined as a description of a
target phenomenon. In the case of networks, we will refer
to such a description of a TN used in a NSE, as the model
of the target network (MoTN). We would like to stress that
although usually regarded as part of the simulation system,
schedulers are in fact parts of models.

Certain characteristics of models appear in a discourse
on simulation. Detailedness, precision, accuracy, and gran-
ularity are such characteristics that appear frequently in
the discourse on network simulations. Precision and accu-
racy can be defined relatively easily with respect to actual
measurements taken from the TN, or realization of the TN
if the TN exists as a design. Providing a definition for de-
tailedness is more difficult, so we will refer to the intuitive
meaning of being detailed. Granularity is a comparative
relationship between two models, and can be defined using
specificity, which itself is a comparative relationship. For
two models Ma and Mb, Ma can be said to be more specific
than model Mb if Ma models a subset of the phenomena
modeled by Mb. A composite model MC1 can be said to
have a smaller granularity than MC2 if they model the same
phenomena, and MC1 is composed of more specific models
than those composed into MC2.

We define a target network simulator (TNSim) as the
simulator whose software specifications are derived from a
chosen simulation system or library and a MoTN. A TNSim

is composed of parts that provide simulation management
functionality (SMF), and an executable MoTN. By an ex-
ecutable MoTN we refer to an MoTN prepared as a com-
putational machinery (software). For effectively building a
TNSim, the metamodel the MoTN is derived from, should
be in reasonable agreement with the architectural and func-
tional specifications inherited from the use of a particular
simulation system or library.

A simulation library (SimLib) is a library of helper rou-
tines for implementing SMF in TNSim. Similarly, a simu-
lation system is an extensible software that provides ready-
made SMF functionality to be extended with an executable
MoTN to build a TNSim. For connecting the so imple-
mented SMF functionality to the executable MoTNs, Sim-
Sys and SimLibs imposes a set of interfaces and architec-
tural requirements on the executable MoTN they are used
in conjunction to. SimSys and SimLibs usually come with
a library of ready-made models, which we will refer to as
the model library (MoLib), or executable MoLib to stress
that the models in the MoLib are executable models, where
necessary.

B. Stakeholders

Two different parties are involved in NSEs: the experi-
menters, and the network simulation system or library de-
velopers. The experimenters are the researchers who con-
duct NSEs. They have two major goals or interests: to
design, implement, and conduct the experiment with mini-
mum effort and resources, and to carry out the experiment
in such a manner so as to obtain adequately meaningful
data. The experimenter’s process of realizing the experi-
ment can be divided into three stages: pre-run, run-time,
and post-run. In the pre-run stage, a network SimSys
or SimLib is chosen. It is important at this point that
the specifications imposed by the chosen system or library
should be sufficiently compatible with the metamodel to
be chosen to prepare the MoTN with. After choosing the
metamodel and the SimSys or SimLib, the experimenter
prepares the executable MoTN, initial conditions, and the
workload. Then the MoTN is converted into a TNSim us-
ing the SMF functionality of the chosen SimSys, or using
the SMF functionality the experimenter implements using
the chosen SimLib. In the run-time period, the TNSim is
executed. During the execution of the TNSim, a run-time
representation of the executable MoTN is constructed, and
run. The results are gathered, and subjected to limited on-
line analysis if necessary. In the post-run period, the data
gathered are analyzed and results derived.

The other stakeholder in NSEs is the developers of the
SimSys and SimLibs. The developers design, implement,
and maintain a system or a library. They don’t conduct
NSEs themselves. They aim to build systems or libraries
that are simple but adequate, and well documented. Fur-
thermore, they aim to make the specifications that their
systems would impose on the TNSim, compatible with
some assumptions about metamodels that will be used by
the experimenters when building MoTNs. They also at-
tempt to design for good performance. Usually, to provide
a model library with basic models of conventional hardware



and software, is also regarded as a goal for the developers,
though this goal would definitely involve experts from the
networking domain. The tasks undertaken by the develop-
ers involve choice of target metamodel, preparing compat-
ible software specifications, determining how the specifica-
tions are to be mapped to programing language structures,
designing the interfaces for the experimenters, and imple-
menting clean and well documented code.

The goals, interests, and tasks of the two stakeholders
are sufficiently different so as to grant a clear separation
of their roles when realizing NSEs. The Ns-2 simulator
provides a counterexample, where the experimenters are
expected to extend the core architecture in a reusable way
if they need so when implementing their MoTNs. This
being done over the last decade (since 1995), the result is
that the Ns-2 code is hard to understand and difficult to
follow. Such a state is also reinforced by the fact that the
SMF and executable MoTNs, and therefore the SMF and
the provided MoLib, are not sufficiently separated in Ns-2’s
architecture.

C. Hypotheses

Building on the elements and stakeholders described, we
will provide a list of hypotheses for the network SimSys
and SimLib developers. We believe the satisfaction of these
hypotheses in design requirements would lead to network
SimSys and SimLibs that are easier to use, to an exper-
imentation process that is easier to follow for the experi-
menter, and thereby to better quality experiments.
H1: The experimenters and SimSys and SimLib develop-
ers are two different stakeholders whose roles should not
be confused when conducting NSEs and building network
SimSys, SimLibs, or MoLibs.
H2: Assumptions made by developers about the meta-
model used by the experimenter, should be made explic-
itly. The metamodel assumed should be in good agreement
with the expert knowledge that the network researchers use
when they model networks in their day-to-day research.
Such an agreement is aimed at decreasing the learning and
cognitive load on the experimenter. The software specifi-
cations that will be imposed on TNSims by the developed
SimSys and SimLibs, should be compatible with the meta-
model assumed that the experimenters would use.
H3: Modeling parts of TNs with submodels of lesser detail,
is common practice. Therefore any metamodel assumed
while developing SimSys and SimLibs, and the software
specifications imposed by them, should allow for submodels
of different detail and complexity in the MoTN.
H4: The metamodel may describe executable MoTNs di-
rectly, or some transformation might be needed to convert
the MoTN described by the metamodel to an executable
MoTN. In any case, the resulting executable MoTNs should
be efficiently implementable.
H5: The executable MoTNs constructed conforming to the
software specifications imposed by the SimSys or SimLib,
should preferably be transparently distributable, or trans-
parently transformable to run in a concurrent manner. The
transparency as used here, is from the perspective of the
experimenter. This hypothesis follows both from emula-

tion related needs, and current processor trends towards
multi-core architectures.
H6: A metamodel for producing executable MoTNs that
uses compositions and connections of homogeneous simple
model elements with customizable behavior, should be of
sufficient expressive power. Along with restrictions on cus-
tomized behavior, a clean simple interface for customiza-
tion, and a transparently distributable architecture for sim-
ple model elements, such a metamodel should be in good
agreement with the hypotheses H1–H5.

III. Design of AMINES-HLA

AMINES-HLA is a higher level architecture for network
simulators. It is designed to be used as basis for network
simulator architectures.

The AMINES-HLA assumes a metamodel that is some-
what similar to the actor model ([9], [10]). The reason
for making this selection on behalf of the developers, is to
impose specifications upon the architecture of the network
simulators that are built on AMINES-HLA, so as to influ-
ence their design to satisfy hypothesis H2.

AMINES-HLA defines two types of units, the unit mod-
els and constructor units, and also specify how they com-
municate.

A. Unit Models

A unit model (UM) in AMINES-HLA represents an indi-
visible (non-composite) model provided in the network sim-
ulator for building the MoTNs. The detailedness of these
UMs is not specified by AMINES-HLA, therefore a UM
might be representing anything from something as simple
as a FIFO queue, up to something as complex as a back-
bone router or a whole network.

Since the models represented by UMs can be at any de-
tailedness level, their limitations might lead to multiple in-
stantiations of these models in the run-time representation
of the MoTN. This is in fact what is generally being done
in network simulators in use today. Each of these instan-
tiations are represented by unit model instances (UMIs) in
AMINES-HLA. In a way, the relationship between UMs
and UMIs resemble class-object relationship in object ori-
ented modeling. Therefore, although not strictly necessary,
it appears favorable to organize a library of unit models to
take advantage of inheritance in object oriented program-
ming.

A.1 Connecting UMIs

In the run-time representation of the MoTN, the UMIs
are connected to other UMIs with uni-directional data
paths called links. Given a UMI u, a link connected to
u can be either an inlink if its direction is towards u, or
an outlink, if its direction is away from u. Inlinks of an
UMI carry messages to it, whereas outlinks carry messages
away from it. Every link in the run composite model is an
inlink for exactly one UMI u1, and an outlink for exactly
one UMI u2, where u1 is not necessarily different than u2.
Therefore whether a link is an inlink or an outlink can only
be meaningfully distinguished with respect to a UMI. The
inlinks and outlinks of a UMI u are defined to be logically



distinguishable by u through locally meaningful identifiers.
Therefore, locally to a specific UMI u, no two inlinks or
two outlinks of u can have the same identifier.

When sending messages, a UMI uses the outlink’s locally
meaningful identifier to specify the message destination.
Therefore the address of any message sent by a UMI does
not include any specification about the receiver.

Upon reception of a message, the receiving UMI can dis-
tinguish which inlink the message was received from, as it
is passed the locally meaningful identifier of that inlink.

The contents of the message is completely left out from
AMINES-HLA, to be determined in MoTN. Therefore in a
particular MoTN, it can be decided to include some form
of identifiers for the source and target UMIs of the mes-
sage. Although this is allowed, using global identifiers as
part of the general messaging schema in a simulator, would
decrease reusability of the UMs considerably. Therefore, it
should be avoided unless it appears necessary.

A.2 Behavior of UMs

The behavior of a UM is left out to be defined by the
MoTN builder. The UMs with customized behavior serve
as the set of types the UMIs that will be used in the
MoTNs, will be instantiated from.

There are some restrictions on the behavior of the UMs.
UMIs cannot create new UMIs, nor new links between any
two UMIs. This amounts up to saying that the UMIs are
not allowed to change the structure of the run-time rep-
resentation of the MoTN while TNSim is being executed.
Furthermore, as discussed above with respect to connec-
tions between UMIs, it is highly undesirable for one UMI
to operate on direct references to other UMIs.

Other than these restrictions, a UMI can do any compu-
tation on the local information available to the UMI.

The logical structure of a UMI is shown in Figure 1.
The ambassador entities provide points of contact for the
base of the UMI to receive service requests from the UMI
customized behavior (UMI-CB), and UMI-CB to receive
callbacks from the base.

UMI−Base Ambassador

UMI−CB Ambassador

UMI Customized Behavior

UMI Base
inlinks outlinks

service requests callbacks

Fig. 1. Logical structure of a UMI.

A.3 Services Provided to UM Custom Behavior

Three types are involved in description of the services
given to UMI-CB:
link-id: The link-id type is used to label the elements of
the sets of inlinks and outlinks. This type should support
smaller-than and equality operations, and given a set of
link-ids S, generation of a new link-id l where l �∈ S.
message: The message type represents the messages ex-
changed between the units in the AMINES-HLA.

UMI-Base-Ambassador: This type represents a UMI-
Base’s ambassador.

The following services are to be provided by the UMI-
Base to the customized behavior of the UM:
sendMessage: Request to send a message through an out-
link. The link-id of the outlink, and the message should
be provided. There is no return value. As a result, a re-
ceiveMessage callback will happen at the UMI the given
outlink is connected to.
receiveMessage: Callback indicating that a new message
has been received. The link-id of the inlink that the mes-
sage was received from, and the message is provided. No
return value is expected.
umiBaseCreated: Callback indicating that the UMI, now
has an associated UMI-Base. The UMI-Base’s ambassador
is provided as a parameter of type UMI-Base-Ambassador.
No return value is expected. A UMI-CB receives this call-
back only once in its lifetime.

B. Constructor Units

The constructor units (CUs) are somewhat like the UMs
described in the previous section, but the restrictions on
their behavior are less strict, and they have an extended
messaging mechanism. Therefore, in a way, the CUs are
more powerful UMs.

As discussed with regard to UMs and UMIs, the CU
can also serve as types for multiple instantiations. Each of
these instantiations of a CU is referred to as a constructor
unit instance (CUI).

The CUIs are the only units in the AMINES-HLA that
are capable of being used for construction and initializa-
tion, and transformation of the run-time representation of
the MoTN. The indication is that CUs are not really meant
to be used in the run-time representation of the MoTN, but
for constructing or doing modifications on it. CUs are the
entities on top of which to implement the mechanics of set-
ting up the initial state, and to provide the initial spark
to start the execution of the run-time representation of the
MoTN. Therefore the CUs are specifically targeted for im-
plementing the SMF in TNSims.

One of the CUIs in any TNSim architecture is to be des-
ignated as the starter CUI, and created by an initialization
code such as the main() function for C or C++ environ-
ments. It is the unit responsible for starting the creation of
the other CUIs, UMIs, and links, which form the run-time
representation of the SMF and MoTN.

B.1 Connecting CUIs

CUIs use instance ids (I-ids) assigned to each one of the
UMIs and CUIs in the TNSim in order to describe des-
tination of the messages they send. When receiving, the
CUIs also receive the sender’s I-id along with the message.
AMINES-HLA does not specify a repository of all such ids,
therefore the CUIs can only communicate with the UMIs
or CUIs they know the I-id of. This restriction is in ac-
cordance with localization of information to CU and UM
instances.

Whereas the use of I-ids explain how the CUIs are con-
nected among themselves, it does not fully explain the com-



munication between the CUIs and UMIs, since the UMIs
have a simpler connection mechanism. The CUIs can send
messages to the UMIs using their I-ids, and decide on which
inlink the UMI’s customized behavior will receive the mes-
sage from. In order for a UMI to be able to send a message
to a CUI c, one outlink of the UMI must previously been
setup (by a CUI) to send to c. Thereafter the UMI can
communicate to c by directing messages to this particular
outlink.

B.2 Behavior of CUs

Like UMs, the behavior of CUs are also left blank to be
customized by the simulator model builder. The CUs with
customized behavior serve as the set of types the CUIs will
be instantiated from.

The only restriction on the behavior of the CUs is that
CUIs work with the local information they have, and use
only the set of services provided by AMINES-HLA to in-
teract with other CUIs and UMIs. The CUIs can create or
delete UMIs and CUIs. They can also create or delete links
between two UMIs or UMIs and CUIs. Therefore CUs can
construct and transform the run-time representation of the
TNSim, and hence the SMF and MoTN.

The logical structure of a CUI is shown in Figure 2, is
similar to the structure of UMIs. The points of service and
callback are again provided through ambassador entities.
The main difference between the logical structure of the
CUIs and UMIs is the message flow paths into and out of
the instances.

B.3 Services Provided to CU Custom Behavior

There are additional types defined in describing the ser-
vices and callbacks related to the CUIs. Every instance of
a UM or a CU in a given simulation executable model has
an id that is unique in that model. The type of these ids
is defined as the I-id (instance-id). There are two subtypes
of I-id: UMI-id is the type of the ids of UMIs, and CUI-id
is the type of the ids of CUIs. Given an I-id, it should be
possible to deduce whether it is a CUI-id or a UMI-id.

In addition to these id types, three other types are
needed to be able to refer to customized behavior ambas-
sadors: UMI-CB-Ambassador, CUI-CB-Ambassador, and
CUI-Base-Ambassador. They represent the types of UMI
custom behavior, CUI custom behavior, and the CUI-Base
ambassadors respectively.

The following services are provided by the CUI-Base to
the CUI-CB:
sendMessageToUmi: Request to send a message to an
UMI. The UMI-id of the target UMI, the link-id of the
inlink that the message will be received from at the target
UMI, and the message should be provided. There is no
return value. As a result, a receiveMessage callback will
happen at the target UMI.
sendMessageToCui: Request to send a message to a CUI.
The CUI-id of the target CUI and the message should be
provided. There is no return value. As a result, a re-
ceiveMessage callback will happen at the target CUI.
createUmi: Request to create an UMI. An UMI-CB should
be provided as a parameter of type UMI-CB-Ambassador.

The return value is the UMI-id of the created UMI. As
a result, a UmiBaseCreated callback will happen at the
created UMI.
createCui: Request to create a CUI. A CUI-CB should be
provided as a parameter of type CUI-CB-Ambassador. The
return value is the CUI-id of the created CUI. As a result,
the CuiBaseCreated callback will happen at the created
CUI.
linkUmiToUmi: Request to create a link between to UMIs.
The link to be created is described by four parameters pro-
vided: a UMI-id and outlink’s link-id at the initiating side
of the link, and a UMI-id and inlink’s link-id at the ending
side. There is no return value.
linkUmiToCui: Request to create a link initiating from a
UMI and ending up in a CUI. The UMI-id and the outlink’s
link-id for the initiating side of the link, and the CUI-id for
the ending side should be provided. There is no return
value.
unlinkUmiFromUmi: Request to delete a link between two
UMIs. The link is described as in linkUmiToUmi service.
There is no return value.
unlinkUmiFromCui: Request to delete a link between a
UMI and a CUI. The link is described as in linkUmiToCui
service. There is no return value.
deleteUmi: Request to delete a UMI. The UMI-id of the
UMI to be deleted is provided. There is no return value.
As a result, the links of the given UMI are deleted, and the
resources used by the UMI-Base are released.
deleteCui: Request to delete a CUI. Similar to deleteUmi,
but works for CUIs.
replaceUmiCbAmbassador: Request to replace the UMI-
CB ambassador of a UMI. The UMI-id of the UMI whose
UMI-CB will be replaced, and a new UMI-CB as a pa-
rameter of type UMI-CB-Ambassador should be provided.
This service is intended for use in model replacement and
simulator interoperability [7].
receiveMessage: Callback indicating that a message has
been received. The I-id of the UMI or CUI the message
was received from and the message is provided. No return
value is expected.
CuiBaseCreated: Callback indicating that the CUI has now
an associated CUI-Base. The CUI-Base is provided as a
parameter of type CUI-Base-Ambassador. No return value
is expected. A CUI-CB receives this callback only once
during its lifetime.

IV. Conclusion and Future Work

In this paper, we have discussed the elements and stake-
holders of network simulation, presented some hypothesis
on network simulator design, and described our design of
the AMINES high level architecture for network simula-
tors.

We believe the benefits of having a high level architec-
ture for network simulators justifies the cost of developing
one and conforming to it. A high level architecture for net-
work simulators would enable model reuse across different
network simulators at the executable model level. A high
level architecture that supports transparent distribution of
basic architectural elements, would help us to harness the
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Fig. 2. Logical structure of a CUI.

power of the coming multi-core processors. In addition, a
clear high level architecture that is sufficiently similar to
the experimenters’ own perception of networking systems,
would provide an easy to learn and easy to use base archi-
tecture that is shared across different network simulators.

The discussion we have presented in this paper, on ele-
ments and stakeholders, contributes by providing the ter-
minology for the discourse on network simulator architec-
tures. By defining and clarifying borders between the ele-
ments, and by identifying the stakeholders and their goals
and interests, it provides grounds for our argument in favor
of having a high level architecture for network simulators.
The AMINES-HLA demonstrates one possible design of a
high level architecture for network simulators.

One conclusion from our work on the design of AMINES-
HLA, is that it is a feasible attempt to design a high level
architecture for network simulators. Providing help to the
developers to satisfy the hypotheses in Section II-C, is one
of the major design goals of the AMINES-HLA.

The work described in this paper is ongoing work, and
further research directions and problems are many. We
are currently in the process of implementing a concurrent
run-time infrastructure for the AMINES-HLA. One pos-
sible research subject is working out the details of the
metamodel assumptions of the AMINES-HLA, in prefer-
ably a formal manner. We also would like to explore
transparently distributing the CUs and UMs in a simu-
lator built on AMINES-HLA. Another direction we have
already started to work on, is to implement existing simula-
tors on AMINES-HLA. For this purpose, we have initiated
a project for re-factoring the Ns-2 simulator.

Another question involves an assumption we have made
in the design of the AMINES-HLA. The CUs as the only
entities in AMINES-HLA that are capable of transform-
ing the run-time representation of the MoTN. Yet, at the
same time, we have suggested that they should not be used
in MoTNs. The reason why we have separated the CUs
and UMs in this manner, is that we doubt the necessity of
supporting self-transforming MoTNs, where number and
connection patterns of submodels change during simula-
tion. We believe that what actually is beneficial, is to have
the ability to dynamically allocate resources to sufficiently
self-contained or autonomous elements in the run-time rep-
resentation of the MoTN.Formulating this assumption in a

formal framework is a topic for further research.
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Abstract— Sensitivities are very important in elec-
tronic circuit analysis and design. This paper presents
a general circuit simulation programme that calculates
analytical sensitivities with respect to any parameter
using automatic differentiation. A novel aspect of this
implementation is that C++ templates are used along
with automatic differentiation libraries to produce (at
compilation time) different versions of the model eval-
uation functions, each optimised for a specific purpose.
This results in a good compromise between the time to
develop and maintain device models and execution ef-
ficiency. Algorithms and software design aspects of the
circuit simulator are described. Sensitivities of a bipolar
self-biasing current source are used to demonstrate the
approach.

I. INTRODUCTION

Optimisation algorithms are widely used for elec-
tronic circuit design. Some of these algorithms require
the partial derivatives of certain network functions with
respect circuit parameters (sensitivities) [11]. Other
reasons to calculate sensitivities [5] are to understand
how the parameters in a circuit affect the response and
to compare circuits with the same nominal output. The
simplest sensitivity (DΦ

h ) definition is just the partial
derivative of a circuit function (Φ) with respect to a
circuit parameter (h),

DΦ
h =

∂Φ

∂h
.

The sensitivity calculation for different types of circuit
analyses has been studied extensively (some examples
are [5, 11, 12], among many others). In order to calcu-
late any type of sensitivity, the derivatives of the de-
vice model model equations are required. Manually
coding these derivatives is often a tedious and error-
prone task due to the complexity of device models. A
common alternative is to use numerical differences to
approximate the derivatives. This approach is is often
unreliable because the size of the optimum numerical
increment for each independent variable is not always
known. Inaccuracy (especially for higher-order deriva-
tives) and a decrease in the convergence rate of nu-
merical methods due to numerical differences has been
reported in [1–4, 8]. To the knowledge of the author
all implementations in available circuit simulators in-
volve numerical approximations of the derivatives at
the device level mainly because it is not practical to
implement all the required derivative functions at the
nonlinear device models. The two remaining alterna-
tives to calculate the device model derivatives are to use

symbolic derivatives generated by tools such as Maple
and Mathematica or to use automatic differentiation
(AD). AD is clearly the best alternative since the func-
tion to be differentiated must be implemented as a pro-
gramme code, often with many intermediate variables
and subroutine calls [2, 8]. The main idea behind AD
is that instead of differentiating formulae, the actual
source code that calculates the functions is differenti-
ated. References [2, 3, 8] provide illustrative examples
on how the chain rule is used to propagate derivatives.

In [2,3,6,7] AD was used to compute derivatives used
to solve the nonlinear equations in a circuit simulation.
References [6, 7] describe general circuit simulators. In
[6] it is mentioned that AD can also be used for sen-
sitivity calculation, but design details and calculation
results for sensitivities are not presented. References [2]
and [3] describe tools for the analysis of power systems.
In [2] AD is also used for sensitivity calculation.

Several AD tools have been developed in that last
10 years (see http://www.autodiff.org). Some of these
tools create a very efficient code to calculate derivatives
but they are not freely available or require human in-
tervention. In this work we will concentrate on C++
AD tools that operate at compile [9] or run time [8].
The implementation of AD with this type of library
frequently results in some overhead compared with the
original code because additional steps are required [8,9].
In this paper we present a design approach that avoids
this overhead and allows the computation of the exact
sensitivities without increasing the complexity of non-
linear model implementation. This is achieved by the
use of C++ expression templates.

The simulator programme described in this paper
(named Carrot) is under active development and is
available by contacting the author. Currently DC, DC
sensitivities and transient analysis are supported. In
the following sections we describe how sensitivities are
calculated. Then the details of the implementation are
given. This is followed by an example were sensitivi-
ties obtained with Carrot are compared with numerical
sensitivities obtained using the well-known Spice simu-
lator.

II. CIRCUIT EQUATION

In the following derivation we adopt the current
source approach described in [10]. Individual circuit
components are represented internally as a combina-
tion of voltage-controlled current sources (VCCS) and
independent current sources (ICS). This approach al-
lows the description of any circuit without any loss of



generality. Let the circuit be represented by its nodal
equations:

Gu(t) + C
du(t)

dt
+

dQ(u(t))

dt
+ I(u(t)) = S(t), (1)

here u(t) is the vector of nodal voltages, G is a matrix
of conductances, C is the matrix representing the linear
charge terms, Q(u(t)) and I(u(t)) are nonlinear vector
functions corresponding to the nonlinear devices and
S(t) is a vector that represents the sources.

In this paper we consider the DC sensitivity calcula-
tion. Thus, Eq. (1) is simplified to

Gu + I(u) = S. (2)

Eq. (2) is solved using Newton’s method. The Jj matrix
represents the Jacobian matrix of I(uj), where j is the
iteration number. The value of uj+1 is obtained by
solving the following linear system:

[G + Jj ]uj+1 = S − I(uj) + Jjuj . (3)

Given some initial guess (u0), Eq. (3) is iterated un-
til convergence is achieved. Note that after the last
iteration the decomposed [G + Jj ] matrix is available.

As mentioned before any circuit device can be de-
composed into a set of VCCSs and ICSs. The ICSs
contribute to the S vector in Eq. (3). It is convenient
to divide the VCCSs into two categories: linear and
nonlinear. The linear VCCSs contribute to the G ma-
trix in Eq. (3) and the nonlinear VCCSs contribute to
the Jj matrix and the I(uj) vector. The contributions
of the nonlinear VCCSs must be recalculated at each
Newton iteration.

III. CIRCUIT SENSITIVITIES

In the following derivation we assume that the pa-
rameter of interest (Φ) in the circuit can be obtained
as a linear combination of the elements in the u vector,
i.e.,

Φ = dT u,

were d is a column vector. The adjoint method [5]
allows the efficient calculation of the sensitivities of Φ
with respect to a parameter h. First, the vector of
adjoint voltages is calculated by solving the following
linear system:

[G + J ]
T

ua = d.

Note that that, as mentioned before, the [G + J ]T ma-
trix does not need to be decomposed since we have its
transposed matrix already decomposed from the solu-
tion of Eq. (2). The sensitivity (∂Φ/∂h) is now calcu-
lated:

∂Φ

∂h
= uT

a

[

∂S

∂h
−

∂G

∂h
u −

∂I

∂h

]

. (4)

As expected, the calculation of the sensitivity with
respect to a parameter h requires the derivatives of all
the sources, conductances and nonlinear currents in the
circuit with respect to h. The derivatives in Eq. (4) are
normally approximated using numerical differences.
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Fig. 1. UML Class Diagram Showing the Dependencies seen by
the OP Class
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Fig. 2. UML Collaboration Diagram Showing the use of the
LinearVCCS Class

IV. IMPLEMENTATION

Nonlinear and linear VCCSs, and ICSs are repre-
sented in the simulator by the GenericVCCS, Lin-

earVCCS and IndependentCS classes, respectively.
These classes provide the necessary methods (i.e., in-
terface) to build the respective parts of Eqs. (3) and
(4). OP (operating point) is a class that implements
the DC analysis using the Newton method as discussed
before. The UML class diagram [13] in Fig. 1 depicts
the dependences between these classes. By use of poly-
morphism [7] the OP class is independent of any partic-
ular device model. Note that inline functions are used
where possible for efficiency. Virtual functions are nec-
essary in functions that are different for each device
model. The [G + Jj ] matrix is stored by the UMF-

PackDI class. This class encapsulates function calls
to the UMFPack library [14].

In the collaboration diagram in Fig. 2 it is shown
how the LinearVCCS is used by the OP to fill the
[G + Jj ] matrix. To simplify the diagram only some of
the messages sent to LinearVCCS are shown.

We now focus on the evaluation of derivatives. Many
of the virtual methods of the classes in Fig. 1 require
the evaluation of derivatives. These derivatives are ob-
tained by means of AD tools. There are several AD
tools available for the C++ language. The tools can be
divided in three categories, with the first two being the
most common:
1. Using source transformation: this type of tool gen-



erates the source code of the derivative function from
the source code of the function.
2. Using operator overloading: in this type of tools the
operators used for mathematical operations are over-
loaded to store the calculations required to evaluate a
function (in addition to their usual behaviour). The
derivatives are obtained by calling a special function
that uses the stored operations to evaluate the deriva-
tives. The overloading and derivative calculations can
be made at compilation time using C++ templates [9]
or at run time [8].
3. Other methods.

Source transformation tools potentially produce the
most efficient code. They have the advantage that the
automatically-generated derivative source code can be
analysed and fine-tuned for performance. Operator
overloading tools on the other hand offer the conve-
nience that only the function source file needs to be
maintained. They usually require the source code de-
scribing the function to use some special variable type
instead of “double”. For example, the Adol-C library
[8] has a type called “adouble” and the FADBAD++
library [9] defines a special “F<>” template type. Op-
erator overloading introduces an overhead in the eval-
uation of the function. The overhead becomes more
important as the number of independent variables is
increased. The design described in this paper attempts
to minimise the overhead caused by the use of operator
overloading. In particular, the FADBAD++ library is
used, but it would be very simple to replace this by any
other AD tool based on operator overloading.

Consider nonlinear VCCS contributions. We need
the derivatives of the currents with respect to the con-
trolling voltages (Jj) for Newton iterations in Eq. (3)
but we also need the derivatives of the currents with
respect to the device parameters ( ∂I

∂h
) in Eq. (4). To

avoid unnecessary overhead due to operator overload-
ing, it would be convenient to have two versions of the
source code that calculates the current in a nonlinear
VCCS. The first version treats the controlling voltages
as the input variables (subject to operator overloading
overhead) and the device parameters as constants. This
version of the code is then used to calculate the con-
tribution to Jj . The second version is complementary
to the first and is used to calculate the contributions
to ∂I

∂h
. A third version of the function code using regu-

lar doubles in all variables would also be useful in the
case that no derivative information is required. The
main idea in this paper is to implement the function
code using a template class in C++ and instantiate
the template to produce the three different versions of
the function code. In the following paragraphs we anal-
yse the implementation of each type of current source
individually.

A. NONLINEAR VCCS

To illustrate the implementation of a nonlinear
VCCSs, consider the DC model for a bipolar transistor
shown in Fig. 3. The model is composed of 8 VCCSs.
Four of them are linear: the collector and emitter re-
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Fig. 3. DC Bipolar Transistor Model
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Fig. 4. UML Diagram for the BJTBE Class

sistors and the two VCCSs that form the gyrator [10].
Each of the nonlinear VCCSs is implemented by a class
derived from GenericVCCS. A UML class diagram in
Fig. 4 shows the implementation of the BJTBE class.
This class models the diode connection between the in-
ternal base and emitter terminals in Fig. 3. The eval()
method in GenericVCCS is a function that returns
the output current of the VCCS given the values of the
controlling voltages. The eval and deriv() method in
addition to the output current calculates the deriva-
tives of the output current with respect to the con-
trolling voltages. The paramDeriv() method calculates
the derivatives of the output current with respect to
all the device parameters. There are other methods
provided by this class but they are not essential for
this discussion. As shown in Fig. 4, BJTBE is a class



derived from GenericVCCS and implements the dis-
cussed methods using the equations of the base-emitter
diode. It is not necessary to manually code BJTBE

because this class is actually a template instantiation
of FADBADGenericVCS. As shown in the diagram,
one of the arguments of this template class is the base
class from which the VCCS is derived (GenericVCCS

in this example) and another argument (EV) is a class
that contains the actual device equations in template
form. The rest of the template parameters are regular
variables to indicate the number of controlling voltages,
for example.

It is important to remark that the only dependence
with the FADBAD++ library is inside the FADBAD-

GenericVCS class. If this class were re-written for an-
other AD library (based on operator overloading), any
existing device models would continue to work.

The equations of the base-emitter diode are con-
tained in the class named BJTBE eval in the dia-
gram. The () operator is overloaded to calculate the
output current. There are two additional methods.
The first one (setTemp()) is used to recalculate in-
ternal model variables if the temperature parameter
is changed. The second (newParms()) is used to re-
calculate internal model variables when any other pa-
rameter different from temperature is changed. This
is to avoid redundant calculations. The reason for spe-
cial treatment to the temperature parameter is to allow
electrothermal simulations where the temperature of a
device is changing according to the power dissipated by
the circuit and its environment. In an electrothermal
simulation, the temperature of the device is treated as
another controlling voltage [15].

The main work of a person that develops a new de-
vice model for the simulation programme is to imple-
ment the classes that contain the equations such as
BJTBE eval. The source code of BJTBE eval is
provided in Fig. 5. The controlling voltages, transistor
parameters and internal variables are passed as arrays.
Each individual transistor parameter is assigned a po-
sition in the dparm array with a corresponding enum
name such as EG. This greatly simplifies parameter
handling in the other classes in Fig. 4. Each of the
template functions is instantiated with different argu-
ment types to implement the methods of the BJTBE

class. In addition to the BJTBE class (one controlling
voltage), the TBJTBE class is defined with 2 con-
trolling voltages: the internal base-emitter voltage and
the device thermal port voltage. The two classes are
defined by instantiating the FADBADGenericVCS

template class with different arguments. It is important
to remark that template instantiations are performed
at compilation time so there is no computational per-
formance loss at run time.

The implementation of nonlinear VCCSs presented
here results in a very compact code with a reasonable
run-time performance and full derivative capabilities
not available in any other circuit simulator programme.
Another advantage of this approach is that the model
equations can be tested and debugged by instantiating

// Implements the BE junction currents of a NPN BJT
#ifndef BJTBE_H
#define BJTBE_H 1
class BJTBE_eval {
public:

// This are locally-defined variables
enum {T_ISoBF, T_ISE, VT, MAX_TVAR_INDEX};
enum {dummy, MAX_CVAR_INDEX};

BJTBE_eval(int *iparm) {} // iparm not needed here

// Main evaluation function. Only voltage
// dependence considered here.
template <typename currDouble, typename voltDouble,

typename paramDouble,
typename varDouble, typename cvarDouble>

inline void operator()(currDouble& ibe, voltDouble* v,
paramDouble* dparm,
varDouble* tvar, cvarDouble* cvar)

{
// Limit the maximum value of the exponential function
// (consider a special exp() function).
ibe = dparm[AREA]

* ( tvar[T_ISoBF] * (safe_exp(v[0]
/ dparm[NF] / tvar[VT]) - 1.)
+ tvar[T_ISE] * (safe_exp(v[0]
/ dparm[NE] / tvar[VT]) - 1.)) ;

}
// Adjust variables to a new temperature.
template <typename tvarDouble, typename varDouble,

typename tempDouble>
inline void setTemp(tvarDouble* tvar,

varDouble* dparm, varDouble* cvar,
tempDouble& T)

{
// Parameter calculation
tvarDouble tn = T / dparm[TNOM];
tvar[VT] = kBoltzman * T / eCharge;
tvar[T_ISoBF] = dparm[IS] * exp((tn-1.)

* dparm[EG] / tvar[VT])
* pow(tn, dparm[XTI] - dparm[XTB]) / dparm[BF];

tvar[T_ISE] = dparm[ISE] * exp((tn-1.) * dparm[EG]
/ dparm[NE] / tvar[VT])
* pow(tn, dparm[XTI] / dparm[NE] - dparm[XTB]);

}
// For efficiency, we may want to pre-calculate
// some expressions that do not change with voltage or
// temperature. Adjust variables to a new parameter set.
template <typename varDouble>
inline void newParms(varDouble* cvar, varDouble* dparm)
{

// Do nothing.
}

};

// No thermal port
typedef FADBADGenericVCS<BJTBE_eval, GenericVCCS, 1,

MAX_DPARM_INDEX, TEMP, false> BJTBE;
// With thermal port
typedef FADBADGenericVCS<BJTBE_eval, GenericVCCS, 2,

MAX_DPARM_INDEX, true> TBJTBE;

#endif

Fig. 5. Complete Source Code of the BJTBE Class

the template function with double type variables. This
is much easier than debugging a function with special
AD variable types.

B. LINEAR VCCS

Linear VCCSs are implemented in a similar way as
illustrated in Fig. 6 for the RType class which is used
to represent a regular resistor. The main difference
with nonlinear VCCSs is that for regular DC anal-
ysis no derivatives are necessary and derivatives are
only needed for sensitivity analysis (the contributions
to ∂G

∂h
). The RI eval class only is required to imple-

ment one function (the () operator) to calculate the
conductance of the VCCS given the parameter values.
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Fig. 6. UML Diagram for the RType Class
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The getGain() function in LinearVCCS is declared
inline for optimal performance.

C. ICS

The InternalDCCS is a class used to represent a
ICS that is part of an ideal voltage supply model. The
UML diagram of the class is shown in Fig. 7. A similar
design technique as in the previous cases is used.

V. CASE STUDY AND DISCUSSION

Fig. 8 shows the schematic diagram of a self-biasing
current source [16]. This circuit produces an load cur-
rent (IL) that is almost independent of the supply volt-
age. The sensitivity of the load current with respect to
a parameter (h) in the circuit can be calculated from

R
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Q5

Q6 Q7
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Q9 Q10
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Fig. 8. Current Source Schematic

TABLE I: Comparison of Results

Carrot Spice (increment)
IL (µA) 135.18 135.18 -
∂IL/∂VCC (µA/V) 6.902 6.900 (1 mV)
∂IL/∂T (µA/K) -0.320 -0.320 (0.1 K)
∂IL/∂BF (nA) 2.041 2.000 (0.1)
∂IL/∂RB (nA/Ω) 0.6736 0.6800 (5 Ω)

the nodal voltages as follows,

∂IL

∂h
=

1

RL

∂VCC

∂h
−

1

RL

∂VC10

∂h
,

where VC10 is the collector voltage of Q10 and RL is
assumed to be constant. Table I shows the values of
IL and the sensitivities with respect to the supply volt-
age and other circuit parameters evaluated using the
proposed simulator programme and Spice. The cor-
responding Spice netlist with all circuit parameters is
given in Fig. 9. It can be observed that the sensitivity
with respect to the supply voltage is small as expected.
The sensitivity with respect to temperature was in-
cluded in the results because its exact value is very cum-
bersome to obtain analytically if the derivatives for each
model are coded manually. Also included are sensitivi-
ties with respect to some NPN bipolar transistor model
parameters. The sensitivities in Spice were numerically
calculated using the “.op” analysis. The choice of the
increment for numerical derivatives is critical to obtain
an accurate derivative with respect to some parameters
such as the base resistance (RB). An increment value
of 10 Ω is too large, while an increment value of 1 Ω
would cause too much rounding error. These problems
can be somewhat alleviated by combining the adjoint
method with numerical derivatives, as implemented in
most circuit simulators. These problems are completely
eliminated with the use of AD.

VI. CONCLUSIONS

Software design aspects of a general circuit simulator
that is capable of calculating exact sensitivities using
AD have been presented for the first time. The im-
plementation and maintainance of new circuit device



*** Self-Biased Current Source ***
.options temp=26.85
vcc 1 0 6.0V
* Start-up branch
rs 1 2 7k res1
q8 2 2 3 mynpn
q9 3 3 4 mynpn
q10 4 4 5 mynpn
q11 5 5 0 mynpn
q7 2 2 7 mynpn
* PNP current mirror
q1 7 6 1 mypnp
q2 6 6 1 mypnp
* NPN current source
rx 7 8 7k res1
q4 6 8 9 mynpn
q5 8 9 0 mynpn
q6 11 9 0 mynpn
r1 9 0 7k res1
rl1 1 11 1k
.model res1 r (tc1=1.5e-3 tnom=26.85)
.model mynpn npn (bf=200 rb=100 re=1 rc=1
+ vaf=80 ikf=3e-3 ise=1e-15 ne=1.5
+ rbm=50 tnom=26.85)
.model mypnp pnp (bf=50 rb=200 re=1 rc=10
+ vaf=50 ikf=.5e-3 ise=1e-15 ne=1.5
+ rbm=100 tnom=26.85)
.op
.end

Fig. 9. Spice Netlist of the Current Source

models is greatly simplified with the use of AD tech-
niques. In the case of nonlinear VCCSs C++ templates
are used to automatically create three versions of the
device equations: the first is optimised to calculate the
output current, the second is optimised for the calcu-
lation of the output current and derivatives respect to
input voltages; and the third is optimised for the cal-
culation of the derivatives of the current with respect
to the device parameters.

The design is not strongly dependent on a particular
AD tool. It is possible to use different AD libraries with
minor changes to the source code. This will be useful
as improved AD tools will be available in the future.
The programme was demonstrated with the calcula-
tion of the sensitivity of a self-biasing current source
with respect to the supply voltage, circuit temperature
and some bipolar transistor model parameters. The de-
sign approach presented here could be easily extended
to the calculation of higher-order sensitivities since the
AD technique allows the evaluation of derivatives of
any order. Future work will address the application of
this approach to the calculation of sensitivities in other
types of circuit analyses such as transient or harmonic
balance.
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ABSTRACT 

In the philosophical literature, it is implicitly assumed 
that the advantages of reduction of are based on the 
elimination of a higher-level theory. Antireductionist 
philosophers cast doubt on the existence of reduction 
relations between higher-level and lower-level theories. 
This is a debatable strategy in view of the scientific 
progress made in areas such as Biochemistry and 
Neuroscience. An alternative strategy accepts the 
existence of reduction relations, but claims that this can 
support an antireductionist view on development and 
use of higher-level theories. To support this position, as 
a case study, the historical development of modelling 
languages at different levels of abstraction is 
considered. It shows how a practitioner can concentrate 
work at a higher-level of abstraction, while hidden for 
the human, within a computer automated translations to 
lower levels are made based on reduction relations. The 
higher modelling levels dramatically increased the 
complexity of applications that came within reach.  

 

1  INTRODUCTION 

Within philosophical literature, and especially in 
literature in the area of Cognitive Science and 
Philosophy of Mind the issue of reduction is a point of 
interest; e.g., Kim (1996, 1998, 2005), Bickle (1998, 
2003). Within the recent literature one of the main 
perspectives advocated is physicalism: the idea that all 
processes (among which mental and biological 
processes), in one way or the other have a physical 
basis. Within Biology the strong development of 
Biochemistry supports this perspective. For Cognitive 
Science, the strong development of Neuroscience and its 
underlying Biochemistry plays a similar role.  
 
In the philosophical literature on reduction of scientific 
theories, the advantages for scientific practice of having 
a reduction relation between two theories are not always 

addressed explicitly. In such cases it is implicitly 
assumed that these advantages are based on the 
elimination of the higher-level theory. For example, 
Kim (1996, p. 214-216) emphasizes ontological 
simplification and having to deal with fewer 
assumptions about the world as advantages of reduction. 
Since in his perspective the lower-level theory is 
retained, ontological simplification entails giving up 
(eliminating) the ontology of the higher-level theory. 
Such a eliminative reductionist perspective provokes 
resistance from those researchers and philosophers who 
defend an autonomous status for higher-level theories in 
the special sciences such as Biology and Cognitive 
Science. Historically, a main strategy to attack the 
eliminative tendency in the literature on reduction has 
been to cast doubt on the existence of reduction 
relations between higher-level and lower-level theories; 
e.g., Davidson (1993). The idea is that when such 
relations do not exist, elimination of the higher-level 
theory is impossible; thus it is protected. From our point 
of view this is a debatable strategy. It can be questioned 
whether it is desirable to protect scientific theories that 
have no connection to other, more down-to-earth 
theories. Moreover, scientific progress made in areas 
such as Biochemistry and Neuroscience makes it harder 
and harder to persist on the view that reduction relations 
do not exist.  
 
The alternative strategy put forward in this paper 
accepts the existence of reduction relations, but claims 
that this can perfectly well go hand in hand with an 
antireductionist view on the development of higher-
level theories. To clarify the different possible positions 
more explicitly, in this paper we distinguish between: 
• reduction in a structural sense:  as a reduction 

relation, already established or being established, 
between two theories and their ontologies and laws, 
and 

• the pragmatics related to reduction: the use of an 
existing or to be achieved reduction relation in 
scientific practice.  

Our position is that an actual or envisioned structural 
reduction is compatible with the use and (further) 
development of the higher-level theory.  



To support our position, as a case study, we consider the 
historical development within Computer Science and 
Artificial Intelligence of representation and 
programming languages. Briefly, the historical pattern is 
as follows; cf. Tanenbaum (1976), Knuth (1981), Booch 
(1991), Russell and Norvig, (2003), Brachman and 
Levesque (2004), Sowa (2004). In the early days of 
Computer Science, languages were used that describe, 
for example, the world by specifying step by step the 
(physical) transitions. For simple processes this may 
suffice. However, with a broadening of the scope of 
applications, these step-by-step descriptions became 
more and more complex and lacked transparency; 
therefore higher-level languages that abstract from 
many of the details of the world became indispensable. 
Elements were introduced in the higher-level languages 
by which a specification can be structured in terms of 
increasingly abstract functional units that cover larger 
parts of the processes (for example, procedures, 
modules, objects, components, agents, organisations). 
The result is an increase in the degree of complexity of 
the phenomena for which transparent specifications are 
feasible.  
 
Each specification in a higher-level language can be 
translated into lower-level specifications, and ultimately 
into physical processes that are simulated within a 
computer. Translation is automated in a generic manner 
and hidden from the users of the higher-level languages. 
In order to perform simulations in the computer, higher-
level specifications are automatically replaced to lower-
level ones. The benefit for modellers is that by working 
at the more abstract level of the higher-level language, 
they can keep complexity within the scope of human 
capabilities; whereas with the lower-level specifications, 
the task would become too complex. Thus, the area of 
Computer Science and Artificial Intelligence shows on 
the one hand an anti-reductionist pragmatics exploited 
by a human practitioner, but on the other hand is based 
on explicitly defined reduction relations exploited by 
the computer, but hidden for the human practitioner. 
 
The paper is structured as follows.  First, Section 2 
presents a brief overview of the development of 
different levels of language within Computer Science 
and Artificial Intelligence. Next, in Section 3 some of 
the concepts and issues from the literature on reduction 
are briefly summarized and related to the modelling 
languages case. Section 4 discusses three different 
contributions to the literature on scientific explanation 
and reduction: Jackson and Pettit (1988, 1990), Dennett 
(1987), and Bickle (1998). A common aspect in these 
three different positions is the inherently anti-
reductionist perspective. In comparison, the pragmatics 
of the anti-reductionist perspective on explanation used 
in modelling languages is discussed. The different 
pragmatic uses of a reduction relation are discussed and 
compared in Section 5. Section 6 concludes the paper. 

2  MODELLING LANGUAGES AT  
    DIFFERENT LEVELS 

In the earliest modelling languages1 developed in 
Computer Science (machine languages, assembly 
languages) world state descriptions are based on bit 
strings: sequences of binary alternatives for the 
considered world state aspects, usually indicated by 0 
and 1 for example: 10010110  00110101  11101011. For a 
computer these bits can be related to electrical signals 
within the hardware. Depending on which electrical 
circuits are causally affected by these physical bit 
representations, the processor successively modifies 
these physical states into other ones. Machine language 
can be used to describe such state transitions; this type 
of language is taken as the lowest computer language 
(Tanenbaum, 1976). Assembly languages are one step 
to come to a more abstract way of representing states 
and processes. Assembly and Machine Languages both 
are closely tuned to the brand and type of processor that 
is used in a computer, and modelling more complex 
processes in these languages is difficult and time 
consuming.  
 
To overcome this, higher-level modelling languages, the 
so-called structured programming languages have been 
developed in which specifications of algorithms on a 
conceptual level are possible that do not refer to any 
specific computer (hardware) structure. Such languages 
are called third generation languages, after the two 
types of languages discussed above (machine and 
assembly language). A third generation modelling 
language, on the one hand, provides independent 
specifications of states that can be related to states in the 
world (giving the language independent semantics), 
independent of a computer type, at a conceptually 
higher level. On the other hand, well-defined 
relationships between such higher-level state and 
process specifications and state and process 
specifications defined at the level of bits are assumed, 
but these relationships are kept hidden; cf. Knuth 
(1981). At this language level, instead of states based on 
bits as in machine language, the states of a process 
specification (or program) are defined in a more abstract 
mathematical manner by values that are assigned to the 
variables chosen in the specification.  
 
Within a specification in this modelling language (a 
program), assignment steps can be specified, describing 
the change of a state specification by assigning a new 
value to a variable as indicated (replacing the old value). 
Moreover, for example, a for-loop defines in one 
expression a sequence of successive steps, each of 
which involves a further series of steps, which finally 
are related to transitions of the actual states. This is an 
example of a higher-level concept in the language, 

                                                           
1 Notice that for simplicity within this paper the languages (modelling 
languages, programming languages, specification languages, 
representation languages) developed within Computer Science and 
Artificial Intelligence will all be called modelling languages. 



referring to a more complex process as a whole. Such 
concepts entail a more sophisticated and structured 
higher-level relationship over time in the trace of states 
than direct transitions.  
 
Descriptions in a structured language such as the 
language C can be mapped onto specifications in 
assembly or machine language, which can result in quite 
complex specifications in general. Programs called 
compilers translate from a structured language to 
machine language. Such a translation is not unique: 
different compilers can be used, that map the same 
structured language specification onto different lower-
level specifications. 
 
A basis of a next level of modelling languages (the 
fourth generation) is formed by conceptual modelling 
languages, originating from the database area, and 
knowledge modelling languages originating from the 
area of Artificial Intelligence. An example of an early 
modelling language at this level for a specific type of 
application is the query language  SQL. This modelling 
language allows for declarative expression of queries 
for a database, abstracting from the way in which the 
actual check of the query within a given database 
environment is performed. Usually such higher-level 
modelling languages are translated into a lower-level 
program (interpreted or compiled). Other examples of 
such higher level modelling languages can be found in 
the knowledge representation area within Artificial 
Intelligence going back to the 1970s. Examples of types 
of such modelling languages are rule-based, frame-
based and semantic network-based languages, 
description languages, logic programming languages; 
cf. Minsky (1975), Russell and Norvig (2003), 
Brachman and Levesque (2004). These modelling 
languages have had a crucial impact on the development 
of the object-oriented modelling paradigm within 
Software Engineering; cf. Booch (1991). A standard 
recent example of a modelling language at this level is 
UML; cf. .Booch et al., (1999), D’Souza and Wills 
(1998), Fowler et al. (2000). Besides, currently in the 
development of areas such as Knowledge Engineering, 
Agent Systems, and Semantic Web this type of high-
level modelling languages play a central role; cf.  
Guarino (1998), Brachman and Levesque (2004), Sowa 
(2000). Process steps for such modelling languages are 
often described by inference techniques, specified in 
terms of a lower level language. 
 
Within Philosophy two different types of reduction 
relations are distinguished: definitional or empirical, see 
Kim (1996). The concepts and relations representable in 
the higher level modelling languages directly pertain to 
the states and processes in the domain of application at 
hand, thereby allowing for immediate empirical 
validation of the higher level theory provided in the 
higher level language. The reduction relation to the 
lower level language can therefore be seen as empirical 
correlation laws. Empirical validation is of course also 

possible at the lower level modelling language, since the 
concepts of that language can also be mapped to objects 
and processes in the domain of application.  
 
In summary, to increase the scope of applicability, the 
strategy in the scientific area of Computer Science and 
Artificial Intelligence has been to increase the distance 
between the relevant complex physical processes and 
the descriptions of them, by the development of high-
level modelling languages and supporting software 
environments (relating the high level languages to the 
lower-level ones in a hidden manner). These enabled 
practitioners to work at a high level of description 
without the need of technical expertise of the lower-
level languages: these details are hidden from them by 
the software environments used. 
  

3    MULTIPLE REALISATION RELATIONS  
      BETWEEN DIFFERENT LEVELS 

As discussed in Section 2, modelling languages have 
been developed to describe the world at different levels. 
Each of these languages has its own way of referring to 
instances or traces in the world, which allows empirical 
validation of a specification. Moreover, such a 
relationship can be formalised in the semantics of such a 
modelling language. The different language levels have 
an independent and autonomous status; they do not 
depend on each other. Yet, relationships between 
specifications at the different levels exist. When relating 
a higher-level specification to a lower-level 
specification, different choices can be made: every 
higher-level specification is multiply realizable in lower 
levels. Both in Computer Science and Artificial 
Intelligence, and in Cognitive Science multiple 
realisation occurs. An example in the latter case is the 
cognitive state of being prepared for a certain action, 
which can be physically realised in different manners 
for different organisms.  
 
An example from Computer Science: when a high level 
specification of a sorting process, is translated, this 
translation could take the form of any of the known 
sorting algorithms, many of which would be represented 
by a completely different execution pattern by the 
hardware, but the final result, when translated back, is 
the same. If a choice for a particular implementation 
environment is made, specifications in higher-level 
modelling languages can be translated into lower-level 
ones in an automated manner. For example by using a 
compiler, the lower-level code can be automatically 
obtained, thus choosing one of the possible realisation 
relations. To analyse the case study in more detail a 
number of concepts from philosophy are briefly 
introduced. 

3.1  The Classical Perspective 
Nagel’s classical definition (1961) of reduction of a 
theory T2 (the higher-level theory) to a theory T1 (the 
base theory or reducing theory) is as follows: 



a)  A bridge principle is a definitional or empirical 
principle connecting an expression of T2 to an 
expression of T1. A bridge principle is biconditional if it 
has the form a ↔ b where a is an expression of T2 and b 
an expression of T1. 
b)  A theory T2 is Nagel-reducible to T1 if and only if all 
laws of T2 are logically derivable from the laws of T1 
augmented with appropriate bridge principles 
connecting the expressions of T2 to expressions of T1.��
 
The key concept here is the existence of a reduction 
relation in the form of bridge principles. In practice, 
these bridge principles have to be biconditional to 
permit the possibility of deriving T2-laws from T1 laws, 
thereby satisfying b). In the case of mental-physical 
reduction relations the base property b in a biconditional 
bridge principle a ↔ b is also called a realizer of a. 
 
How are these concepts related to modelling languages? 
Suppose two specifications are given, a higher-level 
specification and a lower-level specification. For the 
higher-level theory, T2, the higher-level specification is 
taken; for the base theory T1 the lower-level 
specification. Bridge principles relate expressions that 
are part of the higher-level specification to expressions 
in the lower-level specification, and do so in a 
semantics-preserving manner, i.e., the properties in the 
world to which the two expressions refer are the same. 
At first sight it may seem that such principles indeed 
exist. They are well-defined in a mathematically precise 
manner and even automated in compilers that translate 
any specification in terms of the higher-level language 
into a specification in terms of the lower-level language. 
However, one higher-level specification can be 
translated into many lower-level specifications: each 
specification in one of the language levels is multiply 
realizable in the lower levels. This situation is quite 
similar to the situation in Cognitive Science, where it 
has also been argued that multiple realizability occurs. 
For example, suppose a mental state property Q in one 
organism is related to physical state property P1, and in 
another to P2, which is not equal or equivalent to P1. An 
argument against the existence of a reduction relation 
then is as follows. Suppose P1 is a realizer of Q, then P1 
↔ Q. If also P2 would be a realizer, then P1 ↔ Q ↔ P2  
would show that P1 and P2 are equivalent, a 
contradiction.  
 
Kim (1996, Ch. 9) outlines two alternative approaches 
for coping with multiple realizability in Cognitive 
Science: reduction using bridge principles based on 
disjunctions of the lower-level properties specified in 
the different realisations, or local reduction, based on 
multiple sets of context-specific bridge principles. The 
first option posits bridge principles of the form M  ↔  
Pd   where Pd is a disjunction P1 ∨ P2 ∨ ... , with P1, P2, ... 
the different candidate realizers (indicated by 
expressions in T1-ontology) of higher-level property M 
(in T2-ontology). The problem is that there may be an 
indeterminate (possibly infinite) number of such 

candidate realizers. One cannot, using the vocabulary of 
the lower level, specify the set of candidate realizers.  A 
similar problem arises with respect to modelling 
languages, since there is an endless variation of lower-
level programs that essentially do the same, viewed 
from a higher-level perspective. Within the lower level 
language this cannot be expressed in an adequate 
manner. So, the approach based on disjunctions of 
lower-level properties has serious problems. The other 
alternative, the perspective of local or context-specific 
reduction is considered a more promising approach. 

3.2  Local or Context-Specific Reduction 
In context-specific reduction (Kim, 1996, pp. 233-236) 
the aim is not to find one set of bridge principles, but 
multiple sets of context-specific bridge principles. In 
this case at each instance of time, each higher-level 
description can be related to a lower-level description 
based on an appropriately chosen context-specific set of 
bridge principles. The contexts are chosen in such a 
manner that all situations in which a specific type of 
realisation occurs are grouped together, and are jointly 
described by one set of bridge principles. In Cognitive 
Science such a grouping could be based on species, i.e., 
groups of organisms with (more or less) the same 
architecture, although objections may be put forward 
against this granularity of grouping; it might well be the 
case that certain mental properties have different 
realisations over organisms of the same species, or even 
different realisations within one organism over time. 
 
In the context of an organism or system with structure 
or architecture description S, biconditional bridge 
principles can be stated in a conditional manner as 
follows; cf. Kim (1996), p. 233:  S  → (M ↔ P).  This 
means that for all systems with structure S the bridge 
principle M ↔ P applies. For systems with another 
structure, other bridge principles apply. This also 
generates a disjunctive form, but logically different 
from the one above; namely instead of a set of 
disjunctive bridge principles (as discussed in Section 
3.1) this time in the form of  a disjunction of sets 
(labelled by contexts) of non-disjunctive bridge 
principles: 
 
 

(case of S1) 
[ M ↔ P1  
  N ↔ Q1 
  …. ] 

(case of S2) 
[ M ↔ P2  
  N ↔ Q2  
  …. ] 

(case of S3)  
[ M ↔ P3  
  N ↔ Q3  
  …. ] 

….. 
[… 
 
      ] 

 
For the case of modelling languages, an implementation 
environment (including a compiler) of the modeller’s 
choice can play the role of this architecture S, and its 
context-specific set of bridge principles. A different 
choice of implementation environment will come up 
with a different set of bridge principles and, hence, with 
a different lower-level specification for the same higher-
level specification. To be more precise, in the case of 
modelling languages the role of S above is played by the 
specification of the compiler that is used to relate high 
level specifications to low level specifications; such a 



compiler is the core of an implementation environment. 
Indeed, committing oneself to one specific compiler can 
be described as the situation where only one set of 
bridge principles is used. The situation for modelling 
languages is, in a structural sense, similar to the 
situation that one psychological theory of pain T2 can be 
related to different realisations in the form of 
physiological theories T1 in different species (or even 
within different animals within one species), as put 
forward by Kim (1996), Ch. 9, pp. 233-236. A choice 
for a particular implementation environment for a 
specification in a higher-level modelling language can 
be compared to the choice of a particular species for a 
higher-level cognitive theory. 

4   HIGHER-LEVEL EXPLANATIONS 

This section discusses why explanations at different 
levels are considered useful in practice, from the angle 
of the pragmatics of explanation. First the perspective 
developed by Jackson and Pettit (1988, 1990) is 
discussed: their ‘program explanation’  as opposed to 
causal explanation. They argue that a program 
explanation is more useful because it has a wider scope 
of applicability (in possible worlds) than a causal 
explanation at the physical level (in the actual world). 
Subsequently, Dennett (1987)’s view on the use of 
intentional stance versus physical stance explanations is 
addressed. Dennett emphasizes that intentional stance 
explanations are tractable in cases where physical stance 
explanations are not. Next, Bickle (1998)’s perspective 
on folkpsychological explanations versus neuro-
biological explanations is discussed. He emphasizes the 
value it can have to keep and improve the higher-level 
theory as a basis for explanation, in addition to a 
neurobiological theory. In Section 5, the use of 
explanations in modelling languages  is discussed and 
compared. 
 
Jackson and Pettit (1988, 1990) develop a notion of 
higher-level explanation, meant to be suitable for 
special sciences such as Biology, Cognitive Science and 
Social Sciences: program explanation. According to 
this type of explanation, ‘G occurred because F 
occurred’  for higher-level properties F and G, can be an 
adequate explanation in the following way: F ensures 
(‘programs for’ ) some lower-level property P, which 
causes G. Or: F ensures (‘programs for’ ) some lower-
level property P, which causes a lower-level property Q 
for which G is a higher-level description. For example, 
‘Why was the vase breaking?’  can be explained by: 
‘Because it was fragile’ . Here the higher-level property 
of being fragile ensures the lower-level property of 
having a specific molecular structure, and similarly for 
the broken state of the vase. They discuss the value of 
such a higher-level explanation, using the example of 
adiation from the decay of atoms, as follows: 
 

‘According to (Lewis, 1988), to explain something is to provide 
information on its causal history . . . A program explanation 
provides a different sort of information . . . A program account 
tells us what the history might have been. It gives modal 

information about the history, telling us for example that in any 
relevantly similar situation, as in the original situation itself, the 
fact that some atoms are decaying means that there will be a 
property realized - that involving the decay of such and such 
particular atoms - which is sufficient in the circumstances to 
produce radiation. In the actual world it was this, that and the 
other atom which decayed and led to radiation, but in possible 
worlds where their place is taken by other atoms, the radiation 
still occurs. ’  (Jackson and Pettit, 1990), p. 117. 

 

Jackson and Pettit emphasize that such a form of higher-
level explanation, based on some theory T2 has 
advantages over causal explanation, based on a basic 
theory T1, in the sense that other information is 
provided, which implies increased genericity: it not 
only applies to the actual world, but also to other 
possible worlds.  
 
As opposed to explanations from a direct physical 
perspective (the physical stance), Dennett, (1987, 1991) 
advocates use of the intentional stance; cf. Dennett 
(1987), pp. 37-39; Dennett (1991), pp. 37-42. He uses 
different description levels in a computer system 
(actually of a chess computer), as a metaphor to explain 
the advantage of intentional stance explanations for 
mental phenomena over physical stance explanations. 
  

‘Predicting that someone will duck if you throw a brick at him is 
easy from the folk-psychological stance; it is and will always be 
intractable if you have to trace the protons from brick to eyeball, 
the neurotransmitters from optic nerve to motor nerve, and so 
forth. ’  (Dennett, 1991), p. 42 

 

Dennett puts the emphasis on tractability. To explain 
more complex phenomena in our real world, higher-
level explanations are tractable, whereas lower-level 
explanations are not. 
 
Bickle (1998, pp. 199-211) discusses an approach to 
reduction, called revisionary reduction. Bickle (1998, 
pp. 205-208), illustrates this account for the higher-level 
(e.g., folk psychological) and lower-level (e.g., 
neurobiological) explanation in the context of Hawkin 
and Kandel's (1984a,b) case: 
 

‘Of course, the functional profiles assigned to cognitive states on 
Hawkin and Kandel's neurobiological account are much more 
fine-grained and detailed, for that account recognizes distinctions 
and connections that folk psychology either lumps together or 
leaves extremely vague (…) we can expect that injection of some 
neurobiological details back into folk psychology would fruitfully 
enrich the latter, and thus allow development of a more fine-
grained folk-psychological account that better matches the 
detailed functional profiles that neurobiology assigns to its 
representational states. There is no principled reason against such 
enrichment.’   (Bickle, 1998), p. 207-208 

 

Here Bickle proposes that by relating a folk 
psychological explanation to a neurobiological account, 
a decision can be made to enrich the former by 
introducing some new intermediary states, based on the 
more detailed path provided by the latter. He puts 
forward the possibility to use a reduction relation in 
scientific practice not to eliminate the theory T2 in 
favour of a theory T1, but to extend or improve the 
theory T2 on the basis of theory T1. Therefore, 
abandoning explanation on the basis of T2 and replacing 
such explanation by explanation on the basis of T1 is not 
at issue; on the contrary, the explanatory value of T2 is 



strengthened by the process of co-evolution of T2 and 
T1.

2 
 
For the case of modelling languages, providing an 
explanation is typically observed in the context of the 
search for bugs. A bug is an error in a specification, 
resulting in a deviation from the behaviour that the 
modeller aimed for. A bug will thus display behaviour 
that deviates from the expectations of the modeller. This 
behaviour, however, is still in accordance with the 
specification of the behaviour in the language that the 
modeller used, and all subsequent lower languages that 
it has been translated into. The modeller will want an 
explanation of why the computer system shows this 
unexpected behaviour: he or she needs to know why the 
bug happened, so as to fix all possible occurrences of 
the bug. In principle, several types of explanations are 
possible for a bug. 
 
The lowest level explanation is that the wrong electrical 
currents went through the circuitry. The electrons inside 
the hardware went the wrong way. In order to fix this, 
the modeller would need to change the circuitry. 
However, this would only stop the bug from happening 
on that machine. Using the same not corrected higher-
level specification will result in similar deviating 
behaviour in all other cases that the higher-level 
specification is used. Next, an explanation can be given 
in machine code, for example that a certain machine 
register contained the wrong value. Fixing the machine 
code would fix the particular occurrence of the bug, but 
only for that particular type of processor. The bug could 
still manifest on other types of processors.  
 
The deviating behaviour can also be explained in the 
higher-level language that the modeller used to specify 
the behaviour. There, a certain expression can be 
deemed responsible: execution of the specification 
results in the deviating behaviour, because the 
expression is not adequate. This is the type of 
explanation the modeller wants, since (1) it is much 
easier to understand for the human at this level what is 
wrong, and (2) by correcting this higher-level 
specification, the behaviours for all (automatically 
generated) realizations of the specification are 
corrected.3  
 

                                                           
2 For further development of Bickle’s ideas, see Bickle (2003). 
3 One minor comment can be made here. A modeller assumes that the 
implementation environments used are adequate. In other words, the 
context-specific bridge principles are assumed correct. An observed 
deviation in behaviour is not attributed to this environment and these 
bridge principles, but rather to the higher-level specification. In 
exceptional cases, however, it is possible that a bug is present in the 
compiler software, especially when features are used that were not 
extensively tested or verified earlier. A modeller may consider this 
possibility if a bug is displayed whereas the higher-level specification 
seems adequate. This situation can also occur in the case of scientic 
theories, by the way; then also a need can arise to reconsider the 
reduction relation. For the sake of the argument we exclude this 
situation from our considerations. 

In conclusion, modelling languages at different levels 
can be considered for explaining the behaviour of 
processes in the world or in computer systems. In 
practice, explanations are considered more valuable 
when expressed in terms of a higher level of description. 
Due to the fact that translations into lower level 
languages can be completely automated, the modeller 
need not have any knowledge of the lower levels.  

5  PRAGMATIC STRATEGIES 

If reduction relations between theories have been 
established, still choices can be made on how to exploit 
these relationships in scientific practice.  
(1) One possible choice is to eliminate theory T2 
including its ontology and its laws. For example, 
scientific texts will only include terms of T1, not of T2. 
(2) Another possible choice is to relate theory T2’s 
ontology to expressions of theory T1, without actually 
eliminating theory T2, but still using its ontology and its 
laws, knowing that they are related to certain 
expressions of T1. In this case, two types of scientific 
texts are possible for two types of readers: (a) those 
including terms of both of T1 and T2 and their 
relationships (for specialists), and (b) those only 
including terms of T2, (for less specialised readers), with 
reference to the former texts for specialised readers. The 
availability of a reduction relation can be considered as 
additional knowledge for some that provides a better 
foundation and embedding for T2, thus increasing the 
value of T2. Therefore motivation and justification to 
use T2 has increased.  
 
Kim (1996, pp. 214-216), proposes ontological 
simplification as an advantage in the case where theory 
T2 is eliminated: choice (1) above. Having two theories 
T1 and T2 with their own ontologies indeed means 
having to learn and being aware of more terms than if 
only the terms of T1 are sufficient. In choice (2), 
however, ontological simplification may also take place, 
in the sense that in scientific practice T1’s ontology is 
used less extensively. As discussed, this actually has 
happened in modelling languages, where developers can 
work with a much more restricted high level ontology. 
A second aspect of reduction Kim (1996, pp. 214-216) 
puts forward is that the number of assumptions about 
the world is less. By relating T2-laws to T1-laws, logical 
dependencies are identified. This can be considered a 
substantial advantage, since if some assumptions are 
logically implied by other assumptions, it is good to 
know about these relationships. This advantage arises 
both if T2 is eliminated (choice (1)), and if T2  is not 
eliminated (choice (2)). 
 
A third aspect of reduction of a theory T2 to a theory T1 
as considered by Kim (1996, pp. 214-216) is that 
reduction gives more insight in underlying lower-level 
mechanisms. As an example, the discovery of the 
structure of DNA and of how segments on DNA play a 
causal role in the inheritance of properties, gave an 
extended insight in how things work in the world. The 



biological notion of a gene, which can be defined in a 
functional manner within biology, now could be related 
to a realisation in the form of chemical structures and 
mechanisms. It is a question whether this advantage is 
only an advantage of eliminating a (biological) theory 
(choice (1)), or that the advantage is that as yet 
unknown relationships will be found between two 
theories that both had and will have their independent 
value (choice (2)). It is the question whether advantages 
of reduction are introduced by eliminating one of the 
theories, or by obtaining additional knowledge about 
relationships between two theories which both will 
remain to have their - maybe even increased - value. A 
fourth aspect of reduction is that reduction provides new 
empirical possibilities. Knowing, for example, that a 
specific type of perceptual processing relates to 
activation within a certain brain area makes it possible 
for brain imaging to test theories about perceptual 
processes. This advantage counts if T2 is not eliminated, 
since the empirical possibilities for T2 are increased, not 
for T1. In a case of elimination (choice (1)), this 
advantage does not count, as T1’s empirical possibilities 
remain the same. For choice (2) this may count as a 
substantial advantage.  
 
Another contribution of reduction to scientific practice 
is increased human understanding due to the tractability, 
or transparency of theories. On this criterion, choice (1) 
usually has the disadvantage that more complex 
descriptions are involved in an explanation. As a higher-
level theory often is more transparent and 
understandable than a lower-level one, elimination of T2 
and its basic ontology typically decreases transparency. 
Dennett’s explanation of why you dive when I throw a 
brick (discussed in Section 4) makes this vivid. Choice 
(2) has the advantage that transparency is kept, or even 
increased if a shift of attention to T2 is made, thereby 
leaving behind T1. Jackson and Pettit (1988, 1990), as 

discussed in Section 4, emphasize the issue of 
genericity. A higher-level explanation applies to more 
application contexts than a lower-level explanation. 
This was also emphasized in the context of modelling 
languages in Section 4. If choice (1) is made, this entails 
lower-level explanations with a more limited scope of 
application. For choice (2), also higher-level 
explanations are available. 
 
6  CONCLUSION 

In this paper scientific strategies related to reduction and 
its pragmatics were discussed. This conclusion 
summarises the lessons that can be learned from our 
case study of the development of modelling languages 
within Computer Science and Artificial Intelligence. 
The design of higher-level modelling languages enables 
modellers to describe the world on a high level and thus 
avoid addressing physical details directly. This means 
that more complex applications can be covered. 
Although the pragmatic strategy of a practitioner is anti-
reductionist, well-established context-specific reduction 
relations, automated and hidden in specific 
implementation (software) environments, assure that a 
solid relation with a physical reality is maintained.  
 
This situation has similarities to the perspective of local 
(species-specific) reduction within Cognitive Science, 
as put forward, for example, by Kim (1996). The case 
study is also compared to other positions on explanation 
that emphasize the advantages of taking some distance 
to physical reality, such as Jackson and Pettit (1988, 
1990)’s program explanation, Dennett (1987)’s 
intentional stance explanation and folk-psychological 
explanation in the context of ‘new wave reduction’ as 
put forward by Bickle (1998). Some aspects of the 
discussion on reduction can be clarified by 
distinguishing between (1) the structural aspect: the

 
 
 
 

Table 1   Why eliminate higher-level descriptions: choice (1) Why use higher-level descriptions in addition to lower-
level descriptions: choice (2) 

ontology Ontological simplification: less terms to describe 
phenomena in the world. 

Adding additional ontologies to improve understanding; 
simplification if restricting to higher-level ontologies. 
Knowledge of how higher-level terms relate to lower-
level terms is valuable in addition. 

assumptions Less assumptions on the world. Assumptions about the world made more understandable. 
Relations between assumptions at different levels of 
description. 

insight  More insight in underlying lower-level mechanisms for 
higher-level phenomena. 

More insight from a conceptually higher level perspective. 
By going back and forth between higher-level and lower-
level descriptions, a lower-level theory T1 can have 
impact on the development of the higher-level theory T2  

validity Empirical test possibilities at the lower level. Possibilities for verification and validation at different 
levels: both at the lower the higher level of description. 

transparency Modelling complex systems is (more) difficult Modelling complex systems is less difficult. 

genericity Scope of application limited by the complexity of the 
specification. 

Wider scope of application. 

 

 



availability of reduction relations (possibly local) 
between two scientific theories, and (2) the pragmatic 
aspect: the actual use of these reduction relations by 
researchers in scientific practice. In some part of the 
literature, by leaving this distinction implicit, the 
suggestion is created that the availability of a reduction 
relation in the structural sense, in the pragmatic sense, is 
to be used to eliminate the higher-level theory. Indeed, 
the main arguments put forward aiming at protection of 
the autonomous status of the higher-level theory 
criticizes the existence of systematic reduction relations. 
Such an argument strongly suggests the silent 
assumption that if such systematic reduction relations 
structurally exist, in the sense of pragmatics the higher-
level theory is to be given up. In contrast, the position 
put forward here is that, to protect the higher-level 
theory the availability of a reduction relation is not bad 
at all; it can go hand in hand with an antireductionist 
pragmatic strategy reinforcing the higher-level theory 
by giving more status to and putting more emphasis on 
the higher-level theory instead of less. The case study of 
the development of modelling languages within 
Computer Science and Artificial Intelligence supports 
this claim. 
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Abstract—This paper describes work in progress to initi-
ate the collaborative development of a new software plat-
form for discrete-event simulation studies, the Open Sim-
ulation Architecture (OSA). OSA is primarily intended
to be a federating platform for the simulation commu-
nity: it is designed to favour the integration of new or
existing contributions at every level of its architecture.
The platform core supports discrete-event simulation en-
gine(s) built on top of the ObjectWeb Consortium’s Fractal
component model. In OSA, the systems to be simulated
are modeled and instrumented using Fractal components.
Fractal components offer many advanced and original fea-
tures, such as multi-programming language support and
the ability to share sub-components. In OSA, the event
handling is mostly hidden in the controller part of the
components, which alleviates noticeably the modeling pro-
cess, but also ease the replacement of any part of the sim-
ulation engine. Apart the simulation engine, OSA aims at
integrating useful tools for modeling, developing, exper-
imenting and analysing simulations. For this purpose it
relies on the Eclipse development platform and its ability
to be extended.

I. Introduction

For modeling and simulation of discrete event systems,
the component approach was introduced in the 70’s, with
the DEVS formalism[21]. Indeed, an interesting property
of the DEVS approach is that it allows to model complex
systems by dividing the initial system, recursively and hi-
erarchically, into smaller sub-systems. Since the DEVS
formalism is a powerful way of formally describing com-
plex systems, it has been widely used in discrete-event
simulation softwares. However, DEVS do not address all
the critical issues raised by component approaches. For
example, as noted in preface of [22], the following critical
issues for simulation have not received enough attention
yet: model credibility (validation, verification, . . . ) and
inter-operation (repositories, reuse of components, and
resolution matching).

It is worth stressing that considering these major is-
sues to be specific to the simulation domain would be
too restrictive, because similar or identical issues are also
being addressed in general purpose software[14]. Indeed,
the ability of components to ease the process of sharing
and reusing code parts is clearly an attractive property
for simulation models. However, this is also a common
software issue that is addressed by most general purpose
component models like CORBA[16], COM[19] and Java-
Beans[8].

Consequently, building a new discrete-event simulation
software based on a general purpose component architec-
ture could noticeably help in solving the pending critical

issues in the simulation domain. However, selecting the
most appropriate general purpose component model to
build such a new simulation software becomes a new is-
sue. In this paper, we present our ongoing work on such
a new simulation software, the Open Simulation Archi-
tecture (OSA). OSA relies on one of the latest emerging
component models, the ObjectWeb’s Fractal component
model[5], [6].

The selection of the Fractal component model is no
more than a heuristic answer to the previous selection
issue. Indeed, the main design guideline of OSA is to
pick as much as possible of the recent advances, emerg-
ing technologies, and trends from the general software
engineering solutions and to apply them and study their
benefits in the discrete-event simulation context. Accord-
ing to this policy, the Fractal model exhibits several ap-
pealing innovative features:
• it implements the separation of concerns paradigm[1];
• it allows the sharing of a sub-component between sev-
eral distinct components (the same instance of a compo-
nent may be inserted inside several distinct surrounding
components);
• it offers multi-programming language support: for ex-
ample, components written in the Java language may be
mixed (or replaced) with components written in the C++
or C languages;
• if offers advanced mechanisms to support dynamic
models (creation, destruction, and mutation of compo-
nents), like factories components, template components,
and binding primitives;
• it offers an extensible Architecture Description Lan-
guage (ADL) based on the XML language.

The component model is a key part of OSA, but it is
not enough to build a complete architecture. In addi-
tion to the Fractal component model, OSA adopts the
following other elements and design principles:
• adopt both the Eclipse environment and Eclipse phi-
losophy[7]: provide an extensible environment open to
contributions;
• extend the separation of concern principle to the
whole architecture, identifying distinct user activities and
strongly enforcing a separation between these activities;
• provide a model packaging and versionning system, and
a repository service;
• Support distributed execution and middle-ware inter-
connexion (especially HLA[12]).

Before going further in the details of OSA, let us first
emphasize that most of the previous elements are not yet
implemented or even clearly specified. Indeed, because



OSA is open to contributions, the OSA developments
shall not (and will not) be conducted by a unique devel-
opment team. In order to initiate the collaborative work
process, the author’s development team currently focus
on a few basic elements, such as a simple simulation en-
gine and tools for components edition and assembly.

In section II we first summarize the key features of the
Fractal component model used in the OSA architecture.
Then, through a simple modeling case study, section III
illustrates how the Fractal model helps to enforce the
previous objectives. Eventually, we describe the overall
architecture of OSA in section IV and some of its key
internals in section V.

II. The Fractal Component Model

From a software engineering point of view, a compo-
nent is usually defined as “an independent unit of soft-
ware deployment that satisfies a set of behavior rules and
implements standard component interfaces that allow it
to be composed with other components.”[2]

Fractal is the ObjectWeb Consortium component ref-
erence model[5], [6]. Fractal is neither a software en-
vironment nor a runtime executive. It is a specifica-
tion. In other words, it is a set of rules and features that
a component-based software architecture is supposed to
follow or implement in order to be compliant with this
model. Fractal does not mandate the use of any spe-
cific programming language. On the contrary, it allows
to combine component implementations possibly based
on different programming languages.

The Fractal specification defines several levels and sub-
levels of compliance. These levels allow an implemen-
tation not willing or not able to implement completely
the model to state how much of the specification it com-
plies with. At the lowest level, a component architecture
claiming to be compliant with level 0.0 is just supposed to
implement its components using the object programming
paradigm. At the highest level, a component architec-
ture claiming to be compliant with level 3.3 is supposed
to fully implement all the features of the specification.

Hereafter, we summarize some of these key features
(see [6] for the complete description).

Component external structure. A Fractal component is
an object-oriented unit of code that has external inter-
faces. These interfaces may be of two kinds: either client
or server. The former emits service requests, the latter
receives service requests. Interfaces are named. Their
name must be unique for a given component but names
may be reused for naming interfaces in other components.
A client interface is intended to be bound to a server in-
terface.

Hierarchical structure. Components may have a hierar-
chical structure (fig 1). Hierarchical components are
made of a controller part (also called membrane) and
a content part. The content part is composed of one or
more components. Since a membrane and its content
recursively form a component it may have external inter-
faces. It may also have internal interfaces. As external

interfaces, internal interfaces may be either of type client,
or of type server. Internal interfaces are only available to
components of the content part. A component of the in-
ner part may only bind its external interfaces to external
interfaces of other inner components or to the inner inter-
face of its surrounding controller. Therefore, the model
strictly forbids a component to bind its external inter-
faces to the ones of components outside its membrane or
inside its neighbouring (inner part) components.

controller
content

binding
export import binding

normal binding

Fig. 1. Example of Fractal hierarchical component.

Interface Introspection. Introspection is the ability for an
object to collect useful information about other objects
(possibly including itself). In the Fractal model, compo-
nents have the ability to introspect their interfaces. For
example, a component may retrieve its own list of avail-
able internal and external interfaces.

Functional and controller interfaces. A functional inter-
face is an interface used to offer or obtain services to
or from other components. A controller interface is
a server-only interface. It is offered to a component
to access non-functional services, such as introspection,
(re)configuration, persistence, service policy, life cycle
control (ability to start/stop a component), and so on.

Factories and templates. A factory component is a com-
ponent that has the ability to create other components.
Fractal distinguishes two kinds of factories: generic facto-
ries, that have the ability to create several kinds of com-
ponents, and standard component factories, that only
have the ability to create one kind of component. Tem-
plates components are a special kind of standard factory
components that may be recursively composed of facto-
ries, and serve as a model to create normal components
in a quasi isomorphic manner (isomorphic meaning the
created component has the same hierarchical structure as
its creator template). Since factories are components and
components are created from factories, a special compo-
nent is required to initiate the recursion. This special
component is a generic component factory called “boot-
strap”.

Shared components. The Fractal model allows a compo-
nent to appear in the content of several distinct enclosing
components. Such components are called shared compo-
nents. This property has two noticeable consequences:
(i) a component is possibly placed under the control
of several surrounding controller components and (ii) a



shared component may directly interact with components
located in the inner parts of several distinct components.

III. A simple modeling case study

This case study serves two objectives: (i) provide an
example to illustrate the OSA modeling concepts, and
(ii) demonstrate the usefulness of shared components.

In section III-A we first give a conceptual model of the
system under study. Then, in section III-B, we present
and discuss possible component implementations of this
model with and without shared components.

A. Conceptual model

Figure 2 gives a conceptual view of our example sys-
tem using a very simple form of Data Flow Diagram
(DFD)[20] in which we just show data flow interactions
between system entities.

source sink

transport

source sink

transport

application

node

application

node

Fig. 2. Simple system conceptual model.

The simple system is composed of two identical nodes
that communicate with each other using the message
passing paradigm. Each node of the system is decom-
posed in two sub-systems: the application and the trans-
port. The application sub-system, itself, is decomposed in
two sub-systems: the source and the sink.

The transport sub-system implements a reliable, or-
dered, connectionless, datagram routing and delivery ser-
vice. It supports variable but limited datagram sizes.

The application sub-system contains a source sub-
system that produces and sends new packets, and a sink
sub-system that consumes and discards the packets re-
ceived.

The source sub-system simulates file transfers. It
repetitively executes the following actions:
1. sleep for a random time
2. pick a random file length flen;
3. Call d flen

MAX PKT SIZE e times the transport’s sending
service to send fragments of at most MAX PKT SIZE bytes
(the maximum packet size supported by the transport).

B. Component implementations

In the following, we discuss two particular implemen-
tation policies of our system example: a first one that
does not use shared components and a second one that
does use them.

B.1 Implementation without shared components.

The first implementation that comes to mind without
shared components is the one shown on figure 3. This
diagram reflects the client/server interactions between

components which explains why some arrows have a re-
versed orientation compared to the ones of the data-flow
diagram. For example, in the conceptual model the sink
component receives data while in the client/server inter-
action diagram it initiates the reception service call.

The main quality of this implementation is to be struc-
turally very close to the conceptual model. This good
property is achieved by applying a very simple strategy
in order to reflect interactions that need to cross sub-
systems boundaries: replicate the client and server inter-
faces of the interacting components on the internal and
external sides of any surrounding membrane that need to
be crossed.

source sinksource sink

transport

application

node

transport

application

node

Fig. 3. Component implementation without shared component

In this example, the consequence of the “replicate in-
terfaces” strategy is that a node component have to ex-
pose an external transport interface. Therefore reusing
node components in another system model would require
a minimal understanding of this transport interface which
contradict the separation of concerns principle: nodes
cannot be used as self-contained “black-boxes” that hide
their internal implementation details.

Furthermore, it is worth stressing that the simple
“replicate-interface” strategy has several other negative
effects that contradict the very fundamental philosophy
of component-based design. For example, let’s consider
the evolve-ability good property of the component ap-
proach. The component-based approach is expected to
ease the replacement of a component (when new im-
proved versions of the component are released, for in-
stance). For example, let us consider the following
possible evolution of the node component: a new sub-
component modeling the physical network layer is added
as shown in figure 4. Since interactions between transport
sub-systems have been replaced by interactions between
physical layer components, the component implementa-
tion of the new conceptual model implies modifications
of all the surrounding components.

B.2 Implementation with shared components.

A possible implementation with a shared compoent is
depicted in figure 5. In this new construct, the trans-
port component is built hierarchically and contains two
sub-components: the one named proxy is shared and the
other, named local part is not. Indeed, the transport shall
not be totally shared because the conceptual model im-
plies a distributed architecture of the transport compo-
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Fig. 4. A possible evolution of the simple system

nents (one instance in each node component) and this
distributed architecture may have a significant impact
both on the implementation of the component and on
its control. For example, the transport component may
consume processing time in behalf of one of its surround-
ing component (the node component in this example).
In this construct, the distributed part of the transport
is preserved, by means of the local part sub-component,
and this distributed local part may use the shared proxy
component in order to interact directly with the other
instances without crossing any surrounding membrane.

source sink source sink
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Fig. 5. Implementation with a shared component

As a conclusion about shared components, philosophi-
cally, one may wonder whether using shared components
is wise since it is a way of bypassing and somehow violat-
ing the components boundaries. It is worth stressing that
in the context of simulation modeling, the isolation prop-
erty of components may be considered from two point of
views, which may be somehow confusing. The first point
of view is the software engineering one and the second
the simulation one. In [6], the authors claim that “para-
doxically shared components are useful to preserve com-
ponent encapsulation”. This is a software engineering
point of view and exactly what we demonstrated with
the simple model case study.

Let us now consider the simulation point of view. Sup-
porting the shared component modelling feature is clearly
breaking the tree structure of components. As stated in
the Fractal specification, the component structure with
shared components may be a directed acyclic graph and

bindings (interaction paths) may form cycles. Since in-
teractions are eventually translated into events, shared
components may imply nasty causal effects, that should
be properly handled by the discrete event simulation en-
gine. However, while supporting this feature may add
some complexity, especially for the engine, it also opens
interesting perspectives, both for the engine implemen-
tation and for modelling.

The previous modelling case study gave an example of
a modelling pattern in which the use of shared compo-
nents may prove to be usefull. In section V, several places
in the simulation engine implementation where the use of
shared components may also prove to be usefull are dis-
cussed. Prior to entering into the details of the simulation
engine implementation, an overall description of the OSA
architecture is first given in the following section.

IV. The OSA architecture

Studying a system using discrete-event computer sim-
ulations imply several activities[3], [22], [13]. OSA aims
at supporting a large number of these activities, which
currently include (but are not restricted to) the one de-
picted on figure 6.

Instrumentation

Experimentation

Analysis

Modeling

Simulation

Deployment

Administration

Functionnal Concerns Typical tasks

● Users management
● Concerns extensions, plugins

● Simulation runs scheduling
● Middleware settings

● Simulation engine development
● Simulation engine configuration

● Model component development
● Scenario definition

● Data probe definition
● Data collectors setting

● Scenario parameters setting
● Scenario selection

● Statistical analysis
● Plotting, visulisation, animation

External
tools

Eclipse
IDE

User Interface

Fig. 6. OSA functional architecture.

A typical simulation study life-cycle is made of several
iterations of the three following steps:
1. the simulation preparation, which involves tasks re-
lated to nearly all the functional concerns depicted on
figure 6 except the analysis one;
2. the simulation execution (which belongs to the deploy-
ment functional concern);
3. the simulation run(s) analysis.

Notice that during the early iterations, while the model
of the system is still under development, these three steps
exist in a slightly different form: the simulation prepara-
tion consists in developing new models and building test
scenarios, while the simulation run(s) analysis mainly
consists in checking the validity of the models by com-
paring the effective outputs with the expected ones.

At any iteration of this life-cycle, the OSA architecture
aims at providing a strong support for the two first steps,
by means of an integrated (graphical) user interface and
a simulation engine. Support for the last step, analysis,
may be envisaged but is not a high priority because off-
the-shelf power-tools already exist for this purpose.



The OSA software architecture follows a N-tier design
which may involve the following layers: a front-end user
interface layer, a middle-ware executive layer, a simula-
tion engine layer, a data layer for results storage, and
a source code management layer for models storage and
versionning.

The three first layers are described further in the fol-
lowing sections.

A. Front-end user interface

The OSA architecture must provide tools to assist
users in many tasks. Furthermore, the architecture
should enforce a strong cooperation of these tools, us-
ing an integrated and easily extensible environment. For
this purpose, we selected the Eclipse platform[11], [7].

Eclipse already provides a large amount of plugs-in to
assist developers in various software development tasks:
specification, development in several programming lan-
guages, unit testing, debugging, source code manage-
ment, and so on. Some of these plugs-in are dedicated
to the development of new Eclipse plugs-in, which ex-
plains the ever growing list of available plugs-in, and con-
sequently its ever growing popularity.

An interesting feature of the Eclipse plugs-in is their
ability to be extended. Indeed the Eclipse plug-in API
defines extensions points[10]: plugs-in that implement
such extension points (this is not mandatory) may be
extended in order to build new enriched or specialized
versions of the initial plugs-in.

Eclipse plugs-in are mainly used to build new Eclipse
perspectives. An Eclipse perspective is dedicated organi-
zation of the Eclipse Graphical User Interface (GUI), of-
fering support and specialized tools for a particular task.

Therefore, the development of the OSA user interface
mainly consist in providing new Eclipse plugs-in and per-
spectives to support users in (possibly) all the tasks of the
simulation study life-cycle. Within Eclipse, new plugs-in
and perspectives may be developed concurrently, which
enforces our collaborative development philosophy. Nev-
ertheless, once new plugs-in and perspectives are made
available for the community, this is up to each user to
decide whether to install them or not.

B. Middle-ware layer

A middle-ware layer may optionally be used to support
the execution of the simulations. Indeed, such architec-
tures are often criticized for their potentially poor perfor-
mance. Since performance is a critical issue for simula-
tion, this architectural choice may be unwise. Therefore,
the middle-ware layer is not mandatory in the OSA ar-
chitecture, thanks to the Fractal component model: the
distribution of component executions across a network
through a middle-ware is an optional feature of Fractal
that may, or may not be activated, without any change
in the component functional implementations (the part
of components that implements models).

The OSA architecture may support the distribution of
the simulation executions across a network in different
manners:

• distribution of several simulation-runs, each one ex-
ecuting on a single computer node. In this case, the
distribution support required is very limited (a “gang-
scheduler” facility);
• distribution of one (or several) simulation runs across
the network, simply using the Fractal model ability to
distribute transparently the execution of the components,
but without any cooperation of the simulation engine.
Since the minimal requirement of the simulation engine,
whether it executes in parallel or not, is to ensure con-
sistency of event processing between components, this
implements de facto a conservative mode of parallel exe-
cution[9];
• distribution of one (or several) simulation runs across
the network, using the Fractal model ability to distribute
the execution of the components, and the cooperation of
the simulation engine. Provided the components have the
persistency non-functional feature in order to regularly
save their global simulation state, this may lead to the
optimistic modes of parallel execution[9];
• the last form of distribution, which is somehow com-
plementary of the previous ones, is achieved when the
middle-ware is used to bridge together several simulation
architectures, using the HLA standard for example[12].

C. Back-end simulation engine

The simulation engine is distributed over all the
components that have a surrounding membrane im-
plementing the simulation non-functional services.
These services are accessed through a dedicated
simulation-controller interface. Component with a
simulation-controller interface are called managed
components and those without such an interface are
called passive components. This interface provides a uni-
fied access to a simulation-controller implementa-
tion. The simulation-controller implementation is
not fixed. It may be totally or partially replaced.

The OSA simulation engine supports the three follow-
ing semantics of interaction between components:
• synchronous interactions: the service requested by the
client is synchronous with the simulation time (no simu-
lated time consumption);
• asynchronous interactions: the client thread is not
blocked while the service is being processed, concurrently,
by the server. This asynchronous mode of interaction im-
plies the client shall not expect a meaningful return value
from its service call;
• blocking interactions: the client thread is blocked un-
til the service is completed (or aborted) by the server.
The client may expect a meaningful return value from
its service call.

When at least one of the involved peers is a passive
component, the only interaction mode available is the
synchronous one.

The OSA simulation engine automatically translates
asynchronous and blocking interactions into discrete-
events, provided that both peers are managed compo-
nents and thus each have a surrounding membrane with
a simulation-controller interface.



The technique used to translate service invocations
into simulation events was first introduced in [15]. It
consists in using an object-oriented construction called
a functor. A functor is the transformation of a method
invocation into an object. Indeed, when a component
issues a (functional) service request, through its client
interface, its call is automatically intercepted by the con-
troller part of the source component and reified into an
event object.

This event object contains the current time in simula-
tion, the event type, an object encapsulating the method
called on the server side and its arguments (functor), and
possibly other data that do not need to be further de-
scribed.

In order to ensure a minimal inter-operability between
components, the following rules are imposed :
• The particular event created at the time the service
call is issued by the client is initialized with a type value
of SOC (Start Of Call) and inserted in the event queue
of the server interface;
• In case of a blocking service the particular event cre-
ated at the time the service is completed by the server is
initialized with a type value of EOR (End Of Reply) and
inserted in the event queue of the client interface.

V. Implementing a simulation engine in OSA

As already mentioned in previous section, the sim-
ulation engine implementation is located (distributed)
in the simulation-controller implementations that
lay in each managed component. However, be-
cause Fractal supports shared components, and con-
trollers may be implemented as Fractal components, the
simulation-controller, and thus the whole simulation
engine may be shared between all managed components.
In this case, the simulation engine becomes fully central-
ized.

Implementing a new simulation engine for OSA
mainly consist in developing new event management
policies and replacing the corresponding parts of
the simulation-controller implementation. The
simulation-controller implementation is build using
three types of abstractions, each having their own in-
terface: the event queues, the event schedulers, and the
explicit simulation services.

Dynamic structure of models[4] may be implemented
using the special factory and template components of
the Fractal component model. Mutation of models and
multi-models[17] may be implemented by replacing the
implementation of the non-functional binding primitives
of the components. This replacement is easy because the
binding primitives are grouped together in a binding con-
troller that lays in the controller-part of each component.

A. Event queues

An event queue should be associated with each func-
tional interface of a component. But since event queues
are components and components may be shared, all the
interfaces of a component may share the same event

queue. Or some may share a common queue and oth-
ers may have their own.

B. Scheduling policy

Each managed component of the simulation should be
associated with a scheduler. Like queues, schedulers may
be shared amongst several components. The scheduler
manage the current execution state of the component. A
typical scheduler would support the following states :
• INIT; the component is in its initial state and awaiting
for its start() service to be called;
• IDLE: the component is sleeping and waiting for an
incoming request;
• RUNNING: the component is consuming processing time
because it is servicing a request;
• BLOCKED: the component has issued a blocking service
call and is waiting for the EOR event (service comple-
tion).

A typical blocking interaction between a client and a
server component is shown on the temporal diagram of
figure 7.

t

BLOCKED RUNNING

t

IDLE RUNNING IDLE

EndOfReply

RUNNING

Server
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StartOfCall

Fig. 7. Temporal diagram of interactions during a blocking service
call.

As soon as several schedulers act concurrently, a syn-
chronizing policy has to be implemented in order to en-
force simulation time consistency[9].

C. Explicit simulation services

During the simulation, the functional services (the ser-
vice that implement the conceptual model of the sys-
tem) may use the following services offered by the non-
functional simulation-controller interface of their
surrounding component:
• current time(): returns the current simulated time;
• terminate()/abort(): requests normal/abnormal
termination of the simulation execution;
• wait until(time):
• wait until(condition):
• wait until(time,condition): the current compo-
nent thread requests to stay in RUNNING state until the
simulation time reaches time or the condition condition
is matched. New incoming service calls may still be ac-
cepted by the component if the component has multi-
processing capability and an idle processing thread is
available. Otherwise incoming calls may be either queued
or refused according to the parameters of the queue of
server interface on which the call was received.
• release(condition): resume execution of a com-
ponent thread waiting for condition condition to be
matched. This call is synchronous (non blocking): it



returns true in case a thread is woken up and false oth-
erwise.
• release(condition,time): resume execution of a
component thread waiting for condition condition to be
matched. This call is blocking its caller thread at most
until time is reached. It returns true in case a thread is
woken up and false otherwise (timeout time is reached).
• spin lock()/spin unlock(): primitive intended for
components with multi-processing capability to ensure
mutual exclusion between processing threads of the com-
ponent (spinlock() blocks its caller processing thread
as long as any other processing thread in the same com-
ponent is not in the IDLE state).

VI. Conclusion

In this paper we introduced the Open Simulation
Architecture and explained how this novel architecture
could meet the expectations of a large part of the
discrete-event simulation community. Indeed, the OSA
architecture aims at (i) providing an open platform that
supports simulationists in a wide set of their simulation
activities, (ii) allowing the reuse and sharing of system
models by means of a flexible component model, (iii)
favouring contributions from the simulation community
at any level of the architecture.

The critical issue of integrating numerous software con-
tributions into a single open platform is addressed first
by relying on a powerful and extensible GUI, Eclipse,
whose philosophy is clearly to ease and favour such con-
tributions and secondly by choosing the Fractal compo-
nent model, which offers many interesting features, such
as shared components and the ability to support multi-
programming language. Furthermore, the Fractal model
adopts the separation of concerns paradigm, which ease
the process of replacing any part of the architecture, from
the model components to the very core parts of the sim-
ulation engine. Therefore, OSA may be used both as a
testbed to experiment new parallel and distributed sim-
ulation engine algorithms or as an integration platform
to reuse existing discrete-event simulation models.

It shall be noted that the OSA simulation engine does
not enforce the use of any particular discrete-event for-
malism because the event management is kept hidden in
the components non functional part. The resulting model
of interactions is a classical (client-server) procedural pro-
gramming model, which may serve as a basis to support
or encapsulate most popular modeling formalisms, such
as Petri nets or DEVS.

In order to initiate third party contributions in OSA,
a detailed specification of the simulation-controller
interfaces and a first implementation of the simulation
engine, based on the Java language and Aspect Ori-
ented Programming techniques, are planned to be re-
leased during the first quarter of 2006. This implementa-
tion is based on the AOKell implementation of the Frac-
tal model[18].
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ABSTRACT 

Simulation of the integrated urban wastewater system is 
a computationally-demanding task, and performing 
long-term simulations consequently takes a considerable 
time. Reduction of simulation times can be achieved by 
speeding up one or more of the submodels of the 
integrated system. In this paper the use of a fast neural 
network model instead of the mechanistic model of the 
wastewater treatment plant (WWTP) is proposed for this 
purpose. The neural network is trained on a sequence of 
treatment plant input/output data generated by the 
mechanistic model of the WWTP, i.e. it is a reduced 
model of the original WWTP model. As a result of 
model substitution a reduction of the simulation time by 
a factor of 23 was achieved. The results presented in this 
paper show that the errors introduced by the WWTP 
model substitution are of an acceptable level, confirming 
the practical usefulness of the proposed method.   

INTRODUCTION  

The integrated urban wastewater system (UWWS) 
typically consists of the sewer system, the WWTP and 
the receiving water body (usually a river). Integrated 
modeling of the UWWS supposes the simultaneous 
simulation of the models of each subsystem (Schütze et 

al. 2002). Simulation studies performed with such 
integrated models are very useful in assessing the impact 
of sewer overflows and WWTP performance on the 
quality of receiving waters, enabling the evaluation of 
the effectiveness of the measures taken to reduce the 
impact.  
   The submodels of the UWWS are often mechanistic 
models, consisting of a set of ordinary differential 
equations (ODEs) that describe the physical, chemical 
and biological processes occurring in the system. As all 
of these submodels are already of considerable 
complexity, coupling them together in an integrated 
model leads to even more complex large scale models. 

Such integrated models might be less adequate to study 
the interplay between the components of the system. As 
one may get lost in model details, the perspectives of the 
holistic approach, which is the aim of integrated models, 
may vanish among the numerous parameters. 
   The second problem with the high level of complexity 
is that it makes these models rather slow. Low 
simulation speeds occur mainly due to the use of 
mechanistic WWTP models. Such WWTP models are 
rather stiff systems, with a broad range of time 
constants, necessitating small integration steps and 
consequently considerable CPU time. A state-of-the-art 
WWTP model contains several control loops and 
discrete sensors, that turns it into a hybrid system; the 
stiff numerical solvers, designed for fast integration of 
stiff systems, work very poorly for hybrid systems 
(Copp 2002). Thus the simulation of the integrated 
UWWS is a modeling application often limited by the 
long simulation time of the mechanistic WWTP model.
   In order to decrease simulation times, different model 
reduction strategies might be applied. Some of these 
imply the use of simplified mechanistic models (Butler 
and Schütze 2005); other strategies obtain reduced 
models by boundary allocation (Vanrolleghem et al. 
2005); replacement with empirical models is another 
viable method that may lead to significantly increased 
simulation speed  (Ráduly 2005). 
   In this study the use of an artificial neural network 
(ANN) is proposed to replace the mechanistic WWTP 
model, identified to be the main contributor to the 
computational burden. ANN models are completely 
data-driven, meaning that they can be built using only 
input/output data of the modeled system, i.e. the ANN 
model can be trained using data generated with the 
mechanistic WWTP model. Although ANNs might have 
a rather complex structure, they are based on simple 
mathematics and thus they are significantly faster than 
the corresponding mechanistic models.  One of the 
drawbacks of such model substitution is the black-box 
nature of the ANNs: although an ANN may perform 
correct predictions, the input-output relationships 
remain practically hidden. It also means that if any 
change is done to the mechanistic model, the ANN has 
to be trained again. This disadvantage can be somehow 



reduced if short ANN training times can be achieved. 
The lack of transparency can also be tolerated in many 
modeling applications, e.g. if a full calibrated treatment 
plant model is replaced with the ANN and if the 
modeling objectives are at the integrated model level 
(e.g. studying the interaction between submodels). In 
such cases the use of an ANN model with no adjustable 
parameters might also be an advantage, as the modeler 
can focus on the main modeling goals instead of getting 
lost among the numerous model parameters. 
  
MATERIALS AND METHODS 

A model of a virtual urban wastewater system has been 
built, consisting of an influent model, a WWTP model 
and a river model. Converter (transformer) modules 
were used to “translate” the state variables of the 
different sub-models for the other sub-models. Two 
different configurations were tested: one consisting of 
only mechanistic models, and another one using an 
ANN model instead of the mechanistic model of the 
treatment plant (Fig. 1). The evaluation of the results 
includes the comparison of the river quality indicators 
downstream the WWTP outlet and the comparison of 
simulation speeds of the two different model 
configurations. If the final results (i.e. river quality 
parameters) obtained with the two model configurations 
show a high correlation, this would indicate that the 
prediction errors induced by the ANN are not significant 
at an integrated model scale. The mechanistic model 
results are used as reference in the comparison. The 
criteria for the model comparison are the monthly 
chemical oxygen demand (COD) loads to the river as 
well as the concentrations of dissolved oxygen (DO), 
ammonium (NH4) and biochemical oxygen demand 
(BOD5) in the river reaches downstream of the WWTP 
outlet.  
  

Figure 1. The Integrated Model Configuration. If the 
Switch is in Position 1, the Mechanistic WWTP Model 

is Used, in Position 2 the ANN Model  is Used 

The Integrated UWWS Model 

The integrated model of the UWWS (Fig. 1) includes 
the following components: (1) an influent model which 
describes the catchment, the rainfall/runoff and the 
sewer processes; (2) a flow splitter, which limits the 
flow rate to the WWTP at 60 000 m3/d  (the rest of the 
wastewater is directed to the river as combined sewer 

overflows (CSOs); (3) a WWTP model, which describes 
the wastewater treatment processes; (4) a river model, 
which describes the flow and the conversion processes 
taking place in the river and finally (5) transformer 
modules, which enable the connection between the 
different sub-models (only 2 such modules are needed, 
as the influent model and the WWTP model are directly 
compatible). The different submodules will be 
introduced one by one in the following sections. 
   The output of the influent model is used as the WWTP 
model input. If the flow rate generated by the influent 
model exceeds 60 000 m3/d (which is the maximum 
hydraulic capacity of the treatment plant, representing 
approx. three times its nominal flow), the flow splitter 
will direct the excess flow to the river (CSOs). Both the 
CSOs and the WWTP effluent variables are “translated” 
by transformer modules to be compatible with the river 
model state variables. The river model consists of 
several river segments. The CSOs and the WWTP 
effluent reach the river at two different points. The 
WWTP effluent emission point is located downstream 
relative to the CSOs.  
   For simplicity, a scenario with no CSOs has been 
chosen for this study. CSOs are important disturbances 
for the river. However, the aim of this study is testing 
the ANN model, which can be done without CSOs. The 
CSOs would indeed be identical for all scenarios, and 
their absence in the work presented in this paper will not 
impede the evaluation of the differences between the 
results of the two model configurations, as the 
differences are introduced by the ANN. 
   The methodology used for model comparison in this 
paper did not necessitate the simultaneous simulation of 
all UWWS submodels. The data sequences generated 
with the influent model were first obtained, and were 
then used in the subsequent simulation steps. In a similar 
way the WWTP simulations were done separately, and 
these results were finally used as input for the river 
model simulation.  
   All modeling work was done in the Matlab/Simulink 
modeling environment.  

The Influent Model  
Originally developed as an influent disturbance scenario 
generator to be included in future extension of the 
IWA/COST simulation benchmark plant (Copp 2002; 
Jeppsson et al. 2006), the influent model (see Gernaey 
et al. (2005, 2006) for details) generates WWTP 
influent concentration profiles that are compatible with 
the Activated Sludge Model No. 1 (ASM1; Henze et al.

1987). It includes simple phenomenological 
representations of the typical phenomena that are 
observed in full-scale WWTP influent flow rate, 
concentration and temperature data: (1) diurnal 
phenomena; (2) weekend effects (e.g. lower pollutant 
loads); (3) seasonal phenomena reflecting typical effects 
from the sewer system and urban drainage, (e.g. 
increased infiltration in the rainy season compared to the 



dry season); (4) holiday periods (e.g. with a lower 
average wastewater flow rate); (5) rain events.  

The WWTP model 

For the deterministic part of the treatment plant module, 
the ASM1 and a non-reactive Takács settler model 
(Takács et al. 1991) were used for simulating the 
activated sludge tanks and the secondary settler 
respectively. These models describe the physical, 
chemical and biological processes of an activated sludge 
WWTP using ordinary differential equations. The plant 
lay-out specifications of the Benchmark Simulation 
Model no. 1 (BSM1, Copp 2002) were chosen as a case 
study. The plant, a predenitrification system, is 
described in detail in Copp (2002). The differences, as 
compared to the original BSM1 specifications, consist 
of the cascade DO control and the modeling of 
temperature-dependency of the biochemical conversion 
processes. 
   The deterministic WWTP model contains, besides the 
algebraic equations, 135 ODEs and 4 control loops. The 
high number of differential equations and the additional 
system stiffness introduced by the control loops 
consequently leads to slow numerical processing and 
long simulation times.   

The river model 

A reduced version of the entire River Water Quality 
Model No. 1 (RWQM1) developed by the IWA task 
group (Reichert et al. 2001) is used to describe the 
physical, chemical and biological processes in the river. 
The states of this model are more like the ASM1 states, 
but some differences still remain. This is due to the fact 
that the full RWQM1 model has to describe more 
processes than the ASM1 model (e.g. algae growth). 
Hence transformer modules (Section 4.6.3.4) are needed 
to allow for the data flow between the ASM-based 
WWTP models and the RWQM1. 
   The river model implemented represents a 16 km long 
river stretch and is divided into 16 reaches (1 km each). 
The overflows enter the river in reach no. 5, while the 
WWTP effluent enters in reach no. 7; the distance 
between the CSO structure and the WWTP is 2 km. The 
base flow of the river is 64800 m3/d, and increases 
constantly with 0.1728 m3/m river; thus the base flow at 
the WWTP outlet is 66010 m3/d. This is about 3.5 times 
more than the nominal flow rate of the WWTP effluent, 
that is to say the WWTP discharges in a small river. 
During rain events the rainwater will enter the river only 
via the WWTP for the simulations reported in this 
paper; this means that at the maximum hydraulic 
capacity the flow rate of WWTP effluent is comparable 
to the river's flow rate. The river flow : WWTP flow 
ratio is quite extreme, but appropriate for this model 
comparison study. As the pollutants discharged by the 
WWTP will be only slightly diluted by the river water, 
the prediction errors introduced by the ANN model will 
be more visible when looking at the concentrations in 
the river.  

The transformer  modules

In order to perform simulations of the integrated 
wastewater system, state variables of sub-system models 
must be translated from one model to the other. The 
transformers used in this work translate ASM1 variables 
to RWQM1 variables and were presented by Benedetti 
et al. (2004).  

The ANN Model 

A neural network model consists of a set of parallel 
interconnected simple computational units, called 
neurons. Such a model resembles the brain in two 
aspects: (1) knowledge is acquired by the neurons 
through a learning process and (2) inter-neuron 
connection strengths, known as synaptic weights, are 
used to store the knowledge (Haykin 1994). The 
learning process encompasses the adjustment of the 
weights of each processing unit, and can be seen as 
teaching the network to yield a particular response to a 
specific input (Loke 1999). Learning is accomplished by 
using a so called “training algorithm”, that is a 
mathematical formulation of the rules that determine the 
magnitude of weight adjustment. If properly trained, the 
ANN is able to generalize from the examples used for 
training. 
   A static back-propagation ANN was trained on 6 
months of 1-hour sample-time WWTP input-output 
data. The training data was generated with the help of 
the mechanistic WWTP model. The ANN used in this 
study is a static backpropagation network. This type of 
network is one of the simplest: a modeler with no 
experience in ANNs would most likely start with such 
type of ANN. Due to the relatively easy model building 
and training procedure, the comprehensive description 
provided in almost every ANN textbook, as well as their 
good overall generalization capabilities, the 
backpropagation networks are very popular.  
   The main characteristics of the used ANN are shown 
in Table 1. These ANN settings enable good prediction 
performance and fast training, and are in accordance 
with the guidelines provided by Ráduly (2005). 

Table 1. The ANN Configuration Used in the Study 

ANN type Static, feedforward 
Training type Backpropagation 
Training algorithm Scaled conjugate gradient algorithm
Initial weights Random Gaussian distribution
Stopping criterion Cross-validation
No. of neurons 152 /35 / 13 /13 
Neuron types Tan-sig / Tan-sig / Tan-sig / Linear
Input window size 15 lagged values covering 20 h
Data processing Zero-mean normalization [-1,+1]
Validation every 7th sample used for validation



RESULTS AND DISCUSSION 

Prediction Accuracy 

The monthly COD loads to the river predicted by the 
two WWTP models for the one year test period are 
presented in Figure 2. As can be seen, the results are 
very similar; the largest difference between the two 
predictions is in July (5.4% relative error). This can be 
explained by a holiday effect, which is included in the 
influent data and leads to reduced pollutant loads for 
this period: since the ANN was not trained on such low 
loads, it overestimates the pollutant concentrations in the 
effluent during the holiday period. Unlike in July, 
relative errors stay below 2.4 % for the rest of the year.  

Figure 2. Monthly COD Loads Predicted by the BSM1 
and the ANN Model. 

   In order to verify how ANN imprecision influences the 
predicted pollutant concentrations in the river, the three 
most important indicators were assessed: NH4, DO and 
BOD5. The results are compared on concentration-time 
graphs in river reaches no. 7 (WWTP discharge point) 
and no. 10 (3 km downstream). The period selected for 
illustration covers 15 days in the end of June (days 594-
609), with a rain event on days 598-600. 

Figure 3. Effect of BSM1 vs. ANN Prediction on the 
NH4 Concentration in River Reaches no. 7 and 10  

Figure 3 illustrates the NH4 concentration in the two 
selected river reaches.  As the figure shows, in reach no. 
7 he ammonia peak is a bit overestimated (4 mg/l 
instead of 3.5 mg/l) when the ANN is used instead of the 
BSM1 in the integrated model. For the rest of the period 
the predicted concentrations are very similar. The 
situation is more or less the same 3 km downstream, in 
reach no. 10: the ammonia peak is about 10 % 
overestimated when the ANN is used. 
   Figure 4 illustrates the DO concentrations in river 
reaches 7 and 10. The oscillation of the DO 
concentration is partly due to the changes in 
biodegradable pollutant loads discharged from the 
WWTP. However, the main contribution is due to the 
photosynthetic activity in the river. Oxygen depletion on 
day 599 can be observed with a minimum of 4.5 mg/l 
DO in reach no. 7. The DO concentrations in the river 
reaches investigated are very similar for the BSM1 and 
ANN predictions; no significant differences can be 
observed. 

Figure 4. DO in the River in the Case of BSM1 and 
ANN Predictions 

   The last river quality indicator evaluated is the BOD5

(Fig. 5). There is a small BOD5 peak on days 598-600, 
when the BOD5 values are ~ 1 mg/l higher than under 
dry weather conditions. The dry-weather predictions are 
practically the same in the case of BSM1 and ANN 
predictions. During the BOD5 peak the results are 
slightly overestimated when the ANN model is used. 
However, the differences are small; the relative error 
does not exceed 3 % even in this period. 



Figure 5. BOD5 Concentrations in the River in the case 
of BSM1 and ANN Predictions 

Comparison of Simulation Speeds 

The simulation speed of the ANN model is several 
orders of magnitude higher than that of the mechanistic 
WWTP model. However, in an integrated model the 
simulation speed of the other submodels might be a 
limiting factor. Thus, for a fair comparison, the 
simulation speed of the integrated models is assessed. 
The time needed for simulating the urban wastewater 
system over one year (dynamic influent data) is shown 
in Table 2. In the case of the configuration using the 
ANN model of the WWTP, the time used for ANN 
training and for the generation of training data is also 
shown. The integrated model using the ANN shows to 
be ~23 times faster than the other configuration. If 
training- and data generation time is also added to 
simulation time, this factor is only 1.2 (calculating with 
1 year simulation and 6 moths of training data; for 
longer simulations this factor will be considerably 
higher). That indicates that even for the case where the 
WWTP model is modified (and thus the response of the 
WWTP model on the input is different), re-building the 
ANN and performing the simulation takes less time than 
running of the same simulation with the mechanistic 
integrated model. Moreover, once a trained ANN is 
available, the WWTP simulation can be repeated very 
fast, since no new ANN training is needed for each new 
simulation. This opens for example possibilities to use 
simulation of the UWWS to rapidly compare the 
usefulness of different real-time control strategies 
applied to the sewer system.

Table 2. CPU Time (minutes) Needed for Running a 1-
year Simulation (AMD A64 2800+ Desktop) 

Integrated UWWS model using BSM1 ANN 

Simulation 21 0.9 

Data generation - 10 

Training - 6 

CPU 
time 
(min) 

Total 21 16.9 

CONCLUSIONS 

The results of the experimentation with the ANN in an 
integrated modeling environment are very promising. 
The substitution of the WWTP model with the ANN is 
very straightforward and does not pose any special 
problem. The prediction errors, caused by the ANN 
imprecision, do not significantly alter the simulated river 
conditions (in the case of the three river quality 
indicators tested in this study). The prediction errors are 
of an acceptable level in integrated-scale modeling 
application, considering the large uncertainties of model 
inputs and process kinetics when modeling an UWWS. 
The ANN model catches well the model dynamics, and 
pollutant peaks are clearly visible both for NH4 and for 
BOD5. The oxygen depletion is also correctly predicted, 
both as magnitude and as spatial and temporal 
distribution in the river. The monthly pollutant loads 
predicted by the ANN model of the WWTP are also 
very close to BSM1 predictions, except for July, when 
the holiday effect is not simulated correctly. This 
confirms that the holiday period should be included in 
the training data. The simulation speed of the integrated 
model is 23 times higher when the ANN is used instead 
of the BSM1, meaning that an optimization study of the 
integrated UWWS that would normally need 2 days of 
simulation can now be performed in about 2 hours. This 
justifies the use of the proposed model configuration for 
long-term simulations of the integrated UWWS. 

FURTHER RESEARCH 

Future work to be done concerns the prediction accuracy 
of the ANNs, and the application of this model 
reduction strategy to other cases. Better results might be 
expected from recurrent networks with external 
feedback; these networks are more suitable for the 
representation of discrete dynamic systems. Such a 
neural network could, for example, use the biomass 
concentrations in the WWTP as feedback (i.e. the 
biomass concentrations would be used as input in the 
next time-step). In future studies an ANN model of the 
sewer system could be used, for example, if no internal 
variable is of interest and only the input/output response 
is important. On the integrated modeling scale, river 
segments could also be modeled with ANNs; having a 
high simulation speed, a large number of such river 



segments could be used, and thus the flow and mixing in 
the river could be modeled in a more detailed way. 
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ABSTRACT 

Discrete-event process simulation, originally the 
benefactor of the manufacturing sector of the economy, 
has expanded aggressively into the service sector of the 
economy, much to the benefit and gratitude of its new 
cadre of industrial engineers and management 
strategists.  The study documented in this paper 
originated within a large health-care insurance provider 
seeking optimal strategies relative to target inventories 
of pending inquiries concerning insurance policy 
coverage and concomitant staffing levels of policy 
analysts.  Since several clients of this insurance provider 
were large companies within the automotive industry, 
the provider dedicated significant staffing segments to 
the service of these accounts (hence to the employees of 
those automotive companies who thereby held insurance 
coverage).  The simulation study worked within this 
constraint to provide management valuable strategic 
recommendations.  Most specifically, the insurance 
provider wished to develop a model capable of 
predicting service levels (average time required to 
answer specific questions submitted on behalf of two 
major clients and average inventory level of these 
questions pending) as a function of number of full-time-
equivalent analysts assigned to each of those clients. 

INTRODUCTION 

The client of this simulation study was a large health-
care insurance provider whose management wished to 
achieve an economically and operationally efficient 
balance among the inventory (backlog) of pending 
inquiries pertinent to insurance policy coverage, the 
average and maximum queuing time of those inquiries, 
and staffing levels among the specialists assigned to 
respond to the inquiries.  At the beginning of the study, 
client management was rather unfamiliar with discrete-
event simulation and its analytical capabilities, even 
though simulation has long been used in the 

manufacturing sector (Banks et al. 2005).  Recent 
examples of simulation usage within service industries, 
some of which were mentioned to client management, 
include guidance of staffing decisions in a consumer 
credit organization (Chen et al.), increasing the 
efficiency of supplying medical oxygen to the health-
care industry (Costantino, DeGravio, and Tronci 2005), 
and the improvement of surgery staffing and services at 
a large hospital (Kumar and Ozdamar 2004).  Presenting 
such examples and describing the benefits of simulation 
modeling as a trilogy of “sense making” (seeing patterns 
in seeming chaos), “knowledge creating,” and support 
of strategic decisions clarified the value of simulation to 
client management.  This trilogy is described, and its 
usage advocated, in (Greasley 2005).  As a result of 
these introductory steps, and with the vigorous and 
intelligent support of a client manager (c.f. 
Acknowledgments), client managers and analysis 
became disposed to accept simulation as a valuable 
decision-support tool. 

OVERVIEW OF CLIENT OPERATIONS 

The client health-care insurance provider maintains a 
large specialized staff of experts to research and answer 
complex questions posed by its many clients.  Two of 
these clients, both of which are large manufacturing 
companies in the automotive industry, each account for 
large numbers of questions because each has thousands 
of employees covered by the client’s health insurance 
and hence likely to ask complex and detailed questions 
concerning their policy coverage.  Therefore, as a matter 
of long-standing management directives, the insurance 
provider maintains two staffs each dedicated to service 
of one or the other of these corporate accounts.  Since 
the employees’ insurance policies pertinent to each of 
these manufacturing companies contain numerous 
specialized and customized features developed over a 
span of years, this staffing arrangement helps the insurer 
provide better service by retaining, instead of losing, the 
accumulated expertise of analysts well-versed in the 
complexities and intricacies peculiar to each 
manufacturer’s insurance policy. 



Upon arrival at the insurance provider, a policy 
coverage question from either of its manufacturing-
company customers goes to one of the dedicated staffs 
and is then assigned to a particular expert who then 
becomes responsible for “shepherding” it through the 
system until it is definitively answered (“closed”) – a 
definitive answer is therefore the “customer 
deliverable.”  Examination of the policy coverage 
question and provision of a definitive, correct answer is 
a complex process, the more so because the United 
States, unlike members of the European Union, has a 
crazy-quilt of laws instead of a unified national system 
for providing health care (Katz and Wial 2006).  As 
client managers and team leaders became comfortable 
with the use of discrete-event process simulation via the 
process described in the preceding section, the goals of 
this simulation study were refined to: 
1. Determine the target inventory levels permitting 

each of the two staffs to maintain a service level 
(average closing time) of 21 to 28 days. 

2. Develop a model capable of predicting both 
inventory level and average closing time as 
functions of the number of full-time-equivalent 
workers [FTEs] in each staff.  (For example, one 
FTE may be one full-time worker or the set union of 
two workers each working half-time.) 

DATA COLLECTION 

Data collection involved, first and foremost, achieving 
an understanding of the complex and variegated logical 
steps through which policy coverage questions must 
travel.  Data collection work began with client 
interviews directed toward understanding the often 
complex process through which coverage questions 
traveled between submission and return of an answer.  
At these interviews, client management also provided 
2006 monthly forecasted receipts of incoming work, 
case processing rate, the percentage of cases requiring 
various specific attentions (e.g., that of pricing analysts, 
accountants, and/or registered nurses), times spent in 
these subsidiary areas, and current plans for number of 
FTEs scheduled to work.  Later, at a finer level of detail, 
client managers and simulation analysts unobtrusively 
observed actual inquiry-processing vignettes, taking 
care to avoid provoking the Hawthorne effect (Niebel 
and Freivalds 2003).  Furthermore, the client fortunately 
held, in the database archives of a proprietary 
management-information system, valuable process 
performance data which was downloaded into Microsoft 
Excel® for model input. 

MODEL BUILDING, VERIFICATION, AND 
VALIDATION 

Since the client owned copies of the discrete-event 
simulation software WITNESS®, and had personnel 
who felt comfortable viewing animations of models 
built using it, this software was used at the client’s 
request.  WITNESS®, like many other simulation 

software packages, provides concurrent construction of 
a model and its (two-dimensional) animation, plus 
standard constructs like Machines, Buffers, Resources, 
and Histograms (Mehta and Rawles 1999).  
WITNESS® further provides interfaces to read model 
input data from Microsoft Excel® and write model 
output likewise, thereby facilitating further statistical 
analyses. 

The processing rate (closing rate) of written inquiries 
was modeled, after consideration and testing of several 
alternative approaches, based on a customized empirical 
distribution.  Daily data were taken for the total number 
of inquiries closed by the employees of a section during 
a day and the number of hours required to close them.  
Because of changes implemented in the past and 
discovered during extensive interviews with client 
management, only the last six months’ worth of data 
was used, lest the data model fall victim to a significant 
discontinuity.  Based on these daily closing rates 
observed, an empirical distribution was created and used 
within the WITNESS® model. 

As described above, any particular inquiry may be sent 
to one or many of a variety of technical support areas 
during the process of its resolution.  Very fortunately – 
a luxury often unavailable to the simulation analyst 
(Leemis and Park 2006) – the client’s computer system 
allowed historical tracking of how long numerous 
inquiries spent on each of the external areas that they 
visited.  Many such sums of times spent in external 
areas per inquiry represented data points used to create 
another empirical distribution.  Like the closing-rate 
distribution, this one was used in the WITNESS® 
model after test samples from it passed localized 
validation tests. 

Model verification and validation methods included 
close examination of the animation, step-by-step 
execution of the model and following the logical path of 
a single entity through it, and structured walkthroughs 
of the model logic with colleagues (Sargent 2004).  
Additionally, use of Little’s Law in the form Ls = λ ×
Ws (average number in system and average time in 
system)  (Nelson 1995) provided reassuring 
confirmation of model results and sensitivity analyses.  
After some of the archived system performance data had 
been used as model input, other such data corresponding 
to performance metrics (e.g., minimum, average, and 
maximum “dwell time” of inquiries in particular 
departments) were used in model validation. 

RESULTS AND CONCLUSIONS 

After performing several experiments and sensitivity on 
the different parameters, it was found that there is a one-
to-one relationship between average inventory and 
average closing time (service level).  In other words, 
given a service level, there is only one target inventory 



that will support it, inasmuch as average closing time is 
a monotonically increasing in target inventory. 

Figure 1 (at the end of the paper) shows the relationship 
between average inventory in the department and the 
average closing time.  This relationship is independent 
of all parameters (number of FTEs, percent of cases sent 
out, time in external areas, queuing discipline (FIFO, 
LIFO, etc) and it depends only on the cases’ arrival rate 
(forecasted receipts) – as shown in Figure 2 
immediately following.  The percent of cases sent out, 
the time elapsed in external areas, and queuing 
discipline have no impact on the number of scheduled 
FTEs required to maintain a desired inventory (and 
therefore provide a particular service level of choice). 

The results found by application of Little’s Formula 
verified those found by sensitivity analysis via 
simulation.  Under all scenarios run (except with the one 
with an increased arrival rate), the same average 
inventory resulted in the same average closing time. The 
distinguishing feature among all of those scenarios was 
the number of FTEs required to maintain the inventory 
level – exactly the predictive capability the client 
desired. 

The problem of setting target inventories to satisfy a 
service level, which in the client’s original perception 
was a difficult multivariate problem, was thus 
simplified.  Specifically, to achieve an average closing 
time for inquiries of between 21 and 28 calendar days 
(the target) the client needed only to adjust the number 
of FTEs used.  It became demonstrably unnecessary for 
the client managers to concern themselves with 
minutiae of routing control, readjustment of flow 
procedures, and other now extraneous concerns.  It is 
critical to monitor the actual cases’ arrival rate 
compared to the forecasted values used when this study 
was done.  As previously shown, changes in the volume 
received, in the absence of an adjustment to the target 
inventory, will result in an increased average closing 
time.  
SUMMARY AND ANTICIPATED FURTHER 
WORK 

During the last eight months, the model has proved 
accurate in its twin aims of: 
1. Enabling the client to maintain a service level of 21 

to 28 calendar days by maintaining an inventory of 
1700 to 2400 pending inquiries 

2. Providing accurate anticipated response times to the 
employees of the two large automotive clients. 

Anticipated model refinements include, in the short 
term, specific predictions of the metric “expected 
percentage of cases closed within fewer than x days,” 
where x is input as frequently as desired by the client.  
A longer-term addition to the analysis will be more 
detailed examination of impacts of workers’ “lost time” 
(e.g., vacations, sickness, jury duty, and other absences 

from the office) and “non-production time” (time 
present in the office but doing other tasks (e.g., 
attending staff meetings or submitting monthly reports).  
The client has now become confident in the powers of 
simulation and welcomes their further use. 
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Figure 1.  Average Inventory versus Average Closing Time.  The relationship between the variables is unaffected by the 
queuing discipline 
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Figure 2.  Average inventory versus scheduled FTEs.  When FTEs are the constraint, the queuing discipline has an 
impact on the number of FTEs required to maintain a certain inventory 
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ABSTRACT 

Product-related services in the capital goods industry 
are characterised by international customer demands. 
Often these demands can only be met efficiently by 
cooperating with other partners. However, the decision-
making process for cooperation configuration still lacks 
adequate support. Existing approaches for evaluating 
cooperation and services are not suitable for an assess-
ment of different alternatives prior to their implementa-
tion. Simulation approaches for a cooperative provision 
of industrial services have not yet been developed. This 
paper deals with an approach to overcome this problem 
and presents a model based on Petri net theory for the 
prospective analysis of cooperative provision of indus-
trial services. As a result, machine and equipment pro-
ducers will be able to assess their cooperation alterna-
tives related to integrated service provision in advance 
and thus avoid cost-intensive false decisions. To 
achieve this goal, a domain-specific conceptual model 
of cooperative provision of industrial services has been 
developed that considers the constitutive characteristics 
of industrial services and their cooperative provision 
and maps them onto the formal notation of Coloured 
Petri nets to form an executable simulation model. 
 
MOTIVATION 

Services are becoming increasingly important in the 
global economy and also in Germany’s capital goods 
industry: German machine and equipment producers are 
realising an increasing percentage of their revenues with 
product-related services (Hoeck and Kutlina 2004). 
Product-related industrial services (e.g. repair or main-
tenance) are offered to (re)establish, ensure or enhance 
the long-term usability of industrial products. Since 
Germany’s capital goods industry has an export rate of 
about 70 percent and its capital goods are sold around 
the globe, product-related services also have to be of-
fered internationally (Bienzeisler and Meiren 2005; 
Wise and Baumgartner 1999). However, international 
provision of high-quality services requiring expert 

knowledge has proved to be cost-intensive and thus 
threatens the profit margin. Therefore, machine and 
equipment producers are looking for partners to form 
coalitions to improve their service business through 
cooperative advantages such as more efficient deploy-
ment of experts, shorter order processing times or cost 
reduction. In other words, the process of providing 
services for customers is no longer owned by one single 
company, but by several partners. This shared process is 
referred to as cooperative service provision.  
While many companies have gained preliminary experi-
ence with cooperative service provision, the existence 
of problems in finding appropriate partners and reported 
organisational difficulties indicate that companies lack 
support for the planning and configuration of service 
networks (Zahn and Stanik 2003). A variety of alterna-
tives related to cooperation and configurations compli-
cates a substantiated decision (Winkelmann 2004). In 
this context, the possibility of assessing different coop-
eration alternatives before implementation, i.e. a pro-
spective analysis, is needed.  
To solve problems of this kind, a model for the prospec-
tive analysis of service network alternatives in the capi-
tal goods industry is needed (Luczak et al. 2005). This 
model has to consider the special requirements and 
characteristics of industrial services and their coopera-
tive provision. In addition, it has to be represented in a 
formal notation that allows simulation and performance 
analysis. 
The target is therefore to enable the prospective analysis 
of cooperative provision of industrial services. The 
chosen method of resolution is simulation with Col-
oured Petri nets (CPN). Coloured Petri nets are widely 
used to model business processes and workflows (Jen-
sen 1997; van der Aalst 2002). The availability of many 
analytic techniques based on Petri nets is another advan-
tage (Peterson 1981; Wang 1998; Girault and Valk 
2003). Simulation is particularly suitable for assessing 
different alternatives before their actual implementation 
and has proven to be a successful method for prospec-
tive analysis of production network design (Banks 
1998; Pritsker 1998; Zhou and Venkatesh 1999; Law 
and Kelton 2000). First applications of simulation in 
service have produced promising results (Laughery et 
al. 1998). 



 

 

RELATION TO OTHER WORK AND NEED FOR 
ACTION 

First simulation applications for services were devel-
oped by Laughery et al. (1998) and Mjema (1997). Al-
though these authors examined a prospective assess-
ment for services, their approaches do not consider 
cooperation aspects. Petri net approaches in the work-
flow domain consider consumer-oriented services in 
particular (e.g. Jansen-Vullers and Reijers 2005; van der 
Aalst 2002), but they do not provide information about 
modelling cooperative provision of industrial services.  
Approaches in the field of evaluation of cooperation 
have proved to be of little value to the problem at hand, 
because of their focus on a retrospective analysis and 
management. Concepts based on the Balanced Score-
card (e.g. Merkle 1999; Bornheim and Stüllenberg 
2002) benefit from the need to define assessment crite-
ria, but remain superficial about operationalisation of 
these criteria. 
With regard to controlling and quality management of 
industrial services, among others the approaches of 
Hlubek et al. (2004) and Luczak and Drews (2005) have 
proved useful. These authors have developed assess-
ment criteria for industrial services at different levels of 
detail, and their results have been taken into account in 
the development of the simulation model presented in 
this paper.  
The analysis of relevant literature shows that some 
approaches exist for parts of the problem, but shortcom-
ings prevail, especially those related to the prospective 
analysis of alternatives of cooperative service provision. 
But existing approaches also do provide valuable in-
formation for solving different parts of the problem at 
hand: Simulation based on Petri nets as a method of 
prospective analysis has proven to be of great value, 
especially for complex cooperative processes. Coloured 
Petri nets in particular have proven to be a valuable 
modelling technique for complex cooperative processes 
and are applicable to cooperative service provision. 
As a result of the deficits and advantages of existing 
approaches outlined above, the following tasks need to 
be addressed: 

 A conceptual model for the cooperative provi-
sion of industrial services has to be developed. 

 It has to be implemented into a simulation model 
based on Coloured Petri nets. 

 The model has to be capable of prospective per-
formance analysis of cooperative provision of 
industrial services. 

 
CONCEPTUAL MODEL OF COOPERATIVE 
PROVISION OF INDUSTRIAL SERVICES 

To create a model of cooperative provision of industrial 
services, the special characteristics of this domain have 
to be taken into account. These characteristics have to 
be integrated into a conceptual model of cooperative 
provision of industrial services before this model is 
translated into a CPN model. 

Requirements Resulting from Cooperative Provision 
of Industrial Services 

Services can be defined using constitutive attributes 
(Corsten 2001). This definition comprises three dimen-
sions: process, structure, and outcome (Donabedian 
1980).  
The process dimension stresses the fact that the cus-
tomer as the external factor has to be integrated into the 
process (Corsten 2001). Another important characteris-
tic in the process dimension is the simultaneity of pro-
duction and consumption of services in respect to time 
and space. Together with the integration of the external 
factor, this implies two specialities for industrial ser-
vices that are not consumer-oriented but are rather busi-
ness-to-business services in an industrial environment: 
Since services have to take place at the site of the pro-
duct, required resources have to travel there. In addi-
tion, technicians of the client company often have to be 
integrated into the service process and work together 
with personnel of the service company. Services and 
especially industrial services are also very heterogene-
ous and standardisation of processes is not easy.  
The structure dimension defines services as the ability 
to perform a service (Corsten 2001). This ability de-
pends on the qualification of the available service per-
sonnel. 
The simultaneity of process and production also affects 
the outcome dimension: It implies that there is no pro-
duct whose quality can be measured in the end but the 
process itself is the service. Since services are not stor-
able, this means that any delay in the process directly 
affects the quality of the services.  
The conceptual model of cooperative provision of in-
dustrial services is based on these three dimensions and 
integrates the outlined characteristics of industrial ser-
vices. 
 
Process dimension 

To represent the process of industrial service provision, 
a reference model has been developed (Kallenberg 
2002). This reference model has been adapted to fit 
cooperative service provision and to fulfil the modelling 
requirements of the Petri net notation. Furthermore, the 
resulting model has been structured in a hierarchy: The 
top level provides a process overview; all process steps 
of this overview are then modelled in more detail (see 
Fig. 1). These sub-processes are can be interpreted as 
separate modules that interact via interfaces. This con-
cept provides, on the one hand, flexibility, since mo-
dules can be changed easily and locally without having 
to deal with the whole model. On the other hand, it 
allows one to model process parts in sufficient detail 
while keeping complexity at the top level low.  
To account for the heterogeneity of the process, differ-
ent local process alternatives (e.g. necessity for problem 
description or revisions) have been defined. Probability 
functions control the flow of orders through these alter-
natives.  
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incoming requests requests arrive
receive request receive request

describe problem
analyse request

clarify problem identify cause of problem
evaluate order
identify necessary serivce measures

start order record order
plan order plan service measures
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execute order
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confirm order describe order accomplishment
generate documentation
update database

invoice order calculate service costs
invoice service order  

 
Figure 1: Process Overview and Detail Level 

 
Structure dimension 

The structure dimension represents the resources needed 
to execute the processes. Mapped resources are differ-
ent categories of personnel and material: service engi-
neers, service technicians, client technicians for person-
nel and tools, spare parts, operating resources (like 
gaskets or lubricants) for material. Depending on the 
kind of order that has to be processed and its degree of 
difficulty, different categories and quantities of re-
sources are needed and consumed.  
The structure dimension also accounts for the mapping 
of different cooperation alternatives. The cooperation 
partners provide different resources and thus certain 
parameters change. Such parameters are the amount and 
structure of the provided resources and their consump-
tion based on the degrees of difficulty of the orders. 
Depending on the location of the partners, times for 
personnel travel vary. The times required for fulfilling a 
service order and the probability of the need to correct 
this work depend on the qualification of personnel.  
 
Outcome dimension 

The outcome of a service is the finished service order 
which results from the process carried out by the re-
sources. The outcome dimension of the model therefore 
comprises the set of all service orders and their status as 
they are fulfilled. This status contains different pieces of 
information: the degree of difficulty of the order, exe-
cuted changes and revisions, and the order processing 

time. This information is used to calculate performance 
measures for the alternatives. Six performance measures 
have been defined in the three performance dimensions 
time, cost and quality (see Tab. 1). The conclusions 
based on the outcome of a comparison of cooperation 
alternatives may differ depending on the goals a com-
pany pursues in a cooperation. 
 

Table 1: Performance Measures 
 

Performance dimension  
Time Cost Quality 

Average time 
in system 

Average 
personnel 

cost 
First hit rate Perfor-

mance 
measure Average 

waiting time 
Personnel 
utilisation 

Variance of 
average time 

in system 
 
 
IMPLEMENTATION OF THE MODEL BASED 
ON COLOURED PETRI NETS 

To transfer the conceptual model into a simulation 
model, the software CPN Tools of the University of 
Aarhus was used (CPN Tools). All aspects of the over-
all model were mapped into a directed graph consisting 
of places, transitions, arcs, and markings. In order to 
realise the hierarchical concept substitutions transitions 
and fusion places (duplicates of places which make the 
places accessible at different locations) were used. 
Since the detailed presentation of all model elements is 
beyond the scope of this paper, the implementation of 
some of the main concepts is presented below. 
 
Order Specific Model Definitions 

The primary markings in the net are orders that pass 
through the process. The colour set of orders (Or-
der(i),j,k,l,l_d,m,n) is defined as follows: 
 
colset Order = product A*B*INT*INT*INT*INT*INT 
timed; 
colset A = index A with 0..3; 
colset B = with N|Ch|Nr|Chr; with (N=normal, 
Ch=change, Nr=normal revised, Chr=change revised). 
 
Thus an order (Order(i),j,k,l,l_d,m,n) comprises an 
index (position i) to indicate its degree of difficulty and 
a status information (position j) regarding changes and 
additions in the service assignment. The following inte-
ger values (positions k, l, l_d and m in Order(i),j,k,l,l_d, 
m,n) store different values that are needed to calculate 
performance measures. The last integer value (position 
n in Order(i),j,k,l,l_d,m,n) stores a one-to-one order 
number. This is an important requirement since, in order 
to model several concurrent processes, order copies 
with the same order number are created and have to be 
matched by comparing the order numbers when concur-
rent processes become synchronous. 



 

 

Resource Specific Model Definitions 

Resource allocation is modelled with a separation be-
tween personnel and service material. Depending on the 
degree of difficulty of an order, different multi-sets of 
resources need to be allocated. A multi-set is a combi-
nation of several appearances of different colours, e.g. 1 
service engineer + 2 service technicians + 3 client tech-
nicians. To be able to allocate resource multi-sets to an 
order, lists for personnel and material have been defined 
and added into a product colour set with the order. 
 
Process Specific Model Definitions 

The hierarchical concept described above was realised 
using the technique of substitution transitions. A substi-
tution transition represents another page (subpage) in 
the net which starts and ends at the same places as the 
substitution transition, but contains a more detailed 
process comprising several other transitions and places. 
As depicted in Fig. 1, the process maps ten substitution 
transitions. 
Local process alternatives are parallel procedures: An 
order runs through procedure A with a certain probabi-
lity and through procedure B with another probability. 
To implement this concept, transitions that trigger local 
process alternatives create a random variable that is 
compared to probability values for the alternatives that 
have been configured in model initialisation (Winkel-
mann 2005). Fig. 2 gives an example of a sub-process 
with two local process alternatives. 
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Figure 2: Sub-Process Receive Request with Local  

Process Alternatives 

Simulation Specific Model Definitions 

All time delays for process steps use random distribu-
tion functions, because the duration of the process steps 
varies. Since CPN Tools can handle time values only as 
integers, the real values of stochastic functions have 
been rounded, e.g. @+round(normal(x,y)). To be able 
to easily change the unit of the model time the function 
myround (r) = round (r * d) has been defined (Jansen-
Vullers and Reijers 2005). If the value of d is set to 1.0, 
the unit of the model time is set to minutes. 
To calculate and analyse simulation results, several 
monitors have been programmed in CPN Tools. They 
collect and process relevant data for the performance 
measures.  
 
Parameterisation 

To be able to initialise the model with user-specific 
starting and boundary conditions, these factors have 
been parameterised in the model by using global refer-
ence variables. That means that a company can specify 
the basic conditions of its service process by defining 
different values for the global reference variables. 
These parameters comprise time values for the different 
process steps and their stochastic functions (e.g. a Pois-
son arrival of requests) as well as probability values for 
certain process characteristics (e.g. the probability that 
an order has degree of difficulty of 2 or the probability 
that revisions are necessary). 
To account for the concept of cooperative service provi-
sion, the model has to change with regard to different 
cooperation alternatives. This means that different parts 
of the process may be provided by different partners 
and thus may differ with respect of time, cost, and qual-
ity. Therefore additional parameters that are influenced 
by a change in responsibility of certain process steps 
have been added. The following cooperation-relevant 
parameters are used to configure cooperation alterna-
tives for performance analysis: 1) probability of revi-
sion, 2) amount and structure of personnel, 3) personnel 
consumption per order, 4) cost of personnel 5) travel 
time of personnel, 6) time to accomplish order. 
 
EVALUATION 

The Coloured Petri net model implemented using CPN 
Tools has been evaluated concerning its correctness by 
verification, i.e. testing if the conceptual model has 
been implemented correctly (Desrochers and Al-Jaar 
1995; Jensen 1997; Wang 1998; Cassandras and Lafor-
tune 2001; Girault and Valk 2003). To do this, the full 
state space and strongly connected components graph 
were calculated and assessed concerning boundedness, 
liveness, fairness, and home markings. The results 
prove that all places are bounded with the upper and 
lower bounds as expected, deadlocks only exist for 
desired end states of the process and no infinite occur-
rence sequences exist.  
Structural and behavioural validation is not a task to be 
performed at the end of model development, but rather 



 

 

accompanies the whole process of model development 
(Law and Kelton 2000). To validate the model, a panel 
of 14 subject matter experts was involved in the de-
velopment of the model from the beginning. Several 
workshops and interviews with the experts have been 
organised. Joint development of the model, as well as a 
structured walkthrough of the conceptual model was 
used to validate the logic and assumptions of the model 
(Law and Kelton 2000; Robinson 2004). The use of 
common expressions in names of places and transitions, 
as well as the graphical representation and hierarchical 
structure of the model in CPN Tools have proven of 
high value to facilitate the communication with poten-
tial users and their understanding of the model. Interac-
tive simulation was then used to assess the behaviour of 
the model (Law and Kelton 2000) and showed that the 
simulation results were consistent with perceived sys-
tem behaviour. 
An application of the performance analysis for three 
cooperation alternatives was carried out afterwards. The 
obtained results showed the effectiveness and plausibil-
ity of the comparison of alternatives using performance 
analysis based on simulation. 
 
Experimental Design 

In order to gain more information about the model and 
the effects of the cooperation parameters on the per-
formance measures, an experimental design was carried 
out. In this case, a 2k factorial design was used (Law 
and Kelton 2000; Robinson 2004). In this design all six 
cooperation parameters were varied systematically us-
ing two levels (- and +) for all factors, leading to 26 = 
64 design points. Main effects and two-factor interac-
tion effects on two performance measures (average time 
in system and average personnel cost) and their 95% 
confidence intervals were calculated using 64 replica-
tions in the design points with five simulations runs 
each (320 runs in total). The results were used to repro-
duce expected system behaviour, as depicted in Figures 
3 and 4. 
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Figure 3: Effects on Average Time in System 

 
Factors 5 and 6 (travel time and time to accomplish 
order) have the highest influence on the average time in 
system (see Fig. 3): Changing factor 5 from its – to its + 
level (i.e. a higher travel time) increases the time in 

system, while the same change in factor 6 (i.e. shorter 
time to accomplish order) decreases the time in system. 
Changes regarding available personnel, personnel cost, 
resource consumption, and the probability of revisions 
as well as two-factor interactions are less important 
compared to the effects of factors 5 and 6. 
A similar picture arises for the effects on the average 
personnel cost (see Fig. 4), with the difference that a 
change in factor 4 (cost of personnel) has the highest 
influence on the average personnel cost per order, as 
one would expect. In this case, the other main effects 
besides the ones of factors 4, 5, and 6 and the two-
factor interactions are even less important.  
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Figure 4: Effects on Average Personnel Cost 

 
The results show that the model represents a consistent 
behaviour since no unreasonable effects were produced 
and the main influencing factors are feasible.  
 
CONCLUSIONS 

This paper presents a conceptual and simulation model 
of cooperative service provision in order to allow pro-
spective analysis of cooperation alternatives. The model 
reflects the major features of industrial services as well 
as their cooperative provision. It allows prospective 
analysis of process organisation alternatives by varying 
factors relevant to cooperation and comparing analysis 
results.  
The use of Coloured Petri nets as a modelling and simu-
lation formalism provides several benefits: One the one 
hand, the graphical representation of the model leads to 
transparency, consistency, and conformity with user’s 
expectations, so that understanding and acceptance of 
the model are facilitated. On the other hand, the matur-
ity of the Petri net formalism and the availability of 
appropriate tools allow a direct implementation into 
computer models and their analysis. 
Verification and validation of the model has shown that 
it properly maps the cooperative provision processes of 
industrial services and shows consistent behaviour. The 
influencing factors identified in a 2k factorial design 
support these findings. 
The 2k factorial design will also be used in the future to 
investigate trade offs in regard to resource allocation or 
mechanisation, e.g. the deployment of different catego-
ries of personnel or the application of remote services. 



 

 

Future research should be directed in several interesting 
directions. Firstly, to facilitate communication with 
model users, the connection to animation and web based 
input/output facilities would be helpful. Secondly, in-
vestigations of fuzzy measues to integrate concepts 
which are not directly measurable, like trust between 
partners and cultural fit, would be very interesting. 
Finally, by applying simulation to industrial services, 
further integration of modelling and analysis of service 
provision and production of the corresponding invest-
ment goods has become more feasible. Future research 
should try to integrate simulation approaches of prod-
ucts and services to be able to better understand inte-
grated product-service-systems. This should also lead to 
a more detailed collection of service process data. Here, 
industrial services have a backlog of demand, compared 
to production systems where simulation has already 
been established. 
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KEYWORDS The problem of network reconfiguration arises when 
essential deviations in actual work processes exist. The 
network execution is accomplished by permanent 
changes of internal network properties and external 
environment. It requires dynamic network adaptation in 
accordance with the current execution environment and 
the goals and decisions of the configuration phase. 
Although the problem of the network configuration was 
presented in details in a number of recent papers (Teich, 
2003, Camarihna-Matos, 2005, Ivanov et al., 2004, 
2005, 2006), the research on network execution is still 
very limited.  

Adaptation, complex business system, structure-
dynamics control, modeling. 
 
ABSTRACT 

Dynamics and globalization of modern markets force 
the business integration and building of various 
collaborative business structures (e.g., supply chains). 
The issues of modeling and optimization of such 
complex business systems are cross-linked and multi-
disciplinary.A challenge is a combined formation of the 
supply chain structural-functional configuration and the 
information infrastructure for implementation of 
interactions and coordination in supply chains. A 
important point of such simultaneous formation consists 
in ensuring of the business-processes continuity, 
information availability, and system catastrophe-
stability. The paper lays the special focus on the 
structural and parametric adaptation of models 
describing structure-dynamics control processes in the 
supply networks.  

The SCM modeling and optimization issues are cross-
linked and multi-disciplinary. They differ from those in 
the classical control theory and operations research by 
highly specific features of the SCM complexity and 
uncertainty (Ivanov et al., 2006). So specific modeling 
and optimization methodologies and techniques are 
required. This paper focuses on the problem of 
dynamical adaptation of the supply networks. Section 3 
outlines study addressing supply networks structural 
and parametric adaptation in the framework of 
structure-synamics control. Sections 4 lay the special 
focus on the structural and parametric adaptation of 
models describing structure-dynamics control processes 
in the supply networks as well as on the formal 
statement of structural and parametric adaptation 
problems for supply networks models. 

 
1. INTRODUCTION 

Nowadays the greater evolution of business 
conceptions, which have consolidated advanced 
organisation principles and modern information 
technologies, takes place. Supply Chain Management 
(SCM) can be classified under these conceptions (e.g. 
Chandra and Kamrani 2004, Kuhn and Hellingrath 
2002, Tayur et al. 1999). One of the SCM challenges is 
a combined formation of the supply chain structural-
functional configuration and the information 
infrastructure for implementation of interactions and 
coordination in supply chains.  

 
2. SUPPLY NETWORKS STRUCTURAL AND 
PARAMETRIC ADAPTATION IN THE 
FRAMEWORK OF STRUCTURE-SYNAMICS 
CONTROL 
 
The problem of complex business systems (CBS) 
structure-dynamics control (SDC) includes tasks of 
three main classes: 

A important point of such simultaneous formation 
consists in ensuring of the business-processes 
continuity, information availability, and system 
catastrophe-stability. To ensure that the static network 
configuration and dynamic network reconfiguration 
(system recovery planning) must be considered 
combined.   

− Class A problems (problems of structured analysis, 
problems of CBS structure-dynamics analysis under or 
without perturbation impacts); 

 



 

− Class B problems [estimation (observation) 
problems, monitoring problems, problems of CBS 
structural state identification]; 
− Class C problems (problems of control-inputs 
selection and problems of CBS parameters selection, 
i.e., multi-criteria control problems for CBS structures, 
modes, and parameters, and multi-criteria problems of 
CBS structure-functional synthesis). 
In (Sokolov et al. 2004, 2005) the problems of the class 
A were considered in detail, while the problems of the 
class B do not belong to the scope of this paper. Here 
we consider a formal description and solving algorithms 
for the class C problems. 
In a general case the formal statement of CBS structure-
dynamics control problem can be written as follows. 
We are given: customer requirements, technical, and 
technological constraints, determining variants of CBS 
SDC at the operation phase; vector of CBS 
effectiveness measures. 

We should determine: )(tu pl
r

, ( ttxv ),( )rr
, and Θβ

r
 

meeting the constraints and returning optimal value to 
the general effectiveness measure 

( ))(),(,),(),()()( ttutytxJJ obob ξβ= ΘΘΘ

rrrrr
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The described problem is too complex to be solved in 
whole. That is why we propose a decomposition 
splitting the initial problem into tasks of five main 
subclasses: 
− Subclass C1 problems (problems of real-time 
structure-functional synthesis of CBS make-up); 
− Subclass C2 problems (problems of optimal 
control programs selection for CBS SDC); 
− Subclass C3 problems (problems of a control-
inputs generation for optimal conditions of control 
programs execution); 
− Subclass C4 problems (problems of CBS 
parameters optimization); 
− Subclass C5 problems (problems of structural and 
parametric adaptation of CBS models and algorithms). 
Let us consider the main features of the subclasses C5. 
Analysis of the main features of the complex business 
systems (CBS) indicates their peculiarities such as: 
multiple aspects and uncertainty of behaviour, structure 
similarity and surplus for main elements and subsystems 
of the CBS, interrelations, variety of control functions 
relevant to each CBS level, territory distribution of the 
CBS components. 
One of the main features of the CBS is the variability of 
their parameters and structures as caused by objective 
and subjective factors at different phases of the CBS life 
cycle (Camarihna-Matos et al., 2005). In other words 
we always come across the CBS structure dynamics in 
practice. Under the existing conditions the CBS 
potentialities increment (stabilization) or degradation 
reducing makes it necessary to perform the CBS 
structures control (including the control of structures 
reconfiguration). There are many possible variants of 
the CBS structure dynamics control. For example, they 

are: alteration of the CBS functioning means and 
objectives; alteration of the order of observation tasks 
and control tasks solving; redistribution of functions, of 
problems and of control algorithms between the CBS 
levels; reserve resources control; control of motion of 
the CBS elements and subsystems; reconfiguration of 
the CBS different structures. 
The formal statement and decomposition of structural 
and parametric adaptation tasks were worked out for 
models of the CBS structure-dynamics control (SDC). 
Here the adaptive control should include the following 
main phases: parametric and structural adaptation of 
structure-dynamics control (SDC) models and 
algorithms to previous and current states of objects-in-
service (SO), of control subsystems (CS), and of the 
environment; comprehensive scheduling of CBS 
operation (construction of SDC programs); simulation 
of CBS operation, according to the schedules, for 
different variants of control decisions in real situations; 
structural and parametric adaptation of the schedule, 
control inputs, models, algorithms, and SCS programs 
to possible (predicted by simulation) states of SO, CS, 
and of the environment. 
To implement the proposed concept of adaptive control 
let us consider two groups of parameters for the CBS 
SDC models and algorithms: parameters that can be 
evaluated on the basis of real data available in the 
CBS; parameters that can be evaluated via simulation 
models for different scenarios of future events. 
The adaptation procedures can be organized in two 
blocks (models): simulation system (SIS) external 
adapter and the SIS internal adapter. When the 
parametric adaptation does not provide simulation 
adequacy then the structural transformations can be 
needed. Two main approaches to structural model 
adaptation are usually distinguished. 
The first approach lies in the selection of a model from 
a given set. The model must be the most adequate to the 
SO and the CS. The second approach stands for the 
CBS SDC model construction of elementary models 
(modules) in compliance with given requirements. The 
second approach provides more flexible adjustment of 
the SO and CS for particular functioning conditions. 
However, the first one is faster and can be effective if 
the application knowledge base is sufficiently large. 
Both approaches need active participation of system 
analysts and decision-makers who interact with the SIS 
and consider hard-formalizing factors and dependences 
within the general procedure of the CBS SDC program 
selection. 
The structural adaptation of the SCS takes a certain 
period of time, when the following main activities 
should be done: 
− selection or construction (synthesis) of the CBS 
SDC models meeting given requirements; 
− selection or construction (synthesis) of the CBS 
SDC algorithms for given conditions and given control 
problems; 
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algorithms that are not currently used in the CBS 
control processes. 
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AND PARAMETRIC ADAPTATION PROBLEMS 
FOR THE CBS SDC MODELS 
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The general multiple-model multi-criteria description of 
the CBS SDC problems presented in [Ivanov et al., 
2004, 2005] will be used for formal statement of 
adaptation problems. It is assumed that there are several 
variants of the CBS SDC models inscribed in the set 
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moreover the vector β  of the CBS parameters includes 

the subvector 
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   of the fixed CBS characteristics and 

besides of it the subvector 
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of parameters being adjusted through SIS 
external/internal adapter or defined within structural 
adaptation. 
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−  is a vector of parameters being adjusted 
through the internal adapter. This vector consists of two 
subvectors. The first one  belongs to the 
scheduling model, and the second one  belongs to 
the model of control at the phase of plan execution; 

)1(wr
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                                     (15)      

 
The formulas define a dynamic system describing the 
CBS structure-dynamics control processes. Here )(txr  
is a general state vector of the system,  is a general 
vector of output characteristics. Then, 

)(tyr

−  is a vector of parameters being adjusted 
through the external adapter. This vector consists of the 
subvector  belonging to the scheduling model 
and the subvector  including parameters of 
simulation model for the CBS functioning under 
perturbation impacts. In its turn, 

, , where  is a 
vector of parameters characterizing objects in service; 

is a vector of parameters, characterizing the 
environment;  belongs to the model of control at 
the phase of plan execution; 
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( )ttxv ),(rr  are control vectors. Here  represents 
the CBS control programs (plans of CBS functioning), 

)(tur

( )ttxv ),(rr  is a vector of control inputs compensating 

perturbation impacts Θβ
r

)(tξ
r

. The vector  is a general 
vector of the CBS parameters. 
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−  is a vector of parameters being adjusted within 
structural adaptation of the CBS SDC models. 

)3(wr  
is a vector of the CBS effectiveness measures. Its 
components state control effectiveness for motion, 
interaction operations, channels, resources, flows, 
operation parameters, structures, and auxiliary 
operations. The indices «g», «o», «k», «p», «n», «e», 
«c», «ν» correspond to the following models presented 
in (Sokolov, 2004): models of motion control (M

Now we have the modified multiple-model multi-
criteria description of the CBS SDC problems: 
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Θ∆∈
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models of operations control (M= ,                     (2)  ); models of <o,Θ>

 



 

Camarinha-Matos, L., Afsarmanesh, H. and A. Ortiz 
(eds.) (2005). Collaborative Networks and Their 
Breeding Environments, Springer, 2005. 

channels control (M<k,Θ>); models of resources control 
(M ); models of flows control (M<p,�> <n,Θ>); models of 
operations parameters control (M<e,Θ>); models of 
structures control (M Chandra, C. and A. Kamrani (2004). Mass Customization: A 

Supply Chain Approach
<c,Θ>); models of auxiliary 

operations control (M , Springer. ). <ν,Θ>
Ivanov D., Arkhipov A. and B. Sokolov (2004). 

Intelligent Supply Chain Planning in Virtual 
Enterprises. In: Virtual Enterprises and 
Collaborative Networks, edited by L.Camarihna-
Matos, Kluwer Academic Publishers: 215-223. 

In the equations (2) and (3) the transition function 
( )tttutxTxT ,),(),(),(),(, 00 ΘΘ βξϕ

rrrrrr
 and the output 

function ( )tttutx ,),(),(),( ΘΘ βξψ
rrrrr

 can be defined in 
analytical or algorithmic form within the proposed SS; Ivanov D., Käschel, J., Arkhipov A., Sokolov B., 

Zschorn L. (2005): Quantitative Models of 
Collaborative Networks, In: Collaborative 
Networks and Their Breeding Environments, 
edited by L.Camarihna-Matos, H. Afsarmanesh, A. 
Ortiz, Springer, 2005, pp. 387-394. 

( )ttxQ ),(rΘ ( )ttxV ),(rΘ, ,  are 
correspondingly allowable areas for program control, 
real-time regulation control inputs, perturbation inputs; 
B is a area of allowable parameters; 

( ttx ),(rΘΞ )

( )ttX ),(ξ
r

 is an 
area of allowable states of the CBS structure-dynamics. 
Expression (4) determine end conditions for the CBS 
state vector  at time t = T

Ivanov, D.A., Arkhipov, A.V., and Sokolov, B.V. 
(2006): Intelligent planning and control of 
manufacturing supply chains in virtual 
enterprises, in: International Journal of 
Manufacturing Technology and Management, 
Vol.9, No.4. 

)(txr 0 and t = Tf (T0 is the 
initial time of a time interval the CBS is being 
investigated at, and Tf is the final time of the interval). 
 

Kuhn, A. and B. Hellingrath (2002). Supply Chain 
Management: Optimierte Zusammenarbeit in der 
Wertschoepfungskette. Springer. 

CONCLUSIONS 

We proposed dynamic interpretation of CBS structure 
dynamics control processes. The proposed interpretation 
of these processes provides advantages of modern 
optimal control theory for CBS analysis and synthesis. 
The dynamic models of structure reconfiguration 
process allow: - to seek for alternatives in finite 
dimensional spaces rather than in discrete ones; - to 
reduce the dimensions of the CBS synthesis and control 
problems; - to take into account the influence of 
structures on CBS performance. 

Tayur, S., Ganeshan, R., and M. Magazine (Eds.) 
(1999). Quantitative Models for Supply Chain 
Management, Kluwer Academic Publishers. 

Sokolov, BV. and RM. Yusupov (2004). Conceptual 
Foundations of Quality Estimation and Analysis 
for Models and Multiple-Model Systems. Int. 
Journal of Computer and System Sciences, 
6(2004): 5-16. 

Sokolov B.V. (2004). Dynamic models of 
comprehensive scheduling for ground-based 
facilities communication with navigation 
spacecrafts //16th IFAC Symposium on Automatic 
Control in Aerospace, June14-18, 2004, Saint-
Petersburg, Russia, Preprints, Volume 1, pp.262-
267.  

The formal statement and decomposition of structural 
and parametric adaptation tasks were worked out for 
models of CBS structure-dynamics control (SDC). It 
was shown that two groups of additional parameters 
should be included in CBS SDC models for 
constructive implementation of the proposed adaptation 
concept: parameters being adjusted on the basis of real 
data of CBS state and of the environment state; 
parameters being adjusted via simulation experiments 
for different scenarios of future events. 

Sokolov B.V Dynamic models of comprehensive 
scheduling for ground-based facilities 
communication with navigation spacecrafts //16th 
IFAC Symposium on Automatic Control in 
Aerospace, June14-18, 2004, Saint-Petersburg, 
Russia, A Proceedings Volume1, Published for 
IFAC by Elsevier Limited, Kidlington, Oxford 
OX5 1GB, UK, pp.263-268. 

Now we use our approaches to formalization for tasks 
of business continuity planning and disaster recovery 
planning.  
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ABSTRACT

The digital factory concept is an integrated approach to 
enhance the product and production engineering 
processes and simulation is a key technology in digital 
factory concepts. Different types of simulation can be 
applied in virtual models on various planning levels and 
stages to improve the product and process planning. In 
an advanced stage simulation can be used in the digital 
factory concept to enhance the operative production 
planning and control processes from the management 
level to the factory floor also. 

DIGITAL FACTORY - VISION

The vision of the digital factory concept focuses on the 
integration of methods and tools available on different 
levels for planning and testing the product and the 
related production and operative control of the factory. 
(VDI 4499). Therefore the digital factory concept 
integrates the following aspects 

Product development, test and optimization 

Production process development and optimization 

Plant design and improvement 

Operative production planning and control 

The digital factory concept can be also seen as an 
enterprise and information strategy managing and 
collaborating processes of factories in global networks. 

Product und Production Process DevelopmentProduct und Production Process Development

Order ProcessOrder Process

Development / DesignDevelopment / Design

ResearchResearch

Job
Planning

Job
Planning

MarketingMarketing

PurchasingPurchasing

ServiceService

SalesSales

ProductionProductionProduction PlanningProduction Planning

Figure 1:  Digital Factory Processes 

The digital factory concept offers methods and software 
solutions for product and portfolio planning, digital 
product development, digital manufacturing, sales and 
support that deliver faster time-to-value, as shown in 
figure 2 (Walter 2002) Theses solutions support people 
and processes involved in each major phase of the 
product and production phase. 

Production

Conventional
Engineering

Concurrent
Engineering

Effort

Planning

Result

Time

Effort

Benefit

Figure 2:  Digital Factory Concept 

Simulation is a key technology for enhancing the 
product and production engineering processes in digital 
factory environments. Virtual models can be defined on 
different levels of detail depending on the actual 
demand. Further different types of simulation, such as 

FEM-Simulation 

Motion simulation 

Discrete-event simulation 

can be applied. In digital factory concepts it is important 
to chare data between models on different levels. 

DIGITAL FACTORY – PRODUCT 
ENGINEERING

In the digital factory concept the engineering process 
has to gain competitive advantage through optimized 
engineering performance. Innovative engineering 
accelerates the product and production process 
engineering by enabling collaborating teams to 
streamline the engineering processes. The digital factory 
concept requires 

Integrating CAD designs and CAE information 

Synchronize the engineering processes that require 
the participation of the entire value chain and their 
access to all of the product information needed. 
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Enable all of product-related teams to work together 
effectively without regard to physical location. 

Accelerate product delivery by enabling design 
teams to seamlessly collaborate with manufacturing 
teams. 

Establish product configurations re-useable across 
an entire product lifecycle and multiple products 

The digital factory requires a full engineering process 
management for multi-site product teams using a variety 
of CAD authoring applications and to manage a product 
structure with all product information, not just CAD 
files. All of the relevant CAD, CAM, and CAE 
information have to be managed, as well as design 
specifications, documents, requirements, and other types 
of product-centric information.  

Multi-CAD Integration integrating multiple, 
dissimilar CAD systems, including CATIA, 
Pro/Engineering SolidWorks, Unigraphics NX 
Series, Solid Edge and AutoCAD. 

Visual product collaboration for integrated 
visualization capabilities and workflow management 
improve communications among team members 

Multi-site collaboration to participate in design, 
automated engineering and manufacturing processes 

Process management capabilities enable to define 
engineering workflows that enforce company specific 
business rules and efficiently execute automated 
product-related processes. The benefits of an advanced 
engineering process management are  

Increase product innovation and flexibility 

Increase design and manufacturing concurrency 

Catch costly design mistakes up front in the product 
lifecycle

Enable team members to securely access all related 
information 

Improve communication among OEMs, suppliers, 
and allied partners 

Synchronizes activities of globally dispersed teams.  

Integrate current CAD, CAM, and CAE technology 
into new processes 

In the digital factory environment many products for 
these CA-technologies are available in the market. In 
the field of plant design and optimization the integration 
is not really state of the art. Especially for operative 
planning and control the market is relatively new and 
open integration tools have to be developed to connect 
the planning levels directly with the factory floor. 

Product Lifecycle Management 

Product lifecycle management (PLM) is an integrated, 
information driven approach to all aspects of a product 
from its design inception through its manufacture, 
deployment and maintenance, culminating in its 
removal from service and final disposal. The PLM 
approach requires at once an information strategy, an 

Product ModelingProduct Modeling

Process- / Factory ModelingProcess- / Factory Modeling

Strategy
Phase

Technology
Phase

Product
Phase

Ram up
Phase

Technology
Phase

Process Planning
Mechanical Engineering

Ramp up
Phase Production

Planning ToolsPlanning Tools

Production ConceptsProduction Concepts

Modeling ToolsModeling Tools

VisualizationVisualization

DocumentationDocumentation

SimulationSimulation

Product Data
Process Data
Planning Data

Figure 3:  Digital Factory Concept 

enterprise strategy and ultimately a transformational 
business strategy. It can be seen as a comprehensive 
approach to innovation built on enterprise wide access 
to a common repository of product information and 
processes. 

PLM represents a transformational business strategy for 
global manufacturers - a strategy built on common 
access to a single repository of all knowledge, data and 
processes related to the product. 

PLM builds a coherent data structure that enables real-
time, virtual collaboration and global data sharing. It 
lets companies consolidate systems while leveraging 
existing investments. Through open APIs and adherence 
to standards, it minimizes data translation issues while 
providing information to make effective decisions at 
every stage of the product and production stage. 

DIGITAL FACTORY - PLANT DESIGN 
AND OPTIMIZATION 

Plant design and optimization focuses on the 
optimization of material flow, resource utilization and 
logistics for all levels of plant planning from global 
production networks, through local plants down to 
specific lines. 

Objectives

Shorten new product introduction, time-to-market, 
and time-to-volume 

Improve production layout and minimize 
investments 

Machines and equipment are in the right place  

Sufficient material handling equipment available 

Optimized buffer dimensions 

Product handling is kept to a minimum 

Modelling and simulation techniques enable dynamic 
analysis to ensure that plant design problems and waste 
are discovered before the company ramps up for 
production. Further simulation technology ensures in 
advance of the start of production, that the factory hits 
the demands for efficient operations. 



Resource Data Base 

A resource data base provides a library to manage a 
wide range of manufacturing resource data. This 
includes machine resources, machine tools, cutting tools 
and gages, robots, welding guns and manufacturing 
process templates. Parametric search queries retrieve the 
data from a comprehensive structure. 

Factory Design and Layout 

There are factory layout CAD tools available that 
provide predefined modules for creating detailed, 
factory models. These layout tools allow to work with 
predefined objects that represent virtually the resources 
used in a factory, from floor and overhead conveyors, 
mezzanines and cranes to material handling containers 
and operators. With these predefined objects a layout 
model can be implemented in 3D fast and efficiently 
without drawing the equipment in details. 

Virtual reality factory models enable to fly through 
factory mockups, walk through, inspect, and animate 
motion in a rendered 3D factory model. This design and 
communication technology also provides design 
collaboration activities in order to view, measure, 
analysis, and inspect for clearance in a 3D virtual 
factory model.  

Optimizing the Factory Flow 

Factory layouts can be analyzed in a first step by using 
part routing information, material storage requirements, 
material handling equipment specifications, and part 
packaging information. The shortest distance between 
any two points the closest incoming dock and storage 
area to a part's point of use have to be identified. 

Material flow studies have to be performed on alternate 
layout configurations and layout options compared in 
order to find the best layout und to improve production 
efficiency.

Enhancing the factory layout based on material flow 
distances, frequency and cost is a first step towards 
more efficient factory layouts, figure 4, which directly 
result in reduced material handling and improved 
production outputs. 

Figure 4:  Discrete event simulation of a mono rail 
production system 

Plant, Line and Process Simulation 

Plant, line and process simulation can be performed by 
use of discrete event simulation tools. These tools allow 

analyzing systems and processes in order to optimize 
material flow, resource utilization and logistics for all 
levels of plant planning. This includes planning of 
global production facilities, through local plants, to 
specific lines. Simulation models enable to run 
experiments and what-if scenarios without disturbing an 
existing production system. Also it is possible to 
explore system characteristics and optimize 
performance of planed systems long before the real 
system is installed. 

Discrete Event Simulation offers: 

Minimize the investment cost for production lines 
while meeting the required production demands. 

Detect and eliminate problems that otherwise would 
require cost- and time-consuming correction 
measures during production ramp-up 

Improve the performance of existing production 
systems by implementing measures that have been 
verified in a simulation environment prior to 
implementation 

Dynamic Line Balancing 

Line balancing and machining planning requires to 
calculate operating cycle times and to generate a 
respective NC tool path. Discrete event simulation 
models provide a dynamic perspective of the balanced 
production line. It allows to analyze throughput, work-
in-process, resource utilization and buffer sizes. 

Part Manufacturing 

Part manufacturing applications link the tasks of the 
manufacturing engineer, NC programmer, tool designer 
and tooling manager, while extending access to the shop 
floor. It features the ability to create operations in both a 
hierarchical structure and a process sequence using 
graphical editing and displays. The 3D simulation of the 
NC path enables to detect collisions, analyze material 
removal and optimize cycle times. Further specific 
detailed process information can be delivered to the 
shop floor, and an NC tool path can be created taking 
into account cycle times for each set of features and 
operations. 

Simulation of Robotic Workcells

Digital manufacturing and simulation of robotic 
workcells focuses on the design, simulation, 
optimization, analysis and offline programming of 
robotic workcells and automated manufacturing 
processes in the context of product and production 
resource information. This requires a concurrent 
engineering platform to model the mock-ups of 
manufacturing cells on 3D graphics to optimize 
processes and calculate cycle times.  

Motion simulation and synchronization of several robots 
and mechanisms including 3D path definition is 
required to perform reachability checks, collisions 
detection and optimization of cycle time for. Typical 
features are: 



Workcell layout design and modelling from  3D 
CAD-Data

Robots, machines, tools, equipment libraries 

Modelling of complex kinematics of robots and 
other mechanisms 

Robot calibration for improving accuracy 

Automatic path planning 

Collision detection 

Sequence of operations (SOP) 

Offline programming (OLP) 

Models, which shall be used for offline programming, 
have to implement the physical and control 
characteristics of robots and other automated devices. 
Robot offline programming requires accurate 
simulations of robot motion sequences in order to 
download machine programs to the real controller on 
the shop floor. Controller specific information, 
including motion and process attributes have to be 
added to the generated robot paths. 

Figure 5:  Robot offline programming (Delmia) 

A typical application in the robotic field addresses the 
entire spot-welding design and programming process. 
Designing a spot-welding cell layout by accessing CAD 
models directly, optimizing robot placement and path 
and selecting the best welding gun are required features. 
Critical factors such as space constriction, geometric 
limitations and welding cycle times have to be taken 
into account. Features in this kind of application are gun 
search, automatic robot placement, path cycle-time 
optimizers, and weld point management tools. These 
enable to create virtual cells, simulations, and programs 
that accurately reflect the physical cell and robot 
behaviour. Finally robot programs and the sequence of 
operations can be generated for the application, verified 
and the PLC programs can be created automatically. 

Model Based PLC Offline Programming

With time and cost pressure on introducing new 
products and production changes, the PLC 
programming shall not be handled as an isolated, 
independent function on the shop floor level. The PLC 
program generation integration in a 3D-integrated 

virtual environment allows working in parallel and 
sharing information from both mechanical design and 
control departments. This enables an automatic 
generation of PLC programs directly from the virtual 
manufacturing model and allows for virtual 
commissioning prior to building the equipment on the 
shop floor with benefits, such as: 

Visualize and optimize functionality and behaviour 
early in the production engineering phase 

Increase the speed, consistency and reliability of 
design processes 

Prove of feasibility of the control logic 

Correcting logic errors well before ramp-up 

Cut time and cost by creating shop-floor 
documentation off line 

Evaluate PLC program changes on a virtual model 
instead of taking risks on real equipment 

The integration of model based automatic offline 
programming of Programmable Logic Controllers 
including simulation and verification by use of a virtual 
manufacturing model can optimize the engineering 
process and help to cut ramp-up times significantly. 

Human Resource Simulation 

An accurate modelling, simulation and analysis of 
manual assembly designs, manual workplaces and 
human operations with detailed 3D virtual human 
models can optimize execution times and prevent work-
related health problems. Human resource simulation 
focuses on: 

Detailed design of manual operations 

Checking the feasibility of tasks 

Ergonomic analysis 

Time analysis 

Generating work instructions 

Figure 6: Visualisation and simulation of a wing 
assembly workplace (Delmia) 

Human resource simulation improves workplace 
ergonomics, optimized assembly cycle times, improve 
communication of planning results, increase 



productivity of production facilities, generate a 
comprehensive documentation of human operations and 
reuse of best-practices. The evaluation and effective 
design of manual workplaces can help to raise the 
motivation of workers on the shop floor and therefore 
increase profitability. 

DIGITAL FACTORY - OPERATIVE 
CONTROL AND OPTIMIZATION 

The digital factory approach for operative production 
planning and control extends the one for plant design 
and optimization. This approach requires a steady 
feedback loop from the factory floor, in order to update 
general data, model structure and model parameter with 
the actual situation from the factory. 

Objectives

Improve collaboration between production planning 
and execution 

Improve process control and variance reduction 
capability

Adjust schedules and production processes in real 

Deliver customer orders accurately with good 
quality on time 

Improve quality and reduce cost of errors 

Reduce inventory, work in progress and scrap costs 

Improve visibility of the production processes to 
supply chain planning 

Production Management 

A production management solution requires a complete 
and scalable shop floor environment that enables 
manufacturing organizations to improve agility, capture 
operational knowledge and to increase efficiency. The 
integration has to connect the process planning level 
with the control level from manufacturing execution 
systems (MES) to real-time process monitoring and 
control (SCADA/HMI). 

Sequence Optimization for Production 
Planning

Operative production planning requires sequencing, 
scheduling and routing orders to production resources.  
Allocating orders to the factory floor on single lines, 
parallel lines, multiple lines, as well as splitting and 
merging lines requires detailed information and partly 
complex rules and strategies. Especially, if many 
different products and variants have to be produced, and 
sequencing of orders is restricted by a large number of 
rules, software support is mandatory. A sequencer tool 
can assist in reducing the manual effort for producing 
feasible schedules improving the schedule quality. 
Modern systems are using state of the art optimization 
such as genetic algorithms and enable the production 
planner to quickly generate optimized schedules. 

Product and Production Tracking 

Product and production tracking tools capture and 
communicate real-time manufacturing data 
automatically from the shop floor and give a real-time 
view into the production environment. The product and 
production tracking provides the ability to view the data 
from several different perspectives, such as by product, 
work in process, route, tools, equipment, material, and 
labour. This ability helps to meet the requirements of 
the diverse users in the organization. 

The product and production tracking complements the 
ERP and SCM systems by capturing manufacturing data 
to a level of detail and precision that ERP and SCM 
systems don’t match. The resulting information allows 
rapid identification of the cause of problems with fast 
reaction to limit the impact of these problems.  

Product and Production Quality 

The growing adoption of six sigma and lean 
manufacturing initiatives highlights the importance 
manufacturers place on improving product and 
production quality. The digital factory concept helps to 
enhance the six sigma and lean initiatives by providing 
a graphical environment to analyze dimensional 
variation; generate complete, verifiable CAD-based 
machine inspection programs for measuring equipments 
and machines by sharing quality data in a digital 
environment. 

DIGITAL FACTORY - ARCHITECTURE 

The digital factory concept requires the integration of 
design-, engineering-, planning-, simulation-, 
communication- and control-tools on all planning and 
factory levels. Each of the particular tools requests 
specific algorithms and specific data. The digital factory 
approach is an approach towards using common data for 
all applications in order to enable collaboration with 
virtual models for different purposes and different level 
of detail. (Zäh 2004) Therefore an open architecture is 
an important issue of the digital factory concept. 

Openness and interoperability is the key factor for 
implementing digital manufacturing concepts (Kühn 
2006). Conversely, the lack of open standards within a 
digital factory environment creates significant 
integration and implementation effort for customers 
trying to deploy digital manufacturing.  

Open Factory Backbone  

An open factory backbone (OFB) is a scalable digital 
enterprise backbone to transform the process of digital 
manufacturing. It provides an open platform for 
integration of independent software solutions that 
seamlessly interoperate with one another in a digital 
factory environment. Open XML technology gives a 
platform that factory wide data exchange. An open 
factory backbone provides a technology platform that 
benefits manufacturers as well as application developers 
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Figure 7:  Open Factory Backbone 

from different areas to independently create specialised 
applications that plug in to an integrated digital factory 
environment and to offer a fully mature, open and 
integrated environment 

Linking the Factory Floor 

For the operative production planning and control a link 
to the factory floor is mandatory. Open interfaces based 
on industry standards are required to integrate the 
various control levels with the planning level. A multi-
tier architecture design enables to deploy a wide array 
of flexible architectures. These can be used to build up 
virtually applications, from the Human-Machine 
Interface (HMI) systems to complex and demanding 
Supervisory Control and Data Acquisition (SCADA) 
systems. 

Linking the ERP System 

In a digital factory environment the operative 
production planning and control also requires a link to 
the enterprise resource planning level. An ERP 
connector shall provide an import and export of data 
such as routes, consumptions, equipment and users.  

Connect HMI, SCADA, and product management 
systems to the ERP-systems. 

Update the ERP with real-time plant floor data 

A state of the art ERP connector should be based on the 
ISA-95 standard. 

Factory Data Management 

Manufacturing planning and execution involves a 
variety of complex and interconnected activities from 
part and assembly process planning to plant design, 
ergonomic analysis and quality planning. Information 
and data from product design, manufacturing 
engineering and production management have to be 
handled transparent for all applications in the digital 
factory environment. 

Factory Process Management 

Factory Process Management (FPM) tools establishes 
the relationships and associations between product, 
process, plant and resource, which are the basis for the 
creation of a manufacturing plan. The over all goal is to 

provide all users to quickly assess the impact of their 
decisions on product, process, plant and resource 
requirements. Software tools are required for 
simulation, workflow, change management, integrated 
visualization, configuration management and integration 
tools. These tools are using the open factory backbone 
and the factory data management. 

CONCLUSION

The digital factory concept is an integrated approach to 
enhance the product and production engineering 
processes. Simulation is a very important key 
technology in the over all concept and can be applied in 
virtual models on various planning levels and stages to 
improve the product and process planning. UGS and 
Delmia offer software solutions towards this approach. 

In the first phase of the digital factory concept the focus 
is on integrated product engineering. For this area many 
tools are already available in the market. The second 
phase includes the plant design and optimization in a 
collaborative environment concurrently with the product 
engineering. Many tools are available for certain 
purposes. However there is still a lack of open 
integration possibilities between tools and planning 
levels. The third phase of the digital factory concept is 
focussing on operative production planning and control 
down to the factory floor. This approach requires an 
extremely high effort and future research is needed to 
developed methods and tools for this approach. 
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ABSTRACT 

The present paper introduces an innovative model for 
the estimation of urban solid waste productivity using an 
intelligent system based on fuzzy logic. The model 
retrieves the required information from a spatial 
Geodatabase, integrated in a GIS environment. 
The model takes into consideration several parameters 
of waste production, such as population density, 
maximum building density, commercial traffic, area and 
type of shops, road network and its relative information 
(e.g. road width, dead-end streets, etc) linked with the 
allocation of waste bins. Additionally, ground-based 
analysis has been applied for the estimation of the 
interrelations between the aforementioned factors and 
the variations in waste production between residential 
and commercial areas. 
Therefore, the proposed model follows a unified and 
correlated categorization approach for all commercial 
and industrial activities in the area of study using a 
weighting system for all of the considered factors. The 
first results from testing the system using different 
regions, show the effectiveness of the system in the 
estimation process of the optimal number of waste bins 
in each region. 
 
INTRODUCTION 

Urbanization is one of the most evident global changes 
worldwide. The rapid and constant growth of urban 
population has led to a dramatic increase in urban solid 
waste production, with a crucial socio-economic and 
environmental impact. However, the growing concern 
for environmental issues and the need for sustainable 
development have moved the management of solid 
waste to the forefront of the public agenda. Legislation 
and regulations have been introduced in local and 
national levels to guide waste management, and 
techniques for appropriate waste treatment and disposal 
have been developed. Moreover, strategies for 
sustainable waste management have emphasised the 

requirement to minimise waste production, increase 
waste recovery and reduce the use of landfill sites. 
Nowadays, there is a general agreement on the best 
practices for sustainable management of urban solid 
waste, but only isolated efforts have been made so far in 
this domain, which were adapted to specific regulations 
and needs of each national or regional authority (Leao et 
al, 2001). 
However, sustainable waste management seems far from 
being attained. Reduction of waste production is still a 
hope more than an achievement in most countries. The 
net waste production increases as population grows, and 
per capita generation of waste is also increasing, 
particularly in developing countries. Disposal in 
landfills is still the most usual solution. 
Waste management issues should be confronted in a 
more generalized manner, which means that new 
strategies need to be designed for considering diverse 
and variable urban models. This fact demonstrates the 
necessity of developing integrated, computerized 
systems for obtaining more generalized, optimal 
solutions for the management of urban solid waste 
(Karadimas et al, 2004). 
The current work describes an innovative model that can 
lead to the prediction and computation of the municipal 
solid waste generation and consequently to the 
calculation of the optimal number of waste bin as well as 
their position in a pre-defined area. 
The paper is structured in the following sections: 
Section 2, presents a theoretical overview of the related 
literature. In Section 3, the waste management problem 
in the selected case study area is presented and Section 4 
describes the solid waste generation factors. In Section 5 
an overview of fuzzy sets and fuzzy logic is introduced. 
Section 6 illustrates the fuzzy inference system while 
Section 7 is devoted to conclusions and future prospects. 
 
OVERVIEW 

The estimation and the prediction of municipal solid 
waste generation plays an important role in solid waste 
management. The population growth and migration, 
underlying economic development, household size, 



 

employment changes, as well as the impact of waste 
recycling are factors that influence solid waste 
generation interactively. The development of a reliable 
model for calculating and subsequently predicting the 
aggregate impact of economic trends, population 
changes, and recycling impact on solid waste generation 
would be a useful advance in the practice of solid waste 
management. 
The issue of determining a suitable procedure of 
analysis for municipal solid waste (MSW) quantities has 
been investigated in many research approaches. Certain 
aspects of MSW management and policies are found in 
the literature based on the correlation among 
socioeconomic data and solid waste composition and 
quantities. The main objective in these cases is to 
simulate the multivariate problem of MSW in a 
mathematical form by using deterministic models 
(mostly regression models) and trend analysis 
(Karadimas et al, 2005). 
DeGeare and Ongerth (1971), performed a multiple 
stepwise regression analysis in an effort to predict from 
the existing data sets the weekly quantities of collected 
waste. On the contrary, Rhyner (1992) analyzed the 
monthly quantities of solid waste (urban, industrial, etc) 
generated in Wisconsin by using mean values and 
standard deviations between 1985-1989. Matsuto and 
Tanaka (1993) have normalized values of waste 
amounts and subsequently have estimated moving 
averages. The advantage of this analysis was that the 
moving average curve showed seasonal variations, in 
most cases, due to the residents' behavior. Grossman et 
al. (1974) includes the effects of population, income 
level, and the dwelling unit size in a linear regression 
model. Niessen and Alsobrook (1972) conducted similar 
estimates by providing some other extensive variables 
characterizing waste generation. But dynamic properties 
in the process of solid waste generation cannot be fully 
characterized in those model formulations. 
To implement those traditional statistical estimation 
methods, however, it would require collecting thorough 
socioeconomic and environmental information before 
the estimation analysis can be performed. In many cases, 
municipalities might not have a sufficient budget and 
management capacity to maintain a complete database 
of solid waste quantity and quality in support of such 
needs on a long-term basis. 
Most traditional statistical estimation models, such as 
the geometry average method, saturation curve method, 
least-squares regression method, and the curve extension 
method, are designed based on the configuration of 
semi-empirical mathematical models. The structure of 
these models is simply an expression of cause-effect or 
an illustration of trend extension in order to verify the 
inherent systematic features that are recognized as 
related to the observed database. 
In addition to short-term forecasting, long-term 
forecasting could also be very useful to waste 
management authorities or companies in terms of 
selecting appropriate technologies or scheduling landfill 

sites. However, when estimating long-term MSW 
production rates, one should be aware of significant 
changes either in the attitudes of consumers/waste 
generators or in national or local decrees and regulations 
regarding waste minimization and recycling. Therefore, 
estimations should be based on techniques that identify 
trends and seasonality, and give recent data higher 
consideration. 
In light of the evolution of structured or semi-structured 
estimation techniques, the synergy of fuzzy logic 
modelling is viewed as a promising approach for 
handling estimation issues under uncertainty. 
 
CASE STUDY 

In this research work, a small part of Attica’s prefecture 
(a suburb of Athens) was chosen as the case study area. 
The municipality of Athens is empirically divided into 
about 145 solid waste collecting programs. Figure 1 
illustrates one of these collecting programs, in which 
each one includes approximately 100 waste bins. The 
waste disposal truck, which is responsible for the 
collection of the solid waste in that particular area, must 
visit all the bins in order to complete its collection 
program. 

 
Figure 1: The area of Athens used in our experiments 

The examined area is about 0.45km2, with a population 
of more than 8,500 citizens and a production of about 
3,800 tones of solid urban waste per year. The data 
concerning the area under examination was obtained 
from the pertinent Agency of the Municipality of 
Athens. The data includes maps of the examined area 
with the correspondent annotation (address and 
numbering labels of streets), the building blocks and the 
locations of the existing waste bins. 



 

The waste bin locations were initially derived from a 
pilot program that the municipality of Athens was using 
for the allocation of their trucks. For that purpose Global 
Positioning System (GPS) and General Packet Radio 
Service (GPRS) technologies have been used and the 
information received was recorded into a spatio-
temporal database. 
To estimate the daily waste generation in association 
with the population and commercial distribution in an 
area, the number of citizens per building block and the 
factors which affect the daily waste production per 
citizen (kgr/citizen) should be provided as well as the 
number of the commercial activities and their daily 
waste production per activity. 
The average daily waste production number, that has 
been proposed by the Municipality was 1.2 kgr/citizen, 
has been considered as unrealistic due to the unreliable 
method of the calculation performed by the 
Municipality.  
The calculation method that has been used was the 
following: When a truck approaches the landfill, it 
undergoes weighing and at the end of the day, the sum 
of all loadings provides the overall daily waste 
production for the total of residents. The daily waste 
production per citizen was derived dividing the overall 
waste loading by the number of citizens in the area 
under examination. Nevertheless, commercial units 
(such as Super Markets and others) produce a significant 
quantity of waste relative to their type and the fact is that 
the empirical model used by the municipality, does not 
specify the quantity of the waste due to these 
commercial factors. This parameter plays an important 
role because of its impact on the remaining factors for 
the computation of the overall cost. 
For example, an area with high commercial traffic, but 
at the same time, with a small number of citizens, 
probably generates more solid waste in a daily basis 
than if it was a strictly residential area. 
Such constraints should be taken into account in order to 
design a successful waste collection process. To achieve 
optimum benefits from waste collection services, an 
appropriate positioning of the waste bins on the map is 
required. 
The waste bins used by the Municipality of Athens have 
a total capacity of 1.10 m3 with 90% of fullness. 
According to that, and the fact that the density of urban 
solid waste is about 130 kgr/ m3, the quantity of waste in 
each bin should be approximately 120-130 kgr 
(≈125kgr�. These bins should also be set in a way that 
citizens are not obliged to cover a long distance from 
their homes to dispose the waste. Simultaneously, the 
number of bins needs to be proportional to the number 
of citizens, so that no bin remains empty throughout the 
day, as this might increase the collection cost. 
Furthermore, the solid waste is collected every day by 
the Municipal services. For all the aforementioned 

reasons, for every group of regions, the corresponding 
daily waste loading should be calculated. 
Of course, it is very difficult to assign a set of 
coefficients, which directly affect the daily waste 
generation and can precisely estimate their weight for 
the total solid waste of a particular area, because there 
are some uncertain parameters such as: the real-estate 
commercial value and the maximum building density 
factor of the particular segment area. Moreover, in that 
phase, it is very hard to collect all the electricity bills 
from every property in the area. However, electricity 
bills could be an important factor for waste estimation, 
because in many cases, there is a relation between waste 
generation and electricity consumption. Furthermore, the 
commercial traffic in a particular area is another factor 
that is not precisely estimated, as well as the area that is 
used for each commercial activity. 
On the contrary, the value of the daily waste production 
per citizen is calculated as a range between 0.8 and 
1.2kgr/citizen, depending on the area in which each 
citizen lives and it is estimated on ground-based 
statistical analysis, and this set of values concerns 
strictly residential areas (without any commercial or 
industrial activity). 
Having in mind all the aforementioned factors, this 
makes fuzzy logic a more obvious approach to this 
problem. Fuzzy logic was introduced by Zadeh (1965) 
to describe and to deal with such uncertainties. In this 
work, the power of fuzzy logic and fuzzy inference 
systems were utilized for the estimation of the total 
urban solid waste generation. 
All of the coefficients are represented by linguistic 
variables. Then these coefficients are weighted to 
represent the importance and the contribution of each 
factor. Thus, the proposed system encodes the expertise 
of the environmentalists in a fuzzy inference system in 
order to estimate the total waste. The system can be 
easily used by MSW planners due to waste bins 
calculation and their allocation in a pre-defined area. 
The system is flexible and can be adapted for new 
information on the pre-defined area that may be 
incorporated into a knowledge base. 
This will allow the user’s interaction with the computer 
in order to understand better the initial waste bins 
calculation process. Several factors were considered in 
the solid waste generation process. These factors cover 
commercial traffic, electricity bills, commercial area (in 
m2), maximum building density factor, real-estate 
objective values and others. 
 
SOLID WASTE GENERATION FACTORS 

In assessing the total solid waste generation in an area 
under study, many factors should be considered. These 
factors may be presented in many ways; however the 
most useful way is the one that can easily be understood 
by the community. The following factors are usually 
considered in the solid waste generation process: 
• real-estate commercial values  



 

• maximum building density factor  
• electricity bills 
• commercial traffic  
• land use 
• area in square meters (m2)  

In addition to the factors previously mentioned, other 
factors may be considered based on local conditions and 
circumstances. In this work, the factors used for the 
analysis of the total solid waste generation are grouped 
into two main categories, including the estimation of the 
daily residential waste generation as well as the 
commercial - industrial generation of solid waste in the 
area under study. 
The residential waste coefficients include real-estate 
commercial values (RECV), maximum building density 
factors (MBDF), size of area in square meters (SA) and 
electricity bills (EB). On the other hand, the commercial 
coefficient includes factors related to commercial traffic 
(CT), land use (LU), size of area in square meters (SA) 
and the electricity bills (EB) of each commercial 
property. 
The contribution and severity of the aforementioned 
various factors in the solid waste estimation may be 
different. For example, the same commercial activities, 
in different areas, with different commercial traffic 
factors may produce completely different amounts of 
solid waste. 
The impact severity of each parameter was determined 
as Big, Medium and Small. Among the many aspects to 
be considered for the calculation of the total solid waste 
generation, it is important to consider most of them with 
objective weighting. The degrees of weightiness 
importance for a specific factor may be different. A 
scoring system is commonly used to express this 
variability. In the present study, these factors were given 
weights based on a scoring system ranging from 0 to 1. 
These weights were given based on a consensus of 
professionals with expertise in solid waste estimating 
and on data from the technical literature. 
 
FUZZY SETS AND FUZZY LOGIC 

Uncertainty is a major concept in our daily life. Fuzzy 
sets and fuzzy logic provide an approach to deal with 
this concept. Fuzzy logic modeling supports an easier 
transition between human thinking and computer-based 
analysis in complex decision processes involving the 
assessment of uncertain information. 
In recent years, fuzzy logic has been successfully 
applied in a variety of disciplines including computer 
vision, weather prediction, image processing, nuclear 
reactor control, control of biomedical processes, 
automatic tuning and many other fields of research. 
Fuzzy sets are sets with imprecise boundaries. A fuzzy 
set provides a mechanism to express the degree of 
membership rather than accepting or denying the 
membership. The wide use and popularity of fuzzy set is 
related to its ability to tolerate imprecise and linguistic 
data. It assigns each element in the universe of discourse 

a value representing its grade of membership in the 
fuzzy set. This number represents the certainty or belief 
that this individual is compatible with the concept 
represented by the fuzzy set. A membership function 
(MF) is a curve that maps each element in the input 
space into a membership value called the degree of 
membership. 
The only restriction on the MF is that it must vary 
between 0 and 1. The function itself may take any shape 
that is defined and specified by the designer to suit the 
nature of the problem from the point of view of 
simplicity, convenience, speed and efficiency. 
One of the most common classes of MFs is the 
trapezoidal MF. The trapezoidal membership function 
has a flat top and really is just a truncated triangle curve. 
A trapezoidal MF can be specified by a collection of 
four points {a, b, c, d}. It is expressed as: 
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where (a < b < c < d) are the X coordinates of the four 
corners of the underlying MF. Fuzzy sets representation 
conforms to the objectives appearing in our daily 
linguistic usage such as sets of {Low–Medium–High}, 
{Small-Medium-Big}, etc. These expressions are called 
linguistic values and the universe field of discourse on 
which these values are defined on is called a linguistic 
variable. The basic operations on a classical set are 
union, intersection and complement. Corresponding to 
those basic operations, Zadeh defined similar operations 
on fuzzy sets (Zadeh, 1965). Fuzzy IF–THEN rules 
form the rule base in a fuzzy inference system and they 
provide means to encode conditional propositions. A 
single IF–THEN rule takes the form: 
IF commercial traffic is high and area is low THEN… 
All parts of the antecedent are evaluated simultaneously 
and resolved to a single number using the logical 
operators (AND, OR, NOT).  
Fuzzy reasoning, known also as approximate reasoning, 
is the process of deriving conclusions from a set of IF–
THEN fuzzy rules using an inference procedure. By 
fuzzy reasoning, the truth of the consequent is inferred 
from the degree of truth of the antecedent. 
The concept of fuzzy set theory, IF–THEN rules, and 
fuzzy reasoning together constitute a computing 
framework usually called fuzzy inference system (FIS). 
The structure of a fuzzy inference system consists of 
three major parts: a rule base that holds the fuzzy IF–
THEN rules used in the inference process, a database 
that contains the membership functions that characterize 
the fuzzy sets, and a reasoning mechanism that performs 
the inference procedure and derives conclusions 
depending on a set of rules and facts. The fuzzy 



 

inference process consists of five steps including 
fuzzification, application of the fuzzy operators, fuzzy 
implication, fuzzy aggregation, and defuzzification. The 
last step uses a defuzzification method to produce a 
single crisp number for each output variable. 
There are three widely used types of fuzzy inference 
systems: Mamdani, Sugeno, and Tsukamoto. The basic 
difference between various models lies in the 
representation of the consequents of their fuzzy rules. 
Accordingly, the aggregation and defuzzification 
procedures of the three models are different. In this 
work, the Mamdani model will be utilized in developing 
the system, as this is the most suitable model for 
encoding experts opinion in which consequences are 
expressed as linguistic variables, which is the case in 
this work. 
The Mamdani model was proposed by Mamdani in 1975 
to control a steam engine and boiler combination. It was 
among the very first control systems built based on the 
theory of fuzzy logic (Mamdani and Assilian, 1975). 
This model is characterized by representing the 
consequents of its rules using fuzzy sets. The 
aggregation of the outputs of all rules yields a single 
fuzzy set (output). A defuzzification process is then 
performed to extract a crisp value from the output fuzzy 
set. For example, using the centroid defuzzification 
method, the crisp output of the Mamdani fuzzy inference 
system is given by: 
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MSW ESTIMATION USING FUZZY INFERENCE 

The proposed system utilizes the power of fuzzy sets in 
describing uncertainties in the different factors involved 
in solid waste estimation. Each factor is represented by a 
linguistic variable defined over a universe of discourse 
that represents all permissible values. The expertise of 
an environmentalist is coded into a fuzzy rule base, 
which drives the inference system as shown in Figure 2. 
The contribution and importance of the various factors 
in the solid waste calculation may be different. A 
scoring system is commonly used to express this 
variability. 
The total solid waste generation is expressed as a 
weighted sum of all factors. These weights are given 
judgmentally based on a consensus of those 
professionals with expertise in solid waste generation 
and on data from the technical literature. 
Linguistic values are used for the residential waste 
coefficient as well as for the commercial coefficient. 
The rule base consists of rules that describe the various 
contributions of these factors on the total solid waste 
generation in an area under study. The final crisp output 
is given after defuzzification of the aggregated outputs, 
for both residential and commercial fuzzy inference, 
using the centroid method as described in Equation (2). 

 
Figure 2: Solid waste estimation using fuzzy inference 

system 

After the defuzzification of each group of the 
coefficients the following equation (3) is used to 
calculate the final solid waste generation. The following 
equation could accurately calculate the total solid waste 
generation on a given area, based on the population and 
their waste generation coefficient of the pre-defined 
region as well as the number and waste generation of the 
industrial and commercial activities involved. 
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where ia  is the population of the examined area i, ix  is 
the value of the daily waste production per citizen in the 
area i, produced by the defuzzification method. Also, ijb  
is the total area (in m2) of every commercial activity j  
in the particular segment area i, and ijy  is the coefficient 
related to waste generation of the commercial activity j 
in the area i produced by the defuzzification method. 
Furthermore, m is the distinct set of areas, used for the 
calculation of the total solid waste generation, while n is 
the total number of commercial activities in each pre-
defined area. 
The estimates ( ix  and ijy  coefficients) can be used to 
construct the prediction equation waste production and 
to generate predicted scores on a variable for further 
analysis. Thus, the resulting waste production equation 
can be used to estimate the waste production rates in 
other areas, in order to improve waste management and 
planning. 
 
DISCUSSION AND FUTURE WORK 

This work focuses on the design and the implementation 
of an innovative model for accurate estimation of urban 
solid waste. The model should be practical, taking into 
account the resources available and should explain 
clearly and directly the analysis and the results in an 
easily understandable format. 
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In this research work, an intelligent system approach for 
the calculation of the urban solid waste was utilized. The 
system uses a fuzzy inference system that can encode the 
expertise of an environmentalist and it can adapt by 
adjusting the knowledge base. Several factors that affect 
the waste generation process were considered including 
commercial traffic, land use, real-estate commercial 
values, maximum building density factors and others. A 
scoring system should be utilized to represent the 
importance of these factors. The proposed system could 
rank each output using a scale that ranges all the 
aforementioned factors. 
Experimental results reveal the effectiveness of the 
system in terms of its ranking capabilities. The proposed 
system can be used as a tool by planners and decision 
makers in the process to estimate precisely the solid 
waste generation in the area under study. That is, 
because fuzzy reasoning represents better the 
uncertainty introduced in the calculation of the above 
coefficients. Thus, the commercial traffic and other 
related parameters in an area, which are in turn related 
to waste productivity, are better expressed with a range 
of values rather than with a single value. 

Although the case study covers an area of about 
0,45km2, 8500 citizens and over 100 building blocks, to 
ensure the reliability of the derived results, the proposed 
model should be tested in an even more extended area. 
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ABSTRACT 

The paper discusses the role of modelling and 
simulation techniques in large scale construction 
projects focusing on the opportunities and on the 
modelling challenges that are specific to this context of 
application. The paper argues that a methodology based 
on dynamic multi-process simulation models provides 
powerful decision support when assessing the 
performance implications of changes in the design 
and/or in the technology, as well as the impact of 
alternative courses of action during project execution. 
Dynamic multi-process simulation provides 
quantitative grounds for the understanding, analysis, 
and discussion among the project stakeholders, and 
creates the conditions for a concurrent engineering 
approach throughout the project�s lifecycle, starting 
from the early stages of conceptual design. A 
simulation-based study, based on actual data from a 
construction project, is presented in the paper to 
illustrate these benefits. 
 
INTRODUCTION 

The analysis of change in large-scale construction 
projects, and especially the assessment of its impact on 
performance, requires a great deal of shared process 
understanding and communication among the project 
stakeholders. Large-scale construction projects involve 
the interests of several parties, such as the owner, the 
general contractor, and the different specialty 
contractors. Each party, depending on the type of 
contract, has different objectives within the project. 
This diversification and fragmentation of tasks and 
goals makes it quite difficult to establish an absolute 
�optimum� for the project and makes it even more 
difficult to express it in terms of a single performance 
measure.  
 
   Depending on the particular project and party of 
perspective, one aspect of performance may become 

critical to the success of the project, but in general the 
level of success achieved in a project can only be 
measured across multiple dimensions of performance 
(O�Connor and Miller, 1994). When dealing with 
complex applications, the introduction of design and 
technological changes impacts project performance at 
three levels: the system, the inter-system, and the whole 
project level. Specifically, the system level observes the 
effects of change within the system of introduction. The 
inter-system level tracks the effects as they ripple out to 
systems other than the one of first introduction. The 
whole project level captures the impact on the 
performance of the overall project. Prior research, 
based on extensive simulated scenario testing, has 
demonstrated that the impact of change can be 
accurately tracked at all three levels, across multiple 
dimensions of performance (Orsoni, 2000; Orsoni, 
2001a; Orsoni 2001b; Slaughter and Orsoni, 2000). 
 
ASSESSING PROJECT PERFORMANCE IN THE 
PRESENCE OF CHANGE 

The complexity of large construction projects, and the 
multiplicity of parties and objectives involved, indicate 
that project performance is multi-attribute (O�Connor 
and Miller, 1994). While a number of different 
measures can be considered when analyzing the effects 
of project changes, for the purposes of this study a 
selection has been made to capture the performance 
impact of changes at the system, at the inter-system and 
at the whole project level. These measures include 
project duration, duration-based cost, cost of utilized 
resources, percentage resource utilization, and an index 
of workers� exposure to dangerous conditions (or 
danger index). Specifically, the duration-based cost 
represents the total cost of the project, assuming that all 
of the resources are present on the construction site for 
the entire duration of their scope of activity within the 
project. The cost of utilized resources is the bare cost of 
performing all of the project activities and tasks, 
excluding the resources costs of delays and wait times 
introduced by process interdependencies (both at the 
system level and at the inter-system level). The 
percentage of resource utilization is the ratio of these 



 

 

two costs. Worker exposure to dangerous condition is 
measured through an index that builds upon tabulated 
values of occurrence of injuries during the performance 
of specific construction tasks (Occupational Health and 
Safety Administration 1992 and 1994) over the entire 
duration of the project. It is important to observe that 
the choice of performance measures targets the 
assessment of the impact of inter-system process 
dependencies. Measures such as duration and duration-
based cost in fact are dynamic measures of 
performance, meaning that they account for the actual 
duration and cost of the construction processes as 
determined by the inter-system process dynamics. 
Measures of performance such as cost of utilized 
resources and workers exposure to dangerous 
conditions, are not dynamic: they are direct functions of 
the bare number of man hours required to complete the 
project and do not account for the resource idle time 
caused by the inter-system process dynamics. Any 
discrepancies in the simulated results for these two sets 
of performance measures in this study is entirely 
determined by the effects of inter-system process links.  
 
CHALLENGES IN THE SPECIFICATIONS AND 
SCHEDULE OF CONSTRUCTION ACTIVITIES 

Construction projects involve the 
production/installation of multiple systems, such as 
structural, enclosure, plumbing, and electrical systems, 
in a same location at overlapping times (Hauptman and 
Hirji 1996). Specifically, because construction activities 
are highly labour intensive, multiple crews need to  
coordinate the timing of their efforts to fit the project 
schedule, subject to a combination of logical, technical, 
regulatory and resources constraints. The scheduling of 
construction activities is a rather challenging task: it 
has to be drafted ahead of time as most of the jobs are 
outsourced to specialty contractors. The problem with 
early scheduling of resources is accuracy as too many 
factors may affect the evolution of a project from the 
onset (Hendrickson and Au, 1989), typical examples 
are weather related delays that may cause major 
changes in productivity and thus completely disrupt a 
well-thought schedule. Another example is 
administrative in nature, as often special permits are 
required from the local government and/or from local 
service suppliers (electricity, water) that may delay the 
start either of the entire project or of the installation of 
a particular system. Other issues may be technical in 
nature, for instance may be related to the quality of 
related jobs for instance delays or poor quality of the 
materials delivered to the site, or re-work needed on 
some system due to lack of quality (i.e. the installation 
does not meet the regulatory standards or the design 
specifications, typical for instance of cast-in-place 
concrete structures). Because specialty contractors are 
typically involved in different projects at the same time, 

it is rather difficult to adjust the scheduling of their 
resources during the course of the project. 
 
   The remaining sections of the paper will propose and 
demonstrate the use of a dynamic modelling and 
simulation approach to support both feasibility studies 
(during the design phase) as well as project monitoring 
and control during construction. The former use of 
modeling and simulation aims at assessing planned 
changes in design and/or technology, the latter aims at 
coping with late changes and/or disruptions in the 
project schedule. Examples of both uses will be 
presented as part of the case study. 
 
MODELLING AND SIMULATION OF 
CONSTRUCTION ACTIVITIES 

Constructed facilities come in different designs and 
shapes to suit different aesthetic requirements and uses, 
however, at the microlevel (i.e. at the task-component 
level) their construction processes are system and 
material specific, so the types of activities and their 
requirements depend only on the system (e.g. structural 
system) and on the material (e.g. steel). Therefore for 
each system and material it is possible to specify a 
logical sequence of activities at the microlevel, to 
produce modular units as building block of more 
complex simulation models, where the customization of 
modular units is based on the actual bill of materials 
and on the design specifications of a particular project. 
Most importantly, earlier studies (Orsoni, 2000; 
Orsoni, 2001a; Orsoni 2001b; Slaughter and Orsoni, 
2000) have shown that it is at this level of detail (task-
component) that intersystem process dependencies 
build their effects on project performance. 
 
   These considerations led to the specification and 
development of a library of system and material specific 
modules that can be dragged and dropped to suit the 
modeling purposes of different construction projects 
(Settlemeyer 2000, Murfee 1999, Pullen 1998, Murray 
1998, Attai 1997, Carr 1996, Eraso 1995). A control 
module, or meta-model contains the specifications for 
the technical, logical, and regulatory constrains that 
dynamically determine the relative 
construction/installation rates among the systems. The 
meta-model tracks the degree of completion of each 
process by spatial unit of progress and regulates the 
activities of different crews accordingly. To implement 
the different modules a well-established commercial 
simulation package was chosen, that is SimprocesTM, 
for its ability to model shared and re-assignable 
resources, for the possibility to specify alternative 
subprocesses within each defined process, for its ability 
to route different components through different 
processing paths, and for its ability to modify the 
attributes of entities (e.g. materials and component) as 



 

 

they are being processed (for instance the result of a 
cutting process is a change in the attribute length). 
 
   Each module as developed for this library can be run 
as a stand alone application to test a particular system 
as separate from the facility, or in combination with 
others to model entire projects (Settlemeyer 2000, 
Murfee 1999, Pullen 1998, Murray 1998, Attai 1997, 
Carr 1996, Eraso 1995). By tracking the progress of 
installation for each system the meta-model ensures the 
synchronization of the simulated processes across 
modules and ensures that logical, technical, regulatory, 
and resources constraints are effectively respected. The 
system and material specific modules are design and 
layout independent, therefore a proper set of input data 
including the number, the size, and the location of each 
component need to be specified by the user. The input 
data files can be automatically generated out of a pre-
formatted bill of materials for the project. The 
information about part/component location within the 
facility enables their aggregation by zone to keep track 
of the progress of installation during simulation. This 
information updates the state variables controlling the 
progress at the inter-system level, and it is a key role of 
the meta-model to share this information among the 
relevant modules.  
 
   The prototype version of the simulation model was 
built into a dynamic simulation environment and 
intended to simultaneously run the individual modules 
on a single CPU. However, the design of the system 
allows for immediate re-use of the modules in a 
distributed context. The meta-model in fact performs 
the synchronization tasks similar to those that the Run 
Time Infrastructure (RTI) performs in distributed 
applications of distributed simulation. Each system and 
material specific module could then be developed and 
more easily maintained at the sub-contractor�s site as 
Simprocess is Java-based and thus inherently compliant 
with the leading distributed computing paradigms.  
 
   The models developed for this research were actually 
licensed to a start-up company (MOCA Systems Inc., 
Newton MA) that is now providing consulting services 
to members of the construction industry. For this 
purpose, an improved version of the model was 
implemented on a web-based platform, and made fully 
accessible to construction clients who can customize the 
modules to represent actual construction projects and 
use the tool as a reference for testing and improving 
their facility designs and their construction methods. 
 
   Simulated scenario testing based on data from an 
actual construction project enabled the analogical 
validation of the model and led to some interesting 
results concerning the impact of inter-system process 
dependencies on project performance. A first validation 
of the model was based on a large development project 

for a complex of constructed facilities including a hotel, 
a research facility and a parking garage. Progress and 
completion rates were observed and recorded for the 
different systems of the three facilities over a period of 
several months and constituted the set of reference data 
for the analogical validation of the model. The model 
was found capable of reproducing project duration and 
key completion milestones to a degree of accuracy of ± 
2 days for each of the facilities and their systems. 
 
CASE STUDY 

To illustrate the modeling concepts proposed in the 
previous section, and demonstrate the benefits of the 
tool, a case study is presented based on an actual 
construction project. The project consists on the 
renovation of a large residential facility, namely a 
student residence, based in the United States 
(Cambridge, MA). The project involved the 
replacement and the update of the mechanical and 
electrical systems for the facility and was subject to 
tight completion deadlines on each of the systems, due 
to the fact that work could only be carried out during a 
Summer period when the facility was not occupied by 
the students. 

   Two scenarios are analysed representing two different 
types of project changes: the first one considers a 
planned change in the construction methods, moving 
from the use of prefabricated plumbing units to their 
on-site fabrication, the second one considers a 
disruption in the project schedule due to reduced 
resources availability. In both cases the performance 
outcomes of the changes are assessed relative to a 
baseline configuration reflecting the original facility 
design and construction  methods. 
 
Scenario 1: Planned Changes in the Construction 
Methods 

Off-site fabrication of components is often adopted to 
reduce installation times and reduce the interference of 
the process with the installation of other systems . 
While the original project specification (corresponding 
to the baseline design) involved 100% off-site 
fabrication of the pipe segments for the three water 
distribution systems (e.g. plumbing, heating and fire 
protection), simulated scenario testing is used in this 
part of the case study to decide the extent to which this 
decision is efficient (i.e. can actually save construction 
time for the project) and the extent to which the 
benefits of prefabrication are actually absorbed by other 
ongoing activities at the site, which may cause the 
plumbing crews to remain idle. The alternative options 
involved different extents of on-site fabrication, and 
three scenarios were customized to model the on-site 
fabrication for one system at a time. Specifically, the 
first scenario considers the on-site fabrication of fire 
protection pipe segments and maintains the baseline 
off-site fabrication of components for the heating and 



 

 

plumbing systems. Similarly, the second and third 
scenarios consider the on-site fabrication of 
components for the heating and for the plumbing 
systems, respectively, while maintaining the baseline 
off-site fabrication of components for the remaining 
systems.  

   For the first scenario, no change is observed in 
overall project duration because project completion 
time is still driven by the installation of the electrical 
system, as in the baseline configuration, which is not 
affected by the alternative considered. A significant 
difference can be observed between the increase in 
duration-based (+  0.8 %) cost and the increase in cost 
of utilized resources (+  4 %). The difference shows 
that while the total number of man-hours required to 
complete the installation of the fire protection system 
increases significantly in this scenario, not all of these 
additional man-hours translate directly into additional 
project duration. Some of the preparation activities can 
actually be performed in parallel to the installation of 
other units and mostly make use of resources that 
would otherwise be idle (baseline scenario.) This 
observation is supported by the fact that the percentage 
of resource utilization increases with respect to the 
baseline scenario (+  0.5 %). 

   For the analysis of the second scenario, relevant to 
the on-site fabrication of components for the heating 
system, it is important to keep in mind that the heating 
system includes a supply and a return line, which run 
parallel to one another, whereas the fire protection 
system consists only of one supply line. In this scenario, 
by separating the supply and the return lines, no longer 
bundled together in a single prefabricated unit, the 
number of pipe segments to be installed doubles. This 
increase in the number of units to be placed is 
accounted for at the input files level. The impact of on-
site fabrication at the whole project level is significantly 
higher than the one observed in the fire protection 
system.  

   The project completion time is still driven by the 
installation of the electrical system, but due to the inter-
system process link between the heating and the 
electrical system, an increase in overall project duration 
can be observed (+ 11 %). The increase in number of 
man-hours required to complete the project (measured 
by the cost of utilized resources: + 5 %) is in percentage 
smaller than the increase in actual number of hours 
required to complete the project (measured by the 
duration-based cost: +   8 %.) This difference reveals 
the presence of inter-system process constraints that 
stretch the actual duration of the project beyond the 
minimum required, by increasing resource wait and 
idle time. This effect of on-site fabrication contrasts the 
one observed  in the fire protection system, even though 
the type and level of on-site fabrication introduced in 
the two systems are exactly the same. An interesting 
contrast that leads the percentage utilization of 

resources to decrease, by 3%, rather than increase, by 
16%, as observed in the previous scenario. The danger 
index for the whole project only increases by 1%, since 
pipe preparation activities are performed on the ground 
and do not require the use of particularly dangerous 
equipment. 

   The output for the third scenario, testing the on-site 
fabrication of plumbing components, shows by far the 
highest impact on performance. In the baseline design, 
prefabricated bundles of pipe segments would include 
hot water supply and return lines, cold water supply, 
waste water return, drain and ventilation lines. These 
prefabricated segments can be installed as a single pipe 
and already include the required connecting elements 
for each of the pipes in the bundle. When comparing 
the installation of prefabricated bundles to the 
installation of each pipe as separate, the difference in 
the rate of installation for the two situations can be 
expected to be very significant. A first impact can be 
observed in the project duration which increases by 
22%. The installation of the plumbing system becomes 
the longest and ultimately drives the duration of the 
whole project. All the other performance measures 
increase accordingly. Table 1 presents the comparative 
results for the whole project. 
 

Table 1: Performance Impact of On-Site Fabrication 
 

Performance Measure % Change 
Duration + 22% 
Duration-Based Cost +9% 
Cost of Utilised Resources +12.5% 
% Resources Utilisation +4% 
Danger Index +14.6% 

 
 
Scenario2: Manpower Shortage during Project 
Execution  

Because of tight completion deadlines, in the original 
project  plan an unusually large number of resources 
per trade were allocated to the installation of each 
system, on each facility floor. Each floor was split into 
quadrants and two workers per trade were assigned to 
each quadrant. A total of 48 workers per trade were 
scheduled to be present on the site at all times. Under 
such conditions, the possibility of resources being a 
constraint on the project was minimal. The original 
project plan represents a scenario with minimal 
resource constraints. A new scenario was then 
customized to evaluate the impact of resource 
constraints on project performance. Specifically, the 
size of each crew was reduced by 50%. Process 
performance was tested under the new conditions and 
compared to that of the original resource allocation 
plan. The new scenario represents a form of sensitivity 
test, to examine where and how the shortage of 
resources could create bottlenecks in the project. As a 



 

 

matter of fact, a shortage of manpower was experienced 
during project execution and the planned number of 
resources was never available on the site. On average 
the number of resources available for each crew was 
50% or less than planned at all times. Significant 
overtime work was necessary to make up for manpower 
shortage and maintain the project on schedule. This 
scenario is then representative of the actuality project 
and provides an example of the type of on-line testing 
that project managers may want to perform when 
confronted with unexpected manpower shortage.  
 
   Reducing the number of resources by 50% at the crew 
level nearly doubles the overall duration of the project, 
from 52 days in the baseline configuration to 96 days. 
Interestingly, the duration-based cost remains virtually 
unchanged as compared to the baseline, showing that 
the major impact of reducing the number of resources is 
to stretch the duration of the project over a longer 
period of time. Consistently, both the cost of utilized 
resources and the danger index are exactly the same as 
those calculated for the baseline configuration, since no 
changes in design or construction methods were 
introduced in this scenario. In fact, if no changes are 
introduced in the design the number of parts and 
components to be installed remains unchanged and so 
do the construction methods, therefore the number and 
types of activities to be performed are exactly the same 
as in the baseline scenario. Consequently, the number 
of man-hours required to complete the project does not 
change, and project duration is only a function of 
resource availability. The same discussion applies to 
each of the systems individually, since this particular 
scenario does not introduce additional process 
interdependencies. However, project duration in this 
case is driven by the installation of the plumbing 
system, rather than by the installation of the electrical 
systems, as found for the baseline scenario. 
 

Table 2: Performance Impact of Manpower Shortage 
 

Performance Measure % Change 
Duration + 84% 
Duration-Based Cost -0.5% 
Cost of Utilised Resources No Change 
% Resources Utilisation + 0.5% 
Danger Index No Change 

 
 
Table 2 summarizes the percentage performance 
changes determined at the whole project level by the 
reduced resources availability. For each of the relevant 
performance measures the table compares the 
simulation outcome obtained for the alternative 
scenario to the ones previously obtained for the baseline 
scenario. 
 

   It is important to observe that besides cumulative 
measures of performance by system or by project, the 
simulation model can create records of installation 
progress both in space and time. Such records can be 
generated in two ways: either by sampling the values of 
the state variables at constant time intervals or by 
recording the times in which completion milestones are 
achieved based on the units of progress that are 
relevant to each system (e.g. floors, rooms, bays, 
lengths etc.). This capability makes it possible to 
identify the particular times and locations in which the 
installation rates are particularly low, and thereby 
target the project phases in which resources overtime is 
most effective. It is in this respect that the model 
constitutes a valuable on-line tool for project 
monitoring and control: it can be used to quantitatively 
assess the immediate consequences of unexpected 
changes and provides the information required to focus 
intervention and reaction strategies where their 
marginal effectiveness is the highest. 
 
CONCLUSION 

The research presented in this paper has analysed the 
role of simulation in design-build projects. The 
approach that has been examined and proposed is 
modular and based on dynamic multiprocess simulation 
to capture inter-system process dependencies and their 
impact on project performance. The paper has 
illustrated the use and the benefits of this approach 
through a case study, where two scenarios were 
considered: a planned change in the construction 
methods and a disruption in the construction schedule 
caused by the unavailability of the designated resources. 
These examples highlight the multiplicity of uses for 
simulation techniques in large construction projects. A 
first use is during the conceptual design, when 
alternative designs are assessed in conjunction with 
their construction methods. A simulation-based 
approach is especially valuable when assessing new 
technologies prior to their implementation. Project 
owners are usually reluctant in testing new designs and 
technologies on site, however, by means of simulation 
it is possible to demonstrate both their feasibility and 
their benefits. A second use is during bidding when 
alternative outsourcing strategies need to be evaluated 
in the allocation of jobs to different subcontractors. 
Finally, simulation can be used during project 
execution for project monitoring and control, especially 
when assessing the impact of alternative courses of 
action in response to late project changes and/or 
disruptions to the original schedule. These multiple 
uses of simulation show the relevance of this technique 
to support decision-making throughout the different 
stages of  the project�s lifecycle. By means of 
simulation the risks and the uncertainties typically 
associated to large construction projects can be 
significantly reduced across multiple dimensions of 



 

 

performance. While this use of simulation has been 
devised and demonstrated in application to large 
construction projects, other types of complex projects 
could similarly benefit from it. Immediate application 
contexts would be in shipbuilding, aircraft production 
and in the realization of industrial facilities. 
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ABSTRACT 

The paper proposes the design of an innovative 
management model for supply networks. This model 
promote the requirement of the close cooperation and 
adaptability as well as flexibility of ad-hoc structures 
throughout the supply network of custom made products 
and services. Structures of this type will respect 
principles that differ from the classical model of the 
industrial age, and evolve towards self organising and 
self adapting entities. This type of structures will be 
organised, so that they provide flexible interfaces for 
plugging and adapting fairly quickly into other ad-hoc 
cooperations for the purpose of providing custom made 
products and services. Once the purpose for which this 
“Virtual Integration” has taken place, has been served, 
integration can be abandoned partially or completely 
and other structures can be formed in order to continue 
offering custom made and individual products or 
services in a new form. 
 
INTRODUCTION 

Custom made products and services requires the design 
of Supply Networks that have special characteristics 
with respect to normal Supply Chains that serve more or 
less standard products and services. This research work 
discuss the belief that in the future, markets will be more 
and more oriented towards individualised products and 
services and these products and services cannot be 
offered from only one company or a number of them 
forming long term partnerships. These structures are too 
rigid for responding to the new challenges of the 
globalised markets and therefore new forms of 
organisation and management structures are necessary to 
emerge. Furthermore, state-of-the-art web-based 
intelligent agents technology will be necessary to 
support operations of such management models. 
This paper makes an effort to respond to this 
requirement in proposing a model for self-organising 

structures of ad-hoc cooperations for custom made 
products and services. Therefore, in this case, 
customisation addresses also the way individual 
professional teams should be structured, managed and 
evolved in order to form integrated systems that their 
purpose is to function as customised supply networks 
(CSN). These CSN are neither vertically integrated 
companies nor they are long term partnerships. On the 
contrary they are ad-hoc collaborations that have 
defined characteristics to serve the customisation and 
personalisation market of products or services. 
This schema is described in the rest of the paper as 
follows: Section 2 addresses further research and studies 
around the issues of how Supply Networks should be 
designed taking advantage from this new form of 
organisation and management structures in order to form 
CSN. In addition, section 3 describes briefly the 
principles for these ad-hoc structures. Section 4 
introduces intelligent agents, a new breed web-based 
technology with significant potential for a wide range of 
applications as well as their typology. Section 5 presents 
the business model proposed for the VAC accompanied 
by an intelligent agent application description for 
manufacturing and the opportunities for the agent 
deployment for illustrative purposes of the business 
case. Finally, in Section 6, conclusions and future 
developments are discussed. 
 
VALUE ADDING COMMUNITY 

A value adding community (VAC) (Tsigkas, 2005)  is a 
supply chain of organisation structures self-sufficient 
and autonomous, which offer products or services. The 
composition of the VAC depends every time on the 
market needs and may change if market needs change. 
Participants in the VAC may be not only enterprises but 
any entity that fulfils the interfacing requirements 
needed and described below. Since response time is the 
key issue here, ad-hoc synergies can only be achieved if 
the participants in the VAC are structured and comply 
with certain agreed standards that are set and improved 
by the community. Therefore for more agility to respond 
to market needs it is necessary that VAC internally 
exhibits a cellular structure. These cellular structures 
share certain design characteristics that make the 



 

 

structure reusable, re-configurable and scalable. Rick 
Dove (2001) was the first to use these expressions in his 
remarkable book “Response Ability” in order to define 
an organisational structure of an enterprise he names 
“Agile Enterprise”. These expressions  are introduced 
here in order to define chains with configurable 
structures to respond to the customisation and 
personalisation needs. Cells that need to cooperate and 
form each time a new VAC need to comply with certain 
organisational principles that make the ad-hoc 
communication possible with the least time and energy 
loss (Tsigkas, 2004). These principles form a certain 
framework that is known as the collaboration 
framework, which is accepted from the participants in 
VAC. This framework does not need to be negotiated 
and re-negotiated every time a new VAC or a chain of 
VAC needs to be formed. It is well known that 
cooperation and collaboration negotiations consume 
today a great deal of effort, time and energy on both 
sides in a bilateral relationship. Even more in a 
multilateral relationship effort, time, energy and 
therefore cost grow exponentially. This reality makes 
collaboration agreements often practically impossible. 
The VAC framework targets on the other hand, in 
alleviating this major constraint towards forming ad-hoc 
structures. These principles are stated in the next 
section, but not discussed in detail. It is proposed to the 
mass customisation community aiming at initiating a 
discussion that should lead to the determination of a 
collaboration framework for the creation of VACs for 
custom made products and services. 
 
PRINCIPLES FOR AD-HOC STRUCTURES 

The principles are grouped into the following ten 
categories. 
Self-Contained units: Components of a flexible structure 
are distinct, separable, self-sufficient units cooperating 
toward a shared common purpose. 
An example of such an organisation is a unit of special 
forces in a mission, where every one knows which is the 
objective, which is his own role and the role of the 
others on the team. They do not sit down and interrogate 
each other to decide about individual trustworthiness 
and competency. The team leader may in fact choose the 
tactical targets, but the task expert will decide how to 
accomplish the task. And any one of them could have 
been any one of many others. 
Interfacing compatibility: Components of a flexible 
structure share defined interactions and interface 
standards and they are easily inserted or removed. 
The individual candidate will have to fulfil certain 
standards with respect to the values that he or she will 
have to have acquired in order to assure compatibility 
within a VAC.  The problem in many cases in 
management is not the standard, but the multiplicity of 
them. With respect to the replacement of a unit or 
component within a flexible organisation, what should 
be avoided is a total integration of the components or 
the units in the final scheme. The total integration of a 

member within a team may on one hand have 
advantages in the operation of a team; it may on the 
other hand have negative effects when this unit or 
member must be replaced. The objective is here to be 
able to adjust in a speedy manner the value creating 
process of the VAC in order to adapt quicker to market 
changing needs. 
As an example it is referred the integration of the 
suppliers in the production in the end of the 90s that 
exhibited very good results when operated properly. 
When on the other hand something goes wrong, these 
suppliers are so close connected with the system that 
replacement became extremely difficult. 
Flat Interactions / Interactions without hierarchy: 
Components of a flexible structure communicate directly 
on a peer-to-peer relationship and parallel rather than 
sequential relationships are favoured. This is a special 
and very important feature for every supply chain. 
Gatekeepers that select, approve, censure or otherwise 
gate the communications of a system component are 
stealth members of the system (Dove 2001). For 
example, many businesses went through a strong process 
reengineering focus in the 1990s. A lot of that effort was 
directed at changing sequential processes into cell or 
parallel processes. In many areas of manufacturing, the 
concept of cellular processes took favour over 
sequential processes, partly because the processes that 
created the problem had the ability to attend to it 
immediately and directly. 
Deferred Commitment: Components of a flexible 
structure are transient when possible, decisions and 
fixed bindings are postponed until immediately 
necessary and relationships are scheduled and bound in 
real time. Deferred commitment basically keeps existing 
options open as long as possible. The underlying 
wisdom here says to not take a decision until it is 
necessary, knowing that more information arrives with 
time and decisions should take advantage of that flow. 
Distributed control and Information: Components of a 
flexible structure are directed by objective rather than 
method. Decisions are made at point of maximum 
knowledge and information is associated locally, 
accessible globally and freely disseminated. 
Empowerment at the team and the individual level is the 
classic example when people and organisations are 
involved. The use of this principle in the design of the 
VAC facilitates immensely system design since it 
decreases the need of communication between self 
sufficient, decentralised units to a minimum possible. 
Distributed information is often a reinforcement of the 
self contained unit principle. 
Elastic Capacity: The number of components of a 
flexible structure may be increased and decreased 
widely within the existing framework. 
This principle allows the flexible organisation like a 
VAC to increase and decrease capacity in order to adjust 
to the changing demand. For example, when outsourcing 
became a strategic discussion point in the early 1990s, 
the focus was generally on core competence issues. 



 

 

Concentration on strategic differentiations and farming 
out the rest to others who make a competency from what 
you consider to be supporting functions. That was 
maybe the objective, but this concept found its real 
implementation push from companies that needed rapid 
capacity fluctuations. VACs should be capable to adjust 
their response ability to the market by downsizing and 
upsizing as necessary to accommodate demand changes. 
Redundancy and Diversity: Duplicate components are 
employed in flexible structures to provide capacity 
right-sizing options and fail-soft tolerance and diversity 
among similar components employing different methods 
is exploited. 
As it is obvious this principle overthrows the approach 
of the single optimal solution, since it requires that 
sometimes is better to get a task done rather than relying 
on a single optimal approach. LSI Logic maintains a 
pool of resources capable of fabricating semiconductor 
wafers; some are wholly owned and some are qualified 
outsources. When an order arrives, a production chain 
can be assembled immediately from these pooled 
resources without waiting for some single resource or 
some resource with a unique capability that must finish 
its current commitment. Frequently it is more useful to 
have multipurpose people than dedicated experts. 
Cross training in teams is often justified by the need to 
always have someone covering every need, regardless of 
who is absent for whatever reason. This obvious point is 
violated more often than not, especially in control 
cultures, where single-point approvals steal momentum, 
stop activities or put the customer on hold while the 
gatekeeper is not available for whatever reason (i.e. 
vacation, out to lunch, ill e.t.c.). Collaborative learning 
and collaborative work have better results in a group 
with mixed backgrounds and mixed points of view. 
Self-organisation: Components relationships in flexible 
structure are self-determined and components 
interaction is self-adjusting or negotiated. 
Self-organisation is typically related to natural system 
such as ecologies, societies and beehives, where 
seemingly intelligent or at least purposeful behaviour 
emerges from the total system though no central 
direction or control is evident. At the level of the VAC 
organisation, empowerment, teaming, listening to the 
voice of the customer, organisational learning and other 
concepts are extremely important. The principle of self-
organisation basically means that the components of 
VAC have some discretion in deciding how to 
accomplish the goals established for them: what 
processes to employ, what priorities to set, and when to 
use which resources. In more advanced levels of VACs, 
the component can choose what to do, and with whom to 
do it. 
Facilitated reuse: Components of a flexible structure are 
reusable or replicable and responsibilities for ready 
reuse/replication and for management, maintenance and 
upgrade of existing components are specifically 
designated. 

Can a duplicate of an existing component be readily 
created if another is needed? Can a necessary 
component be readily deployed when a new system must 
be constructed? Since within the VAC we are concerned 
within effective response to dynamic needs, some one or 
some mechanism is specifically charged with the 
responsibility for each activity involved. Attempts at 
formalised knowledge management are actually classical 
examples of facilitated reusability. 
However reusability of knowledge is not sufficient. 
Knowledge, when created, should be made promptly 
available to all members of the VAC and to other VAC 
that may need it. This point is important since 
knowledge creation should be made with the least 
possible energy dissipation. 
The objective in the metacapitalistic market is to allow 
knowledge to achieve a high turnover in order to have 
real growth. It is therefore necessary to remove barriers 
that put obstacle in the free dissemination of knowledge. 
Competitiveness will not be gained through knowledge 
retention but on the contrary how quickly new 
knowledge can be produced, disseminated and not 
accumulated and preserved as if it is a scarce resource 
(Tsigkas et al., 2004). 
Evolving standards: Frameworks of flexible structures 
standardize inter-component communication and 
interaction, define component compatibility and are 
monitored or updated to accommodate old, current and 
new components. 
The purpose of the VAC framework is to facilitate 
reconfiguration, reuse and scalability. A framework 
should both constrain and enable these characteristics, 
bounding the set of potential configurations of an 
acceptable VAC system while encouraging full 
exploitation of the possibilities. It is the framework 
where all other principles described above find their 
right for existence and coexist in a dialectical 
interaction. 
 
INTELLIGENT AGENTS 

Traditional cooperations activities require a large effort 
from the participants collecting and interpreting 
information on products and/or services, making optimal 
decisions and finally entering appropriate transaction  
information. This difficulty can be alleviated through the 
use of intelligent agents. 
Intelligent agents help to automate a variety of these 
cooperation activities, mostly time consuming ones, and 
thus lower the transaction costs. Intelligent agents differ 
from “traditional” software in that they are personalized, 
social, continuously running and semi-autonomous. In 
this way, the cooperation between the members of a 
VAC becomes more user-friendly, semi-intelligent and 
human-like. 
These qualities are conducive for optimizing the whole 
exchanging experience and revolutionizing supply 
networks, as we know them today. 
An agent is a software entity which functions 
continuously and autonomously in a particular 



 

 

environment often inhabited by other agents and 
processes. The requirement for continuity and autonomy 
derives from human desire that an agent should be able 
to perform activities in a flexible and intelligent manner 
responsive to changes in the environment without 
constant human supervision. An agent that functions 
over a long period of time should be also able to learn 
from its experience. Furthermore, an agent that inhabits 
in an environment with other agents and processes, it 
should be able to communicate and cooperate with 
them, and perhaps move from one place to another in 
doing so, as well. 
 
THE VAC BUSINESS MODEL 

In this model (see Figure 1) it is assumed that the VAC 
participants are already qualified according to the 
standards established based on the previously stated 
principles and that their profiles are managed via a VAC 
Server. 

 
Figure 1. Contractor-to-Provider communication. 

 
The typical business case (Figure 2) starts with the 
request of a member of the VAC (thereafter the 
Contractor) for the provision of a service and/or product 
sent to the VAC server. The server deconstructs the 
request in its constituents single elements and forwards 
these elements to the VAC network for searching and 
finding possible partners that can fulfil the requirements 
originally requested by the Contractor. 
The server waits for the response from the network in 
order to qualify the answer based upon compatible 
combinations with repect to the request and feeds it back 
to the Contractor. The Contractor can then decide on the 
available options and in this case move on to update the 
formal agreement already existing among the members 
of the ad-hoc partnership to substantiate the cooperation. 
The agreed service can then be performed and the work 
will be evaluated upon its completion. Evaluation data 
will become immediately available at the VAC server 
updating the profile of the ad-hoc participants. 
Evaluation concerns all members of the ad-hoc 
partnerships, contractor(s) as well as provider(s). Setting 
up the request, deconstructing it into individual 
activities, forwarding and feedback of qualified 
responses are processes undertaken by intelligent agents. 
The generation of compatible combinations is 
performed through specially developed algorithms that 
run at the level of the VAC server. 
 

 
Figure 2. The communication procedure. 

 
AGENT APPLICATION IN VAC FOR 
MANUFACTURING 

In order to provide a business case of how and where 
agent-based computing can improve the cooperation 
within a VAC, a manufacturing scenario where agents 
can be effectively deployed, such as procurement and 
supply-chain management, operations are identified. 
A prototype multi-agent system to facilitate a bidding 
process for printed circuit board/assembly is discussed 
in some depth, identifying some of the functions that 
should appear in that kind of process. In particular, this 
prototype includes a specialized agent capable of 
retrieving technical design specification information 
stored in a standard file format. This could be a 
Computer-Aided Design file specification language 
standardized from the community itself and following an 
approved number of quality standards. 
Defining quality is not an easy task. All participants 
have their own definitions of "quality" based on their 
subjective experiences. In order to have an objective set 
of guidelines that both customers and suppliers can refer 
to, the community should develop a set of quality 
standards to provide benchmarks for a participant's 
workmanship and the materials to be used. 
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A Manufacturing Project 
A manufacturing framework develops a process-flow 
model, which identifies those internet-facilitated 
transactions for printed circuit board design, fabrication 
and assembly. The model identifies the major functions 
in the printed circuit assembly production process. 
There are certain functions that should appear in the 
aforementioned scenario. 
Firstly, the original equipment manufacturer (OEM) 
needs to procure the boards and to generate a request for 
quotes. Therefore, the manufacturer ships the request to 
a list of electronics manufacturing vendors, which 
should be approved members of a particular VAC. The 
manufacturer and the vendors often conduct negotiations 
of terms. Then, if the manufacturer receives several 
quotes, he evaluates them and finally selects the winning 
bid. When the printed circuit assembler receives the 
order and the product definition package, it will often 
perform a manufacturability test and ship the report back 
to the manufacturer. On the other hand, engineering 
change order often occurs and needs to be evaluated and 
authorized if warranted, to be processed as an order for 
a new printed circuit assembly. 
 
Opportunities for Intelligent Agent Deployment 
Agent technology can assist in performing a variety of 
tasks. Agent research communities are building 
intelligent agents for performing negotiation, mediation, 
and brokering services. Agent technology also 
encompasses expert systems approaches that can 
perform complex scheduling, monitoring and alerting 
type of services. There are many potential areas for 
agent application in manufacturing services, such as: 
Flexible Customer-to-Supplier Interfaces: Points at the 
opportunity for agent approaches to ‘wrap around’ or 
completely circumvent the existing form-based 
interfaces on the Web that have pre-defined syntax, 
implicit semantics, unpublished interaction protocols 
and, instead, enable automated, on-demand Customer-to-
Supplier interface construction. 
Optimized Negotiation of Service Cost and Terms: 
Currently, a human expert is solely responsible for 
negotiating an ‘optimal’ set of terms and the cost of 
service.Often, this person has a limited view of the 
business situation and cannot react immediately to a new 
business state of affairs. Agent approaches carry the 
promise of embedding significant decision making 
capabilities. 
Efficient Intra-Enterprise Technology Adoption and 
Adaptation: Few means currently exist to accelerate 
adoption and adaptation of new e-commerce 
technologies within an enterprise. On the contrary, an 
agent should provide easier integration with legacy 
systems through usage of shared languages, ontologies 
and efficient updates of interaction protocols. 
Efficient Engineering Change Order Processing: Each 
participant in the engineering and manufacturing process 
should manually sign-off on the change and to make 
sure that the change is appropriately reflected in the part 

of the process for which the participant is responsible. 
Intelligent agents hold potential to make this process 
much less tedious and error-prone. 
Efficient Inter-Enterprise Interaction Technology 
Support: Very few means currently exist to accelerate 
the adoption of new Customer-to-Supplier 
communication technologies across enterprises so that 
the enterprises can quickly engage in new inter-
enterprise interactions. 
 
CONCLUSIONS AND FURTHER RESEARCH 

An attempt has been made to define the context in which 
future supply chain networks, for offering custom made 
products and services, should operate. In this context 
intelligent agents have been presented and discussed as 
being the vehicle for offering ad-hoc variety in the 
constitution of Value-Adding-Communities (VAC). 
Such communities need to be organised respecting basic 
principles. These principles must be defined in detail in 
the future so that further research and development can 
take place in developing special intelligent agents for the 
principles fulfilment. Furthermore, the introduction of 
intelligent agents in the set up of ad-hoc partnerships 
within a VAC can induce a breakthrough leading to a 
drastic reduction in time and effort requirements that 
traditional ways of setting up partnerships are 
experiencing today. As a first step it is necessary to 
develop the necessary agents that can undertake the 
tasks described above. As a second step it is suggested 
that VAC members can periodically update the VAC 
server for any changes on their profile of offered 
products or services and on their capabilities in general. 
In this way, a search for compatible partners can be even 
further accelerated.  
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Abstract—Management of complex ad-hoc infrastructures with cer-
tain needs on connection quality is still known to be a difficult task. In
general, simulation is a good first step before implementing scenar-
ios using hardware based platforms. Resulting from simulation, expe-
riences on vulnerability to network disturbances or other unforeseen
side effects can help adopting application scenarios before complex im-
plementations are made for the final platform.

As a matter of fact, current simulation environments for Bluetooth
ad-hoc networks mostly concentrate on very special questions or cur-
rently provide simulation models that are primarily designed to ex-
amine network structures in conjunction with synthetic usage profiles.
Simulation of specific application behavior in ad-hoc networks can be
treated as an unsolved problem. This work gives a concept for a mod-
ular simulation environment capable of handling complex application
scenarios. Furthermore, it provides a brief overview on the work-in-
progress of the corresponding implementation.

I. INTRODUCTION

Due to the strict specification of Bluetooth and the pub-
lic availability of the Bluetooth specification [Blu03], the
whole interaction flow between multiple Bluetooth devices
underlies are very deterministic behavior that can be pre-
dicted easily by any application developer. In locations that
allow perfect and error free communication it leads to con-
stant data rates and latencies completely free of any jitter.
Therefore Bluetooth seems to be an ideal communication
standard for wireless applications with fixed need of band-
width, low latency or even realtime awareness. But in real-
ity, Bluetooth appears to be very sensitive to environmental
influences what in some conditions leads to unsteady band-
width and latency what may form a problem for applications
relying on certain network capabilities.

Regarding the Bluetooth specification, data packets are
transferred using a combination of optional as well as
mandatory forward error correction schemes and additional
checksum mechanisms to ensure the integrity of transmitted
data. If integrity checks fail retransmissions are triggered
autonomously and completely invisible for the user-space
application. Retransmitted packets, however increase the
transmission time for the affected payload and the amounts
of packets sent in total and, thus, reduce the available band-
width. On the other hand this retransmission scheme also
behaves very deterministic allowing a systematical analysis
of retransmission-related bandwidth and latency deviation
in relation to specified cases of disturbance. For applica-
tions depending on certain throughput and/or latency prop-
erties such as medical surveillance systems the simulation
results may be used to derive appropriate usage parameters
to allow proper operation in an adequate amount of cases.

Unfortunately, the Bluetooth API hides all the transfer char-
acteristics from the application and only provides limited
abilities to react on the communication behavior. So, safe
operation parameters can only be estimated experimentally
without detailed knowledge of the impact on the lower lay-
ers. To guarantee safe operational parameters for applica-
tions with certain demands on communication infrastructure
more detailed knowledge on the communication behavior is
a crucial problem.

Prediction on synthetic radio disturbance schemes with
given distribution functions and synthetic network load
models can be handled by statistical models like Markov
chains very well [MZP04]. More complex scenarios us-
ing multiple kinds of packets with different failure sensitiv-
ity, partial disturbances/interferences on selected channels
or temporary disturbances, interoperability with other net-
work technologies as well as the analysis of non-constant
traffic profiles are difficult to be modeled using mathemati-
cal approaches and can therefore be handled more detailed
with simulation approaches.

In the next sections the most relevant details on Bluetooth
communication technology will be given and the state of the
art of current Bluetooth simulation environments will be dis-
cussed briefly. In section V an own simulation model will be
introduced that closes the gap on tracing the transfer flow of
data packets through the whole communication process cov-
ering detailed information on delays, error correction and
retransmissions.

II. BLUETOOTH

Before giving details on Bluetooth simulation, the rele-
vant details on Bluetooth [Blu03] are summarized in this
section. Bluetooth personal area networks (PAN) are ar-
ranged in piconets that consist of a master device and up
to seven slaves. Multiple piconets can form larger scatter-
nets where the master of each piconet also has to be a slave
in a neighboring piconet.

The Bluetooth radio model uses low power radio
transceivers of range from 10m to 100m that operate at a
base frequency of 2.45GHz. The available radio band of
83.5 MHz is divided into 79 channels of 1 MHz width each.
Bluetooth only utilizes one channel per time. The channel is
switched 1600 times per minute regarding to a channel hop-
ping scheme derived from the piconet master device address
and the master device clock. With the Gaussian Frequency
Shift Keying (GFSK) modulation and a signal timing of 1µs,



this results in a theoretical transfer limit of 1 MBit/s.
Bluetooth device activity can be summarized by four

main operation modes:
• The Standby state depicts the power saving state that is
used whenever the device is not involved in any piconet ac-
tivity.
• The inquiry procedure is a very robust mechanism to scan
for any Bluetooth devices without any knowledge about the
remote devices. It returns a list of scanned devices contain-
ing their unique device address and the clock offset to the
inquiring device clock.
• Paging is the procedure to establish a connection between
two devices. The paging device sends a connection request
to a specific remote device. If the requested remote de-
vice is in range and has page scanning mode enabled, the
paged device has to answers this request to establish a con-
nection. The speed and reliability of the paging procedure
depends on the knowledge of the paged device clock. With
exact knowledge of the remote clock the channel hopping
sequence can be synchronized precisely and best results can
be reached. The common way to estimate the clock offset
between the paging device and the paged device is a preced-
ing inquiry.
• The connection state is entered if the device becomes an
active member in a piconet as master or slave device.

The Bluetooth architectural model is built up from differ-
ent layers. The higher layers are typically implemented as a
part of a software stack on the host device. The lower parts
are generally implemented at the Bluetooth device core. The
lower layers are accessed by the HCI layer which forms the
lowest user accessible layer. It provides a standardized in-
terface to all Bluetooth communication functionality. Ad-
ditionally, it is used by Bluetooth software stacks to map
the higher layer functionality to the lower layers. Thus, the
layers from the physical radio layer to the HCI build the
required core to simulate a fully functional Bluetooth envi-
ronment. These layers are namely:
• PHY/radio (RF)
• Baseband
• Link controller (LC)
• Link manager (LM)
• Host controller interface (HCI)

Bluetooth timing is synchronized by the piconets master
device clock. Slave clocks use an offset to estimate the mas-
ter clock which is needed together with the master device
address to calculate the piconets channel hopping sequence.
Bluetooth radio access is exclusively granted to one device
at a time using time slots of 625µs. The scheduling scheme
is completely controlled by the piconet master. Bluetooth
internal messages are limited to packets fitting into one time
slot. User payload packets span over a single slot, three slots
or five slots.

Data payload is transferred using either synchronous
(SCO) or asynchronous links (ACL). Synchronous links
provide a robust communication channel of 64 Kbit
throughput that is mostly used for voice transmission. Asyn-
chronous links provide data throughput of up to 433.9 kbit/s
for symmetric transfer and 723.2 / 57.6 Kbit/s for asymmet-
ric transfer links when using packets of maximum payload
size (5 slots packet, no payload forward error correction).

Therefore asymmetric links are the choice for most data link
applications and will be the main focus here.

ACCESS 
CODE

PACKET 
HEADER PAYLOAD

72 bit 54 bit 0-2745 bit

Fig. 1. ACL Packet Structure

Asynchronous links use a family of packet types that
mostly differ in payload size and their use of optional for-
ward error correction for payload data. The general format
of an ACL packet is summarized in figure 1. All ACL-
packets consist of a trailing access code block, a packet
header and the data payload. The access code contains a
synchronization pattern needed for radio timing synchro-
nization and allows receiving devices to decide if the packet
is addressed to its logical channel. The access code is
not compared bitwise but with an auto-correlation mecha-
nism. The configuration of the auto-correlator defines the
robustness against erroneous bits in the access code or trail-
ing/missing bits due to synchronization drifts. The packet
header contains the active slave address, packet type, flow
control, sequence numbering, acknowledgment information
and an 8 bit header checksum (HEC) that ensures the cor-
rectness of the header information. The header is addi-
tionally protected by a forward error correction code that
replicates the data 3 times. The payload field consists of a
payload header, the payload data and a 16 bit CRC check-
sum. Payload header and payload data are treated as a single
block on the link control layer. Different to high data rate
packets (DH1, DH3, DH5) the data payload is optionally se-
cured by a forward error correction scheme if medium data
rate packets (DM1, DM3, DM5) are used. This forward er-
ror correction scheme groups the whole payload into blocks
of 10 bit size and appends 5 bits of redundant error correc-
tion information to each block.

Failures on the packet header checksum or the pay-
load checksum trigger a retransmission of the whole
packet. These retransmissions occur autonomously on
baseband/link-controller level and is completely out of the
users control. Retransmitted packets of course increase the
transmission time for the affected payload and the amounts
of packets sent in total and thereby reduce the available
bandwidth.

III. EXISTING SIMULATION APPROACHES

Bluetooth currently represents one of the mostly used ad-
hoc communication platforms and has been targeted by dif-
ferent simulation approaches. All of them differ in topics of
interests and depth of analysis. A brief selection of the most
referred systems shall be given in this section.

Due to the different fields of application that Bluetooth or
other wireless communication systems can be used in, there
are different approaches to behavioral simulation of wireless
networks. With regard to their area of application they can
be categorized in three classes of simulation environments:
1. Interface Simulation: Simulation of wireless communi-
cation by its external interface. This kind of simulation is
mainly intended for development and testing of mobile ap-



plications. It does not necessarily cover simulation of the
network architecture, the internal processing flow, the trans-
port characteristics or security mechanisms besides of their
external appearance to the application.
2. Infrastructure Simulation: Simulation of the network ar-
chitecture and device interaction including organizational
structures like piconets and scatternets. This class of simula-
tion may include an abstraction of the radio communication
as far as it is needed for the simulation of device interac-
tion but does not necessarily cover disturbed radio or error
correction mechanisms.
3. Transport Simulation: Representation of the transport
flow down to the physical layer including radio interfer-
ences.

Pure interface simulation suites that are often hosted
in application development suites for end-user application
such as cell phone application are not taken into account
here because they address a completely different applica-
tion domain. The most important simulation environments
will be discussed in the following:
• Bluehoc: Bluehoc developed of IBM India is one of the
most cited simulation environments for Bluetooth. It is
based on the NS-2 network simulator [BEF+00], [Fal00]
and covers the physical layer, Baseband, Link Manager,
and L2CAP protocols. Its main focus is set on infrastruc-
ture simulation. Physical constraints like mobility or ex-
plicit implementation of the radio layer have only been ad-
dressed at a high level of abstraction. Radio propagation
uses the NS2 free space model representing the communi-
cation range of the transmitting device as a circle around
it. Receivers within the circle receive all packets, scan-
ning devices outside of the communication range receive
nothing [Fal00]. Packet loss is modeled in a very simple
table-based fashion. Applications can be simulated using
predefined traffic patterns of NS-2 which covers TCP/UDP
packets with source behavior models such as FTP, Telnet or
HTTP [SI03]. The last releases of Bluehoc are dated in the
year 2001 and though it misses the current extensions of the
Bluetooth standard.
• UCBT: The UCBT [WA04] Bluetooth extension for NS-2
is also based on the NS-2 network simulator. It represents
a more complete infrastructure simulation environment than
Bluehoc that is partially ported to the current Bluetooth stan-
dard version 1.2. It provides an extended interference model
based on interference queues as well as the original Bluehoc
mechanism but physical channel / radio layer is not imple-
mented either. Mobility is implemented using the Wireless
LAN (WLAN) node model of NS-2. Application simulation
also uses the NS-2 functionality as described for Bluehoc.
UCBT is still under development and apart of its functional
volume it is currently difficult to use due to the missing doc-
umentation.
• Suitetooth [Hig01] is the official Bluetooth implementa-
tion of the commercial OPNET network simulation frame-
work. Suitetooth is referenced as an extraction of Bluetooth
key features with a strong focus on transport and interfer-
ence simulation including an explicit model of the physical
radio layer. Suitetooth benefits from the network simulation
functionality of OPNET giving a strong focus on analysis
of TCP/IP transport over Bluetooth links. The link manage-

ment protocol layer (LMP) is not implemented in Suitetooth
but a user interface for own link manager implementations is
provided instead. Therefore many characteristic Bluetooth
functionalities depending on the link manager e.g. piconets
are not supported without further development. Application
simulation is implemented uses OPNET traffic source pro-
files similar to the NS-2 based systems.
• Conti and Moretti [CM05] give a new approach by re-
ferring to Bluetooth link manager and baseband simulation
based on the SystemC hardware modeling platform. The
projects addresses the power dissipation and performance
analysis of Bluetooth in presence of noise with respect to
the use of different packet types. The simulation environ-
ment provides a custom application interface for embedding
SystemC based Bluetooth applications. The host controller
interface and the physical layer are left out of scope in this
approach.

Furthermore there are other simulation approaches ad-
dressing detailed aspects of Bluetooth e.g. Xiong and Pol-
lard [XP05] do detailed analysis on Bluetooth transport re-
liability and provide a simulation model for the GFSK mod-
ulation of the Bluetooth radio layer.

Currently, there is no simulation environment covering all
Bluetooth layers from PHY to HCI. Neither does any of the
named systems provide an interface capable of applying it
to custom applications. Typically the simulation environ-
ments provide application behavior interfaces controlled by
scripting languages allowing basic creation and movement
operations in conjunctions with synthetic traffic generators
and loss models.

IV. SIMULATION REQUIREMENTS

From the networking point of view information on con-
nection robustness, effectively available bandwidth and la-
tency characteristics are important measures that have to be
taken into account for the network design.

As stated in section II Bluetooth packets have different
safety features for different packet types and even for the
different parts of a single packet. Therefore transmission er-
rors have different impact on the communication depending
on the position of their occurrence in the packet. Regarding
this, it will not be sufficient to simulate a packet as a single
event with static loss and interference probabilities to get a
detailed view on communication performance and reliabil-
ity.

When certain information on the network layer character-
istics are needed it becomes mandatory to simulate the com-
munication down to the resolution of single network token
leading to a time-slice based simulational model.

V. SIMULATION CONCEPT

The given concept basically uses strict encapsulation of
the different entities acting together in the process of wire-
less communication. All entities interact using defined in-
terfaces that try to represent the abilities of the ’real life sce-
nario’ as close as possible. Figure 2 gives an overview of
the involved entities. Their function is explained in the fol-
lowing sections.

The base of the simulation is built up from a simulated
world called BTWorld that interacts with multiple radio en-



Fig. 2. Entity-Relationship Model of the Simulation Environment

abled mobile entities named HFEntities. All HFEntities are
related to a corresponding location record that represents its
geographical position in the simulated world and to a HF-
Properties record that represents its current radio setup (e.g.
the frequency the device is tuned to).

A. Timing

Timing and synchronization are critical issues on Blue-
tooth communication. To gain precise information on de-
vice interaction preceding the synchronization process as
in connection establishment, inquiry or piconet changes on
scatternets, the timing model should orient as much on real
behavior as possible. This implies the use of time-slice
based simulation instead of an event driven architecture or
statistical models.

The BTWorld entity is related to a single master clock
that represents the global simulation clock and is the base
for all other clocks instantiated in the simulation environ-
ment. Slave clocks are instantiated by mobile devices. Slave
clocks may directly forward the timing of the master clock
to simulate a perfect clock or they may simulate clock skews
by dropping clock ticks of the master clock. Simulation of
a single slave clock running faster than the others has to
be simulated originating from the master clock by dropping
clock cycle of the slower slaves because no slave should be
clocked faster than the Radio Kernel to prevent false detec-
tions of erroneous radio access.

Timing requirements can directly be derived from the
Bluetooth standard. Bluetooth symbol transmission time
of 1µs directly implies a minimum simulation timing res-
olution of 1µs. For the maximum useful resolution it can
be regarded that Bluetooth radio timing is resynchronized
with the synchronization word at the beginning of each
packet. With a maximum packet length of 2871 bits in DH5-
Packets, the specified minimum radio timing accuracy of
+/- 20 ppm leads to a maximum error of 2 ∗ 20/1000000 ∗
2871µs = 0.12µs [BS02], [Blu03]. This is less than one
eighth of the symbol duration giving the receiving radio
module enough time to accurately decode all symbols un-
til the next resynchronization takes place. Therefore a cor-
rectly synchronized Bluetooth piconet will never suffer that
much clock skew so that a simulation resolution of more
then 1µs would give an increase on simulation quality.

Fig. 3. Structure of Radio Enabled Entities

B. Radio Enabled Entities

All radio enabled entities which are namely Bluetooth de-
vices (BTEntities) or sources of local radio disturbance have
to extend the abstract HFEntity model. HFEntities mainly
provide a position record and an HFProperties record. The
position record keeps the local positioning information in
the simulated world. See figure 3 for the structure of HFEn-
tity models. The HFProperties record represents the current
radio configuration as the transmission power or the fre-
quency the simulated antenna is currently tuned to. BTEn-
tity represent the Bluetooth enabled extension of the HFEn-
tities. BTEntities consists of a multi-layer model correlat-
ing to the layers of Bluetooth data processing. Addition-
ally the BTEntity contains a simulated radio clock derived
from the world clock and a Bluetooth clock derived from
its own radio clock. The radio clock provides the timing
needed for the symbol duration at the medium where the
Bluetooth clock gives the half slot timing (312.5µs) needed
for almost all timing constraints of baseband and link con-
troller layer. The radio clock corresponds to the Bluetooth
clock as defined in the Bluetooth specification [Blu03] and
the BTClock corresponds to the simulated oscillator crystal
timing.

C. Monitoring Interface

All layers of Bluetooth packet processing are connected
to a monitoring interface. Each data or command packet
triggers a monitoring event for each processing layer it
passes. Together with the events information on the de-
vice state, device clock as well as layer specific actions
such as encryption, checksum calculation, error correction
and retransmit filtering are provided to the monitor instance.
Monitor instances can be user specific acquisition modules,
graphical interfaces or the system internal file logger. By
masking out selected layers of the Bluetooth protocol stack,
the monitoring subsystem gives the application developer
all the needed information to trace back the influence of the
chosen setup down to all layers of Bluetooth packet han-
dling.

D. Simulation Control

The simulation flow can be controlled by a dedicated sim-
ulation application that is able to instantiate HFEntities in
the BTWorld and to access the HCI. Alternatively, it can as-
sociate the HCI to a system socket, enabling the simulation
to connect to an external application. In either case the sim-
ulation application is responsible to spawn in HFEntity into



the BTWorld environment and manage the positioning and
the movements of the mobile entity.

E. Radio Model

Though it is the most critical part to assure a correct sim-
ulation behavior, the simulation of the radio medium is en-
capsulated in a separate module that is connected to the BT-
World entity. The interfacing between BTWorld and the ra-
dio kernel is done by an interface providing a transmit oper-
ation that take the current payload symbol, the senders loca-
tion record and the HFProperties as arguments. The second
operation provided by the radio kernel is a receive method
that takes the receivers location record and HFProperties to
synthesize the resulting payload symbol from the radio state.
The radio kernel takes the responsibility to verify all radio
activity for validity.

VI. RADIO KERNEL

With the fact that Bluetooth devices can only possess one
antenna per device that can either be in transmit or in receive
mode for the duration of one time-slot the radio entities can
be modeled by three states:
• no radio access
• transmit
• receive

To derive result for the receive operation from the media
state, all transmit operations have to be finished before the
receive operation can take place. Therefore the time-slice is
divided into two stages: the TX-PHASE for transmissions
and the RX-PHASE for receive operations. These stages
are delimited by synchronization barriers.

TX-PHASE

start-barrier

finish-barrier

phase1-barrier

RX-PHASE

Fig. 4. Radio control flow

Each simulation round begins with a start barrier that all
participating devices have to pass for the simulation round to
start. The stage1- and the finish-barrier are initialized with
the amount of devices that passed the start-barrier. Each
barrier can only be passed if it has been reached by all de-
vices. If a devices triggers a transmit operation its trans-
mission payload symbol is stored together with the state of
its radio parameters and its position coordinates. A trans-
mit operation automatically calls the stage1-barrier which
causes the device to be blocked until all remaining devices
have called the stage1-barrier as well. Thereby it is guaran-
teed that all devices are only able to transmit once per round.
If a device executes a receive operation the stage1-barrier is
reached and the device is blocked until the stage1-barrier is
released. After all devices have reached the phase1-barrier,
it is unlocked and the RX-PHASE is triggered. For each de-
vice that has been blocked in a receive operation its result
is calculated by a comparison of the receivers radio parame-
ters and location coordinates compared to the transmissions

stored in the TX-PHASE. If any device tries to call a re-
ceive or transmit operation after the stage1-barrier has been
passed this indicates an error in the simulation implementa-
tion. If all devices finish their simulation round they reach
their finish routine that triggers the finish barrier. If a de-
vice does not trigger any receive or transmit action in the
current round, it directly reaches its finish routine without
being blocked by any barriers. In this case the finish routine
also counts down the stage1-barrier not to lock the other de-
vices in the RX-PHASE. After all devices have reached the
finish barrier the beginning of the next simulation round is
triggered for the simulated devices and the radio kernel.

The level of detail regarding the radio modulation and the
simulation aspects are likely to be kept customizable. This
allows to implement time-efficient models similar to the
’free space model’ of Bluehoc (see section III) or more com-
plex simulation models e.g. given in [XP05] or [SHS02].

VII. IMPLEMENTATION

The concept has been realized as a Java framework cur-
rently referenced as ’SimBA’. The actual state of implemen-
tation covers most common functionality of the HCI that is
needed for inquiry of devices, connection establishment and
AIL data transfer.

Header error checksums, payload CRC checksums as
well as forward error correction have been fully imple-
mented regarding the Bluetooth Specification [Blu03]. Im-
plementation of synchronous connections (SCO) and en-
cryption functionality have been postponed. Frequency hop-
ping is still limited to the non-adaptive scheme from Blue-
tooth version 1.1, but the adaptive scheme of Bluetooth 1.2
is scheduled for implementation.

The system comes with two different radio kernel imple-
mentations. The first one uses a simple radio propagation
model similar to BlueHoc (see section III).

The other radio kernel is based on the path-loss and inter-
ference model given in [Mor02]. This simulation model al-
lows to give a path-loss parameter n as a measure for the en-
vironmental communication characteristics. The basic prin-
ciple for path-loss PL calculation is the equation

PL = 20log

(
4Π
λ

)
+ 10n ∗ log(d)

with distance d between the sending and receiving de-
vice, wavelength λ and path-loss exponent n. The
wavelength λ for a frequency of 2.4 GHz is fixed at
299,792,458m/s

2.4∗109/s ≈0.125m [Mor02]. This substitution gives
the final basic path-loss formula

PL = 40 + 10n ∗ log(d)

that can be used to calculate the path-loss for given d and n.
With the path-loss given in dBm and the knowledge of the
senders output power it can be estimated if the receiver is
able to receive the signal properly. It can also be solved to d
as the maximum range for given path-loss PL and path-loss
exponent n in the form of d = 10

P L−40
10n where PL is the

difference between the transmitter output power in dBm and
the receiver sensitivity, giving the maximum transmission
range for the devices configuration.



This model will allow a more realistic simulation of com-
munication characteristics by a moderate reduction of sim-
ulation performance. Assuming the path-loss exponent n is
fixed for one simulation run, this model causes an overhead
of one logarithm-operation and one multiplication per trans-
ferred token multiplied by the number of possible receivers.

VIII. CONCLUSION

In this paper some of the most common simulation en-
vironments have been analyzed regarding the completeness
of the simulated Bluetooth implementation and their usabil-
ity with custom ad-hoc network applications. The research
came to conclusion that none of the chosen environments
provide sufficient support for simulation based analysis of
user defined ad-hoc networking applications.

Based on this conclusion, requirements for a simulation
environment capable of simulating custom Bluetooth appli-
cation have been cumulated and a custom simulation con-
cept has been developed and partially implemented.

The simulation framework allows implementation of cus-
tom Bluetooth applications and detailed analysis of its com-
munication characteristics down to logical transport or even
the physical transport layer. So, resource critical applica-
tions can be optimized for proper operation by analysis of
the logical and physical transport characteristics which are
completely hidden by the Bluetooth API in hardware imple-
mentations. The impact of environmental radio characteris-
tics can be analyzed by adjusting the path-loss parameters
to get detailed information on the application behavior in
locations with different radio characteristics. By the results
of the simulation, the target application can be optimized for

bandwidth or latency by tracing back the impact on different
packet sizes and error correction schemes.

REFERENCES

[BEF+00] L. Breslau, D. Estrin, K. Fall, S. Floyd, J. Heidemann,
A. Helmy, P. Huang, S. McCanne, K. Varadhan, Y. Xu, and
H. Yu. Advances in network simulation. IEEE Computer,
33(5):59–67, 2000.

[Blu03] Bluetooth SIG. Specification of the Bluetooth System. v1.2.
www.bluetooth.org, 2003.

[BS02] Jennifer Bray and Charles F. Sturman. Bluetooth 1.1: Connect
without Cables. P T R Prentice-Hall, Englewood Cliffs, NJ
07632, USA, 2002.

[CM05] M. Conti and D. Moretti. System level analysis of the bluetooth
standard. Proceedings of the conference on Design, Automa-
tion and Test in Europe, 3:118–123, 2005.

[Fal00] K. Fall. ns Notes and Documentation.
www.isi.edu/nsnam/ns/ns-documentation.html, 2000.

[Hig01] Highland Systems, Inc. Bluetooth Simulation Model Suite
for OPNET. http://www.highsys.com/products/Suitetooth.pdf,
2001.

[Mor02] R. Morrow. Bluetooth: Operation and Use. McGraw-Hill
Professional, New York, USA, 2002.

[MZP04] D. Miorandi, A. Zanella, and G. Pierobon. Performance eval-
uation of bluetooth polling schemes: an analytical approach.
Mobile Networks and Applications, 9:63–72, February 2004.

[SHS02] R. Schiphorst, F.W. Hoeksema, and C.H. Slump. Bluetooth
demodulation algorithms and their performance. Proceedings
of the workshop on Software Radios, pages 20–21, 2002.

[SI03] M. Subramani and M. Ilyas. Simulation Based Analysis
of Bluetooth Networks. 2003 International Symposium on
Performance Evaluation of Computer and Telecommunication
Systems, pages 688–694, 2003.

[WA04] Q. Wang and D. Agrawal. UCBT – Bluetooth extension for
NS2. www.ececs.uc.edu/ cdmc/ucbt, 2004.

[XP05] X. Xiong and J. Pollard. Modelling for bluetooth pan reliabil-
ity. Proceedings of 19th European Conference on Modelling
and Simulation, pages 580–584, 2005.



SOFTWARE FOR DESIGNING OF ASYNCHRONOUS INDUCTION MACHINES FOR ADJUSTABLE 
SPEED ASYNCHRONOUS ELECTRIC DRIVE SYSTEMS

Victor S. Petrushin
Boris V. Kalenik

Electrical Machines Department
Odessa State Politechnic University

Shevchenko Avenue 1, Odessa, 270044, Ukraine
E-mail: victor_petrushin@ukr.net

KEYWORDS
 
Adjustable speed electric drive system, asynchronous 
speed induction machine, motor choosing, automatized 
designing of induction machine.

ABSTRACT

Perfection of adjustable-speed electric drive systems is 
able with the aid of adaptation of all components, that 
they include, to each other. The solving of the task of 
based choosing of serial common-industrial 
asynchronous induction machine with using of complex 
mathematical models that include mathematical models 
of all components of electric drive is offered. On base of 
this models offered product DIMASDrive is created. 
The highest level of the program complex is 
automatized designing of special(optimized) 
asynchronous induction machines, that take into account 
significant features of operation of this machines in 
adjustable speed electric drive system. At this, the 
reducing till 50% of cost, dimensions, weight of 
asynchronous induction machine as composite part of 
adjustable speed electric drive system is reaching. 
Junction to producing of optimized  induction machines 
is not connected for producer with high expenses, 
because constructive changes in compare to serial 
common industrial induction machine concerns just the 
stator wind of induction machine.

The basis of modern technologies is adjustable speed 
asynchronous electric drive system. Wide inserting of 
adjustable speed asynchronous electric drive system 
gives us capability to perfect technological processes, it 
also provides complex mechanization and manufacture 
automation, it promotes the increasing of issued 
production quality, decreasing of its price, growth of 
labor productivity, increasing of  reliability and term of 
service of equipment(Fig.1).
In common case the composite parts of adjustable speed 
asynchronous electric drive system are:

input and output transformers
semiconductor converters
induction motors
reducers
mechanism-consumer(loading on adjustable 
speed electric drive system, that is determined 

by the type, quantity and mode of work of 
loading mechanism)

In row of cases some separate composite parts are 
absent.
Perfection of adjustable speed asynchronous electric 
drive system depends on how good are all parts adapted 
to each other.
In present day, in adjustable-speed electric drive 
systems more often serial common-industrial induction 
machines are applied, this asynchronous machines are  
designed for work in non-adjustable-speed electric drive 
systems. And at using of those one, it is needed to 
significantly increase the power of the serial machines. 
One of the most famous task in the designing of  
adjustable-speed asynchronous electric drive system is 
the task of based choice of serial common-industrial 
induction machine. The technical-economic parameters 
as  machine itself as drive in general are depend on how 
right will be this task solved. Despite significant  
achievements in development of adjustable-speed 
electric drive system, at the present day clear 
recommendation for choosing of machines for them are 
absent. It is connected with significant difficulties, that 
appears at formalization of process of choosing  of 
common-industrial machines for work in composition of  
adjustable speed electric drive system. Solving of the 
task of choice depends on the type, quantity and mode 
of work of loading drive mechanism, required range of 
regulating, type of semiconductor converter, kind of 
regulation and the law of frequency control, that are 
used there. For solving of task of  induction machine 
choice is expedient to use complex mathematical 
models, that includes mathematical models of all 
components of  adjustable speed asynchronous electric 
drive system, that allows to take into account specials of 
operation of motor in adjustable drive. On base of this 
models offered software product is created, with the aid 
of those it is possible to do automated choice(Fig.2). 
Improved calculation methods give us ability of 
designing and using in software product mathematical 
models of electromagnetic, electromechanical, 
energetic, heat fan processes in steady and transient 
regimes of machine work, calculation of additional 
magnetic losses, mechanical and vibroacoustic 
parameters. Choosing of induction machine is making 
by definite criterions with taking into account  needed 
limits. As criterions can be used weight, dimensions, 
cost, range criterions of brought expenses and energetic 



parameters of machine or the whole drive, or these 
criterions with correspondent weight factor could be 
displace in generalized scalar(integral) criterions. In 
calculation of range energetic criterions of machines,  
used in drive with beforehand known time diagram of 
work. it is needed to take into account different terms of 
work of asynchronous induction machines on the 
definite frequency of rotation. Estimation of economic 
parameters of machine and drive work is expedient to 
do with account of impact of given expenses of inflation 
processes on criterion, because normal term of payback 
of induction machine are rather high(5-7 years). Results 
of choice changes at using of different composition of 
private criterions in generalized criterion and at 
changing of weight. Analysis of this question shows that 
process of choosing of  asynchronous induction 
machine for asynchronous adjustable speed electric 
drive system is expedient to do stage by stage. On 
preliminary stage the choice of machine by heat and 
mechanical loading capabilities in dependence on type 
and quantity of  loading is making.. On the next stage it 
is necessary to exact this choice by other technical-
economic parameters. The task of choice should be 
solved with taking to account of mechanical, vibro-
acoustic and dynamical requirements to asynchronous 
induction machine of adjustable speed electric drive 
system. That is why, on the end stage of choice, the 
checking  of  execution of limits is producing, that are 
not directly connected with electromagnetic processes.  
To this parameters mechanical, vibro-acoustic and 
dynamical parameters are belonged. After execution of 
all dimensioned stages it is possible to say that choice of 
serial induction machine was made with taking into 
account of the main aspects of its operation in frequency 
electric drive.
However, how perfect would not be choice, drive with  
serial asynchronous induction  machine won’t be 
optimal. It is expedient to perfect  the adjustable-speed 
electric drive system by purposed adaptation of used 
there machine and by designing of special asynchronous  
induction machines. By this,  electrical machines with 
the best energetic, weight and dimension parameters in 
comparison to non-adapted ones are creating. 
Automated designing of asynchronous induction 
machine is doing with using of  program complex called 
DIMASDrive.
Technical premises that provide advantages of adapted  
machines above the serial machines are:

exception of requirements to start 
characteristics(there is no task of  provision 
multiplicity(frequency rate) of start and 
maximal moments), in connection with what 
may correspondent shape of rotor 
groove(refusal from deep grooves) be applied, 
that provide minimal rotor circuit resistance 
and smaller induction of dispersion.
Required rotation frequency of manufacturing 
mechanism. That is determined by frequency 
of machine power supply, number of poles of 
stator wind of asynchronous induction machine 

and transmission number of reducer. It is 
possible to provide at different combinations of 
these three quantities.
Possibility of some reducing of overloading 
ability of asynchronous induction machine, 
because drive management system trace 
parameters of voltage and current supplied to 
the machine.
Using of effective systems of auto-, and at the 
necessity, forced cooling with optimized 
rotation frequency of the fan.
Capability of choosing of optimal relation of 
nonstandard significances of voltage and 
frequency of designing machine, that differs 
from basic and coordinated with nominal 
significances of converter, that allows to 
reduce the weight and dimensions.
Reinforcement of electrical insulation of stator 
wind coil with the purpose of  dependence of 
stator from impulse overvoltage.
Using of correspondent bearing with taking 
into account as high speeds of rotation as 
appearing of parasite currents from high-
frequency commutation.

In dependence from technical task, task of designing of 
adjustable induction machine can have two statements. 
One of them supposes designing for definite by type and 
quantity of loading with correspondent frequency 
management law in command range of regulation. The 
second one – designing of  adjustable induction machine  
that satisfies to different  types of loading. By this way 
designing of machine series ROTEC by Siemens was 
made. In this case range of regulation is definite, in 
what constant commanding of power is maintaining or, 
otherwise, the power at what command range of 
regulation could be determined.  Adjustable induction 
machines could be designed in kind of series(ROTEC) 
or in kind of electrical modification series, built on base 
of basic performance. Solving of task of modification 
designing is doing by purposed recalculation with using 
of optimized procedures of basic serial machine.
Basic principles and methodology of  asynchronous 
induction machines are based on system approach and 
are defined with taking into account of essential 
specificity of their work in composition of electric 
drives as in steady as in dynamical modes. System 
approach provides consideration of asynchronous  
induction machine in cooperation with other elements of 
asynchronous adjustable speed electric drive system: 
strength converter part, management and settlement 
system, perform organ of work machine. Efficiency of 
system approach in designing of asynchronous  
induction machine is based on count of features of 
separate components of electric drive, character of 
relations and connection between this two components. 
Thanks to this adequacy of mathematical model and, 
correspondently, quality of project synthesis of 
asynchronous induction machine are increasing. Using 
of system approach allows to realize complex analysis 
of designing of asynchronous induction machine. On 



base of what, all main for project synthesis aspects of 
device and operation of asynchronous induction 
machine are considering. System approach gives us 
opportunity to perform:

complex count of all needed sets of project 
factors in their interrelation and interference;
engineering and application of mathematical 
models, that takes into account variations of 
parameters in the whole adjust range and other 
features of work or asynchronous induction 
machine in adjustable electric drive;
justification and application of rational 
decomposition of project mathematical model 
and model of object of designing, processes of 
project synthesis and optimization;
realization of effective methods of 
optimization;
system organization of technology of process 
of project synthesis of asynchronous induction 
machine

Project mathematical models of asynchronous induction 
machine take into account polyharmonic composition of 
voltage or variable quantity current and frequency, 
variation of machine parameters in process of 
adjustment and row of other project features. 
Semiconductor converters, that differs by types, force 
schemes, kinds of adjustment, management laws and so 
on, are represented by different mathematical models. 
Loadings of electric drive have different laws of 
variations of moments from rotation frequency and 
different levels. They can be continuous or circle action. 
All that finds a reflection in mathematical models of 
loadings.
Work of machines in systems with semiconductor 
converters have significant specificity, that is the reason 
of the appearance of new requirements to technical-
economic parameters of  asynchronous induction 
machine, and, as a result, the task of designing of 
machines for indicated systems has been grown to 
independent problem, that includes the round of 
questions that are connected with determination of 
optimal machine parameters. For solving of tasks of 
project synthesis and optimization of this machines can 
not be applied standard methods and software, 
developed for induction machine for common industrial 
purpose.
In designing of asynchronous induction machine this 
features and requirements are taking into account:

complex mathematical models  in system of  
calculation are used, that includes to 
themselves models of all interaction 
components of electric drives, and not just 
machine models, as it is doing in system of 
calculated designing of common-industry 
induction drives.
asynchronous induction machines are 
designing not for one nominal point of work, 
as common industry machines, but for 
command adjustment range and in 

development of the volume of searching and 
checking of  calculation.
In each work point of asynchronous  induction 
machine consumes definite by quality-
quantitative composition of polyharmonic 
voltage or current, that depends on type, kind 
of adjustment, converter management law and 
working with determined loading moment.
In different work points of adjustment range of 
significance of parameters of machine 
replacement schemes, that are determined with 
taking into account replacement  of currents in 
winds and saturation of magnetic circuit, are 
different.
Variations of equivalent heat schemes of 
replacement of asynchronous induction 
machine because of changing of intensity of 
cooling at rotation frequency adjustment are 
observing.

In designing of asynchronous induction machine for 
drives with semiconductor converters the same 
criterions that in choosing of serial induction machines 
for those drives are used. The special range criterions of 
optimality – energetic machine parameters and indicated 
expenses cause the specificity of their determination. In 
particular, energetic parameters – efficiency factor and 
power factor, indicated expenses should be considered 
in view of average significances for definite command 
adjustment range. The energetic composite part 
expenses will exceed composite part expenses 
connected with capital expenses in ten times, that is why 
question of  optimization exactly energetic composite 
part is especially famous. At this, it is needed to take 
into account ambiguity of increasing of efficiency factor 
and power factor: reducing of cost of active losses in ten 
times is more effective then reducing of cost of reactive 
energy compensation.
The task of adaptation of parts of asynchronous 
adjustable-speed electric drive system to specific 
conditions of work should be solved as a task of 
structure-parameter optimization.
Labour content of designing task is caused not only by 
necessity of formation of plenty rational structures of  
asynchronous induction machine, but else, by necessity 
of solving of parametrical optimization for each shaped 
structure task. The direction of tasks of structure 
synthesis has two branches: interior(related to the 
machine) and exterior(related to the drive system). The 
task of parametrical optimization is in determination of 
significance set of managed variables of some shaped 
structures of electric drive system and asynchronous 
induction machine, included there, at what the purpose 
function has the best significance. At this, all 
requirements and limits that were dimensioned in 
designing task should be executed. A number of 
asynchronous induction machines with optimized 
parameters is information basis for choice of optimal 
variant of asynchronous induction machine.
System approach provides consideration of all aspects 
of asynchronous induction machine operation. That’s 



why at project synthesis of asynchronous induction 
machine the row of subsystems is using, with the aid of 
what the checking calculations are making. To this 
number of mechanical and vibro-acoustic parameters of 
non-steady work regimes are treating. Project 
mathematical models as models of optimized-searching 
calculations are complex and are compounded of 
mathematical models and drive of elements and count of 
considered above specificity are executing there.. The 
task of conditional optimization is solving on base of 
combination concession methods on criterions and 
limits relaxation.
From above dimensioned, using of information 
technologies of automated project synthesis, applied 
mathematical and program provision DIMASDrive 
allows to realize the designing of series of  
asynchronous induction machine on base of careful 
analysis of consumption market; designing of 
asynchronous induction machine for using in 
asynchronous adjustable-speed electric drives of 
concrete electromechanical systems; redesigning of 
induction machines, used in the present time in definite 
adjustable-speed electric drive systems with the target 
of their adaptation to specific work conditions.
In the present time are offered  asynchronous induction 
machines, that designed for frequency fields 30-90 Hz, 
despite converters allow to work on higher frequencies 
(till 400-500 Hz). Designing of asynchronous induction 
machine for high frequencies would leads to reducing of 
weight and dimensions and by that, to the reducing of 
the cost of the machine. It means, that modifications of 
asynchronous induction machines of as low-frequency 
as high-frequency are possible. Expediency of using in 
concrete adjustable-speed electric drive system one or 
another modification is determining by economical 
efficiency.
Example: designing of adjustable induction machine 
with loading of 35 Nm and adjustment field 500-5000 
rpm(lifting-transport mechanisms) is needed. It’s 
possible just with serial induction machine of 180S2 
dimension or more, because all smaller serial machines 
can’t allow it in connection with exceeding of  admitted 
temperature of their parts(particularly stator wind). But 
after optimization and machine of smaller dimension 
132M6 could corresponds to command requirements. 
Optimization is in redesigning of wind to frequency of  
152 Hz. Converter is tuning to this correspondent base 
frequency too. By this we receive suitable adjustable 
induction machine(optimized 132M6) with the weight 
of 78 kg but not serially producible 180S2 with the 
weight of 148 kg, the production cost of what is higher 
because of high weight. Even bigger weight reducing is 
possible at designing of high-frequency modifications of  
adjustable induction machine.
Competition.
On this moment there is not alternative software. That 
allows to do designing of a induction machines by 
optimization of serial asynchronous induction machines 
and  adapting them to adjustable-speed electric drive 
system. Thanks to optimization in designing of low-

frequency modifications of asynchronous induction 
machines is reaching reducing of this machine 
parameters:

cost: till 20-25 %
dimensions: till 20 %
weight: till 20%

the line of firms issue low-frequency modifications. 
Application of offered software provides automated 
designing of these low-frequency modifications. 
Excepts that, with help of this software is possible to 
design high-frequency modifications of asynchronous 
induction machines.  High-frequency modifications of 
asynchronous induction machines, designed with aid of 
DimasDrive, provide reducing of this machine 
parameters:

cost: till 50 %
dimensions: till 50 %
weight: till 50 %

or at the same weight and dimensions – increasing of 
power till 40 %.
With help of software is possible to make designing of 
asynchronous induction machines for new adjustable-
speed electric drive systems and too optimization of 
already existing adjustable-speed electric drive systems 
by the way of redesigning used there induction 
machines.
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ABSTRACT 
 

An application of simulation in the design of public 
transportation facilities is presented. The flow of 
passengers is modeled using discrete-event simulation, 
which facilitates the abstraction of the emptying and 
filling of the passengers into the buses, rather than the 
more usual continuous simulation for crowd 
movement. The decision variables include not only the 
physical layout of the queues but also some tactical 
variables which will help in future negotiations with 
labor unions and owners of the lines. A sensitivity 
analysis is performed to understand the influence of 
peaks of demands. 
 
INTRODUCTION 
 

Among the design activities of one of the future 
underground bus stations in Madrid, it is necessary to 
study the capacity of the waiting area so that the 
formation of waiting queues does not interfere with the 
usual movement of the users of the facilities. The 
design of the building and the individual platforms is 
being performed from a static, architectural point of 
view, so there is also the necessity to validate the 
design from a dynamic point of view. 
 
Within the Technical Specifications Document, there is 
the necessity to develop mathematical models to 
perform the validation stage, specifically to estimate 
the maximum length of the waiting queues at the gates. 
The input values come from historic data about 
demand, frequency, capacity of the buses and some 
decisions about the management of the line. 
 
The article starts with a description of the real system 
as designed by the architects. Secondly, the objectives 
are specified. Then, the data that has been collected 
from the public administration is included. The final 
model is then described, which includes the necessary 
validation step. There is a separate section for the 
decision variables that affect the design. The last two 
sections include the results of the simulation runs, both 
of the actual situation and of the sensitivity analysis 
performed. 

 
THE SYSTEM 
 

Let us start with a brief description of the facilities 
(Figure 1) and the flow of its users. 
 

EXIT

ENTRANCE

Figure 1. Layout 
 
The bus station consists of a platform with 16 gates 
(depicted with a rectangle) with the possibility of 
parking 12-meter or 15-meter buses. The direction of 
movement of the vehicles is clockwise with the 
entrance and exit in the right hand side of the premises. 
 
In front of each of the gates, queues of users are 
formed in zigzag (Figure 2). The layout of the queues 
has this shape for three main reasons. First, the 
movement within the platform is facilitated since the 
queue should never reach the center of the platform, 
thus blocking the movement. Second, there is a 
psychological factor that is improved since the rate of 
movement of the queue looks quicker than the actual 
rate to the people in it since users are moving in 
opposite directions. Third, this disposition also helps 
the flow of passengers moving in and out of the buses, 
since room is specifically dedicated to the output 
flows. 
 

 
Figure 2. Queues at the Gates 

 
To access the platform, the passengers have to use 
either a mechanical stair or a normal one, which are 
located in the center of the platform to reduce the 



distance between the stairs and the gates. The same set 
of stairs is used to leave the premises. 
OBJECTIVES 
 

The main objective is to measure the length of the 
queues. The desire is that it does not grow long enough 
to affect the flow in the center of the platform. That is, 
once a passenger gets to the bottom of the stairways, it 
should have a free path towards its departing gate. 
 
The maximum number of waiting passengers is set to 
56, which is the capacity of a zigzag queue with four 
rows of 14 passengers each. This number is also 
similar to the capacity of the small-size buses that are 
often used. This queue size also agrees with the area in 
m2 of the designed platform. 
 
This objective is going to be measured by monitoring 
the queue length every thirty seconds and plotting the 
values in a timeseries. There will be a separate graph 
for each of the gates. 
 
The other objective could be the time the passengers 
spend in the queue. However, this measure depends on 
the interarrival time of the buses, which is not a design 
variable but input data. If a passenger is able to get into 
the next arriving bus, there will be no complaints. 
 
INPUT DATA 
 

Bus Capacity 
 

The 12-meter buses have a capacity of 55 and the 15-
meter ones might hold up to 71 passengers, if they all 
are seated. Some 15-meter buses, the so-called mixed 
buses, might contain 134 users (46 seated and 88 
standing). 
 

Demand 
 

The prediction for the next two decades is that thirteen 
bus lines will have a stop at this underground station, 
even if there is room for 16 gates. 
 
Table 1 shows the data included in the Technical 
Specifications Document. Each row or record 
corresponds with one of the thirteen bus lines. The 
explanation of the columns is: 
 

• PHI: PeakHourInterval. It is the time in 
minutes between consecutive departs 

• PeakHour: hour of the day at which the peak 
hour occurs 

• Buses: number of departs in the peak hour 
• DailyDemand (arrivals + departures): total 

volume of users of the facilities 
• DailyDepartures 
• DailyArrivals 
• HourlyRate: daily data obtained from on-site 

sampling: 
o Arrivals: peak rate 
o Departures: peak rate 
o Capacity: maximum cumulative of 

arrivals and departures. 
 
From these hourly and daily dates, the variable 
PeakPercentage is calculated. This variable is the 
percentage of DailyDepartures at the PeakHour, and it 
is used to calculate the HourlyRates for those lines for 
which only daily rates are available. As this percentage 
varies between 6.72% for line 4 and 11.4% for line 9, 
this limit is taken for safe calculations (it is also the 
maximum likelihood estimator). 
 

Table 1. Input Data 

Peak Hour 
Interval Peak Hour Buses Daily Demand Daily Departures Daily Arrivals

0.1140

Peak Percentage

PHI Departs DD DA Arrivals Departures Capacity

1 12 10 5 3068 2609 968
2 6 8 10 6186 2284 1827
3 20 7 3 1365 1248 1075 131 160 0.1050
4 20 14 3 1849 1324 77 89 113 0.0672
5 15 14 4 2843 1501 1269 149 162 212 0.1079
6 30 15 2 1035 727 102 71 115 0.0977
7 30 2 736 441.6
8 30 2 934 560.4
9 12 15 5 6295 2009 1638 245 229 275 0.1140
10 20 3 1888 260 497
11 12 14 5 7947 2199 1908 264 223 300 0.1014
12 30 2 3519 2111.4
13 15 4 3529 2117.4

Hourly Demand

 
 
 



Operation Times 
 

This section contains the rest of the necessary data to 
include in the simulation model. The corresponding 
values have been estimated: 

• GateOpening: amount of time prior to 
departure in which the gates open for the 
users to jump into the bus. It is calculated as 
the time that is required to fill the whole bus. 

• Bus Speed = 0.004 minutes/meter (15 km/hr) 
• PassengerVelocity = 0.020 minutes/meter (3 

km/hr) 
• FillRate = 20 pax/min 
• EmptyRate = 50 pax/min 

 
THE SIMULATION MODEL 
 

Design of facilities considering pedestrian flow is one 
of the areas in which simulation fits perfectly (Li 2000, 
Hanish et al 2003, Hoogendorm and Daamaen 2004) as 
the mathematical model to use, not only due to its very 
good representation capabilities but also due to its 
exceptional experimentation possibilities in a design 
phase. In this particular case, although the model 
should have been used more in the earlier stages of the 
design, it is mainly used to validate the model from a 
dynamic point of view. 
 
Even if continuous modeling looks to be the 
appropriate choice to model a dynamic system 
involving the movement of crowds (Chalmet et al 
1982, Bruzzone and Signorile 1999, Teknomo 2005, 
Shen 2005), it is sometimes possible to use a discrete-
event approach (Otamendi 2005). If the logic gets too 
complex, the continuous models have to include events 
to model the discontinuities. If the modeler feels more 
comfortable with the discrete-event approach, it should 
also be tried, especially with problems of small size. 
 
Description of the Model 
 

The buses are generated according to the peak hour 
intervals, directing them towards a preassigned gate, 
where the processes of emptying and filling take place. 
 
The emptying operation takes place as soon as the bus 
gets to the gate and the doors open. The number of 
passengers in the arriving bus is calculated as follows: 
 

Buses
tagePeakPercen

*alsDailyArriv=xArrivingPa  

 
When all the passengers have gotten out of the bus, the 
doors are closed. Several minutes later, at a predefined 
time prior to departure, Gate Opening, the doors open 
again and the passengers start to fill the bus. The rate 
of passengers is assumed constant and it is calculated 
as follows: 
 
 

xArrivingPa=axDepartingP  

axDepartingP
60

=ateDepartingR  

 
The bus then departs at its corresponding time with no 
delays. 
 
Hypothesis 
 

To facilitate this modeling step, the following 
restrictions are imposed: 
 

• The peak hour coincides for any bus line. 
• The simulation period is 5 hours (300 

minutes), with the peak hour being the middle 
hour, the two contiguous hours with a rate of 
50% of the peak rate and the other two with a 
rate of 25% of the peak (Figure 3). 

 

100%

50%
25%

0 60 120 180 240 300  
Figure 3. Demand Pattern 

 
• The demand does not fluctuate within each 

hour. 
• The arriving passengers leave the premises, 

that is, they do not take another bus. 
• The departing passengers access directly to 

the queue, without waiting in the lounges. 
• There are no delays with respect to the 

arriving or departing schedule. 
 
The manager of the facilities has accepted these 
hypotheses since the behavior of the system is still well 
represented. The model is therefore validated and 
ready for experimentation. 
 
DECISION VARIABLES 
 

The parameters that a priori might affect the length of 
the queues, are: 
 

• PeakPercentage: with an initial estimated 
value of 11.5%. 

• BusType: the three possibilities have already 
been mentioned: 12-meters, 15-meters (all 
seated) or mixed (15-meters with some 
standing passengers). 

• PeakInterval: with the initial values set by 
contract and included in the specifications. 

• GateOpening: with initial values 
corresponding to the necessary time to fill the 
bus with passengers. 



None of this variables are directly controlled at this 
validation stage by the management of the station. The 
PeakPercentage has been estimated from current data 
and are clearly influenced by uncontrolled factors, like 
weather, holidays... Maximum quantities, like peak 
values, are usually underestimated. To correct the bias, 
and foresee possible congestions, the management 
wants to know the behavior of the system for an 
increase of the peak percentage to 15%. 
 
The BusType is controlled by the owner of the line, 
which rents the facilities. In that sense, the 
management wants to know if they should force the 
owners to use different types of buses. The 
PeakInterval has been negotiated with the owners of 
the lines. A new negotiation might be initiated. 
 
The opening of the gate is controlled by the drivers, 
with the time being agreed with the labor unions. The 
management wants to know however how they can 
negotiate with the drivers in order to improve the 
behavior of the system. 
 
So the management wants to validate the actual 
situation by running the model with the values for the 
data included in the Technical Specifications 
Document. The next section includes the results of this 
initial scenario. Then, the model is run with an increase 
in the peak percentage. With the analysis of both 
situations they will feel more comfortable in the 
negotiation processes with the owners and the labor 
unions. 
 
INITIAL SCENARIO 
 

The initial results are included in Table 2. The 
recorded maximum lengths vary between 9 and 66 
users, for 12-meter buses, between 8 and 45, for 15-
meter buses, and between 2 and 33 for mixed buses, 

with the exception of line 12, which clearly goes 
beyond those values. 
The main reason is the so-called Congestion Factor. 
This factor is calculated as the product of the 
PeakHourInterval (PHI) and the DailyDepartures. It is 
statistically significant that as the Congestion Factor 
increases, so does the maximum queue length. The 
problematic line 12 has a factor of 60, with the rest not 
reaching 32. 
 
Out of the two factors that have an impact in the 
CongestionFactor, the influence of the frequency or 
PeakHourInterval is counter-intuitive at first. The 
smaller the frequency (the greater the interval between 
departures), the longer the queues that are formed. The 
time in which potential users arrive is longer, since the 
OpeningGate time is fixed. This is the critical 
parameter. If the gates are opened only 5 minutes prior 
to departure and the interval is 30 minutes, 25 minutes 
out of every 30 are spent in forming queues and 5 to 
reduce them by jumping into the bus (Figure 4). 
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Figure 4. Maximum Queue Length Over Time 

 
Whenever the door is opened, the length of the queue 
diminishes. When the bus departs, the length of the 
queue rises again. The problem with this line is that at 
some point, when the bus departs, there are still people 
waiting in the queue for the next scheduled bus to 
arrive. 

 
Table 2. Results for the Current Situation (Peak Percentage = 0.115) 

Peak Hour 
Interval Peak Hour Buses Daily Departures Congestion Factor

GateOpening 10 GateOpening 5 GateOpening 5 GateOpening 10

PHI Departs DD =(PHI*DD)/1000 Bus 12-meters Bus 15-meters Bus Mixed
1 12 10:00 5 2609 31.31 64 40 25
2 6 8:00 10 2284 13.70 14 9 2
3 20 7:00 3 1248 24.96 41 39 32
4 20 14:00 3 1324 26.48 43 40 33
5 15 14:00 4 1501 22.52 35 32 23
6 30 15:00 2 727 21.81 37 36 32
7 30 2 442 13.26 23 22 20
8 30 2 561 16.83 29 28 25
9 12 15:00 5 2009 24.11 35 33 20
10 20 3 260 5.20 9 8 6
11 12 14:00 5 2199 26.39 38 34 21
12 30 2 2111 63.34 205 156 94
13 15 4 2111 31.67 66 45 33

Maximum Length

PeakPercentage 0.115

 



 
For this reason, the difference in the length of the 
waiting queues when the capacities of the buses are 
changed is not significant, but it really is crucial when 
there is a congestion factor of more than 30. Even the 
large buses cannot hold the total amount of waiting 
users. 
 
Sensitivity Analysis for PeakPercentage 
 

Foreseeing increments in certain days of the year, the 
system is analyzed for a peak rate of 15% of the total 
daily demand. The corresponding results are included 
in Table 3. 
 
In this case, the necessity of space increases 
considerably, with line 12 presenting problems, and so 
do lines 1 and 13 whenever small buses are used. 
 
CONCLUSION 
 

The static design has been dynamically validated with 
the use of a simulation model that has been executed to 
calculate the space required in front of the gates. 
 
Experimentation with the model has allowed for 
understanding not only the actual system but future 
situations with higher peaks in demand. 
 
Since the maximum number of waiting passengers are 
set to 54 (four waiting lines of 14), currently, only line 
12 (queue of de 156 users) presents problems if 15-
meter buses are used for these lines. With mixed buses, 
the maximum queue length will be 33 passengers, 
except for line 12 with 94. 
 

For the future, it has been possible to identify several 
variables that affect the behavior of the system but 
whose value might only be modified after hard 
negotiations with labor unions and the owners of the 
bus lines. 
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Table 3. Results for the Future Situation (Peak Percentage = 0.15) 

Peak Hour 
Interval Peak Hour Buses Daily Departures Congestion Factor

GateOpening 10 GateOpening 5 GateOpening 5 GateOpening 10

PHI Departs DD =(PHI*DD)/1000 Bus 12-meters Bus 15-meters Bus Mixed
1 12 10:00 5 2609 31.31 145 74 33
2 6 8:00 10 2284 13.70 18 12 2
3 20 7:00 3 1248 24.96 62 50 41
4 20 14:00 3 1324 26.48 74 53 44
5 15 14:00 4 1501 22.52 48 42 30
6 30 15:00 2 727 21.81 49 47 42
7 30 2 442 13.26 30 29 25
8 30 2 561 16.83 89 36 32
9 12 15:00 5 2009 24.11 63 41 26

10 20 3 260 5.20 11 10 8
11 12 14:00 5 2199 26.39 89 44 28
12 30 2 2111 63.34 347 264 139
13 15 4 2111 31.67 132 80 43

Maximum Length

PeakPercentage 0.115

 



 
AUTHOR BIOGRAPHY 
 

JAVIER OTAMENDI received the B.S. 
and M.S. degrees in Industrial 
Engineering at Oklahoma State 
University, where he developed his 
interests in Simulation and Total Quality 
Management. Back in his home country of 

Spain, he received a B.S. in Business Administration 
and a Ph.D. in Industrial Engineering. He is currently a 
simulation and statistics consultant and university 
professor at the Rey Juan Carlos University in Madrid. 
His e-mail address is: jotamendi_30@yahoo.com 

 

JOSE M. PASTOR received the 
Electronics and Automatic Control 
Engineering degree from the Polytechnic 
University of Madrid (UPM) in 1991 and 
a Ph.D. in Robotics and Artificial 
Intelligence in 1997. In 2005 Dr. Pastor 
moves to the Informatics Systems 

Department of the Castilla La Mancha University where 
he is currently Associate Professor. His research 
interests include intelligent manufacturing systems, and 
systems simulation and optimization. His e-mail address 
is: josemanuel.pastor@uclm.es  
 
 



 

MULTIAGENT MODELING AND SIMULATION OF CONSUMER 
BEHAVIOR TOWARDS PAYMENT SYSTEM SELECTION 

 
George Rigopoulos 

John Psarras 
Nikos Karadimas 

National Technical University of Athens 
School of Electrical & Computer Engineering 

E-mail: {grigop, john}@epu.ntua.gr, nkaradim@central.ntua.gr 
 
 
 

 
KEYWORDS 
Multiagent simulation, consumer modeling, electronic 
payments. 
 

ABSTRACT 

Digital retail payments have evolved during the last 
years mostly due to technology innovations. New actors 
enter the payments market, increase competition and 
threaten banks’ dominance. Consumers’ behavior is 
critical within this context, since they are the ones that 
will finally adopt or reject a payment innovation. In this 
paper we propose a model of consumer behavior 
towards payment system selection based on multi-agent 
simulation. It is based on a multi-agent platform that 
models consumers as intelligent agents and formats 
their behavior according to rules extracted from past 
payments data, experts’ knowledge and marketing 
research. Contributions from social science and network 
economics also refine the agent’s behavior in order to 
simulate accurately the domain. This paper presents the 
overall model and an initial analysis of payments 
domain, defining major actors in the domain and their 
interpretation to agents. 
 
INTRODUCTION 

Payments industry influenced by technology trends and 
encouraged by legislation is undergoing rapid changes. 
New entrants in the market of payment systems are 
reducing banks’ shares and increase competition 
(Markose and Yiing 2000). This framework, forces all 
players to innovate in order to increase their competitive 
advantages. However, high investment costs, network 
effects and lots of failures due to unpredictable 
consumer adoption characterize new innovative 
payment solutions. Traditional tools for decision 
making are not suitable for this complex environment. 
Several consumer adoption models, mostly from 
marketing and social research, provide decision makers 
initial tools for their decisions. However, payment 
system providers need more intelligent techniques to 
support their decisions.  
Decision challenges are both strategic and tactical for 
payment service providers and especially banks. 
Strategic decisions deal with market entrance or exit, 

appropriate positioning to the market of payments 
(Chakravorti and Kobor 2003) and selection of right 
portfolio mix of payment instruments and methods. 
Tactical decisions refer to selection of appropriate 
marketing mix and operational issues of payment 
systems (Humphrey et al. 2001). From past experience 
we may notice that payments innovations are not always 
adopted from consumers in retail payment market 
(Chakravorti and Kobor 2003), (Chakravorti 2000). We 
may notice both failures like SET, and success stories 
like PayPal, that were not easily to be predicted. 
Particularities of payments market, like network effects 
(McAndrews 1998), impose new needs in decision 
support. Traditional decision support in the domain is 
based mostly on historical data analysis and marketing 
research, where patterns of consumer’s behavior are 
extracted, used to forecast adoption of payment 
innovations.  
This paper approaches the problem of the payments 
domain by using multi-agent based simulation to 
simulate consumer behavior towards selection of 
payment system. Though in initial steps, we consider 
that multi-agent based simulations proves to be a valid 
approach for domains with strong network effects. Our 
effort is to integrate multi-agent technology into a 
decision support tool as a bottom-up approach of the 
domain. Simulation is used as a qualitative tool that 
may provide decision makers efficient estimations about 
payment systems’ adoption, in complement with top-
down approach and marketing data. We develop the 
model in collaboration with a large bank that also 
provides experts knowledge and real payments data for 
the validation of the model.  
In the remainder of the paper we provide some 
background and related work in the usage of agent 
based simulation in relevant domains, present an 
overview analysis of the payments domain, introduce 
the model and architecture and conclude with a 
discussion of future directions of this work. 
 
BACKGROUND AND RELEVANT WORK 

Contributions to our study come from two major 
sources. The first one is network economics studies 
related to retail payments. Network economics 
(Economides 1996) is a research field that contributes to 
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our approach. Researchers in the field approach 
payments domain from a network economics 
perspective (Chakravorti 2003), (Chakravorti and 
Roson 2004), either emphasizing in network effects that 
are present in such industries (Guibourg 2001), or 
studying adoption (Saloner and Shephard 1995) under 
the presence of network effects. Although these studies 
focus mostly on economic issues, they provide evidence 
for the network characteristics of retail payments.  
The second one is agent based modeling and simulation, 
which has been lately used in various scientific areas 
that study complex systems (Jennings and Wooldridge 
1998). The term simulation means the process of 
designing a model of a real system and conducting 
experiments with this model for the purpose of 
understanding the behavior of the system and/or 
evaluating various strategies for the operation of the 
system. 
Several researchers incorporate agent technology. 
Mainly, they use agent technology to model actors of 
the domain as intelligent agents and simulate the 
domain. The scope of agent based simulations is either 
to automate tasks for decision makers by reducing 
human involvement in strategy games, or to analyze the 
domain as a bottom-up method by studying emerging 
phenomena from agents’ interaction. Following we 
mention some works that use multi-agent modeling and 
simulations in the form of modeling a market segment 
and simulating actors’ behavior in relevant do-mains. 
Agent technology is used in (Matsatsinis et al. 2003), an 
agent based system for decision making in product 
penetration strategy selection. It is based on MARKEX 
(Matsatsinis and Siskos 1999) and uses agent 
technology to replace human based tasks with agent 
based ones under the supervision of decision maker. 
Kyrylov (Kyrylov and Bonanni 2004) develops an agent 
based simulation model for the telecommunications 
market as a strategy game to support decision making. 
He models consumers and services’ providers as agents 
and simulates their interaction in a residential area in 
order to minimize human involvement in the game 
playing.  
Robertson (Robertson 2003) models a network of banks 
and consumers in a multi-agent based simulation. The 
work focuses on bank strategic decision support 
through the study of agents’ interactions that come out 
from the simulations. Another marketing decision 
support approach based on agent based simulation is 
(Csik 2003). In the context of an artificial market he 
models consumers and firms as agents and creates 
simulation model in order to assist marketing decisions. 
Similarly, Schwaiger (Schwaiger and Stahmer 2003) 
proposes SimMarket, a multiagent system that models a 
supermarket and simulates consumer behavior 
supporting decision making in this market. 
Ben Said et al (Said et al. 2002), (Said et al. 2001) 
propose CUBES, a framework that integrates 
knowledge from several different research areas 
concerning consumer behavior such as marketing, 

sociology, psychology and economics, and a multi-
agent simulation of consumers in order to study market 
phenomena. SIMSEG project (Buchta and Mazanec 
2001) utilizes agent technology in an artificial consumer 
market.  
 
OVERVIEW ANALYSIS OF RETAIL PAYMENTS 
DOMAIN 

Actors  

Mostly banks, telecommunication companies and 
payment service providers provide payment services. 
Banks provide a full range of payment services, and 
keep an outstanding role in the domain. Though new 
entrants threaten their revenues, their exclusive access 
to core services layer provides them unique competitive 
advantages. Telecommunication companies started to 
offer payment services in the domain based on their 
own networks infrastructure. Till now they are the 
major competitors of banks, but not able to provide total 
solutions due to restricted access to core services. 
Payment service providers (PSPs) have evolved as 
intermediaries or aggregators providing only payment 
services in collaboration with actors that operate in 
network and core services layer. For example, a PSP 
may provide payers a single gateway to multiple 
payment networks (e.g. electronic, mobile) and payment 
instruments (e.g. credit card, debit card). Most common 
payment networks are comprised of three major actors: 
banks, merchants and customers. 

Banks deliver a number of payment instruments 
through different payment channels to their customers. 
Services are provided either directly to the customer 
(ATM) or through access at the point of sale (POS) 
located at the merchants’ site. In this case merchants act 
as intermediaries between the consumers and the 
payment service providers.  

Merchants act as the intermediary between the bank 
and the customer, since they provide access to the 
customer at the point of sale, whether it is physical 
(POS) or through internet. Merchant’s role is critical for 
the adoption of a payment system by customers.  

Customers of payment services are mainly retail 
consumers, which use payment instruments for their 
purchases. In most implementations, merchants accept 
consumer payments by providing appropriate payment 
interface to consumers (POS). In some cases an 
additional intermediation level exists (payment service 
provider) that connects banks with merchants (Fig. 1).  
Network effects  

Several studies claim that network effects or positive 
network externalities are present in retail payments 
market, and characterize payment instruments as 
network goods. Their perceived value depends on the 
number of the existing users that have adopted them. A 
network effect is the increasing utility that a user 
derives from consumption of a product as the number of 

 



 

other users who consume the same product increases. 
Telephone, telefax or the internet are some classical 
examples where network externalities exist. In some 
cases referred as indirect network externalities, the 
beneficial size effects can also arise because of 
complementarities between markets (Guibourg 2001). 
However, compatibility between the products is 
necessary in order to produce positive network effects. 
For example, it is necessary that retailer’s terminals 
(POS) can process the information imbedded in a 
specific card in order to accept a payment from this 
card. Also Payment systems such as ATMs and 
EFTTPOS require certain infrastructure and standards, 
such as information routing switches and 
telecommunication lines in order to operate in 
compatibility.  
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Fig. 1. Overview of the retail digital payments domain 
 

However, for card payments, the potential user does 
not directly benefit by the number of other cardholders. 
In this case, the cardholder benefits by the spread of 
acceptance of the card as means of payment, that is by 
the size of the installed base of terminals. Naturally, the 
number of terminals installed increases in the number of 
card users as the gains of adoption to banks and 
merchants increase in this number. Thus, indirectly 
users benefit by other users adopting the technology. 
There is a snowball effect that is typical of network 
goods. 

 
SIMULATION MODEL 

In this section we present an overview of the model. 
The model is targeted to operate in the context of a 
payment systems provider, a bank or a payments 
organization. So, the proposed architecture is 
distributed and multi-tiered in order to be able to 
capture all the necessary input from remote data 
sources, and integrate necessary modules from real 
payments infrastructure. All the above contribute, in 
agent behaviour modelling by defining agent rules that 
affect simulation results.  

All actors of the domain are modelled as agents in the 

multi-agent engine, and market simulations are executed 
according to a number of different scenarios. For the 
simulation engine and simulation development 
Java/SWARM platform was selected. Swarm is a Java 
library which implements agent-based technology and 
can be used to model multi-agent simulation of complex 
systems.  

 
Consumers  

Retail electronic payment is a part of customers’ 
online buying activities as described by the Consumer 
Mercantile Activities Model (Kalakota and Whinston 
1997). The model is comprised of pre-purchase 
interaction, purchase consummation and post-purchase 
interaction phases. The payment activity takes place 
within the purchase consummation phase. A lot of 
literature exists regarding consumer behaviour models, 
which attempt to capture the decision process of a 
consumer. We follow the cyclical model for consumer 
behaviour (Csik 2003) comprised of the following 
processes: problem recognition, information search, 
evaluation, purchase decision, and post-purchase 
evaluation appropriate defined for the payment 
selection process.  

In the problem recognition phase consumer initiates 
the need to buy and accordingly to pay using a payment 
system. In the simulation level, this phase is not very 
important and is implemented either by defining 
deterministic time intervals (fixed) or stochastic ones 
(using distributions) according to the scenario.  

In the information search phase consumer has 
already decided to proceed to a payment and collects 
information about the available payment methods. For 
example cash, credit card, debit card, checks etc. In the 
simulation level all alternatives are equally weighted 
and all agents share the same information about 
products that are offered by merchants and banks.  

In the evaluation phase consumer assesses all the 
information gathered in the previous phase and 
according to the personal profile and individual 
preferences proceeds to the decision phase. Many 
approaches make use of utility theory models 
(Matsatsinis and Samaras 2000), (Lilien et al. 1992). In 
these models consumers compare the choices according 
to a set of criteria and select their choice. According to 
the utility theory a choice B will be preferred to a 
choice A if the expected utility of B is greater than the 
expected utility of A (A p B ⇔ U(A) < U(B)). The 
evaluation process is the calculation of the expected 
utility of the payment methods available in the market. 
Initially, kth consumer forms a vector of the payment 
methods attributes, which are the criteria, used by the 
consumer in the evaluation: 
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where wiui(fi) is the utility for attribute fn normalized 

between 0 and 1, and wi is a positive number expressing 
the weight of the attribute. After the calculation of the 
expected utility of all the payment methods, the 
consumer comes to the decision phase.  

In the decision phase consumer selects only one of 
the available payment methods. Decision of kth 
consumer is a probability vector  
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where pi are the available payment methods in the 

market. From the expected utility vectors kth consumer 
calculates an adoption probability for each method and 
finally decides according to these probabilities. 
Following a similar methodology like in (Csik 2003) we 
construct a set of consumer behaviour cases that are 
depending on the difference between the maximum and 
minimum values of the expected utility values  
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that are assigned by kth consumer to the available 

methods. In addition to the difference parameter, 
skewness and kurtosis coefficients are also evaluated 
(Matsatsinis and Samaras 2000). According to the 
consumer behaviour pattern, the probability is 
calculated from the expected utility values accordingly 
(Matsatsinis and Samaras 2000). The rules are stored in 
a knowledge base that also models consumer behaviour 
towards payment system selection according to findings 
from past payments data, marketing models and multi-
criteria analysis. Each consumer agent has a personal 
profile (age, income, gender, etc.) and a number of 
individual preferences that also affect the final decision. 

After the probability evaluation the consumer agent 
selects the payment method and proceeds to the post 
purchase evaluation phase. In this phase consumer 
evaluates the experience and satisfaction level. These 
results affect the future behaviour of other consumers 
and produce network effects. In the current simulation 
stage this phase has not been implemented.  
 
Merchants and Banks 

Merchants usually need a certain technology in order 
to be able to accept payments (EFTPOS). They need 
also an agreement with their acquiring bank, i.e. the 

bank that installs the terminal at the merchant’s point of 
sale and that holds the merchant’s account. Merchants 
benefit from the adoption of the technology as it makes 
it possible to other alternative means of payment, which 
potentially can increase sales. Merchants also bear the 
fixed costs of adoption associated with the installation 
of terminals. However, it is assumed that these costs are 
lower than the benefits that merchants derive from the 
adoption of the technology. Thus, if the merchant’s 
bank decides to adopt, the merchant will install the 
technology, as it implies positive profits. The marginal 
costs of transactions are assumed to be zero. Merchants’ 
decisions are modelled according to experts data 
derived from marketing research and past payments 
data. In the present phase of the model banks and 
merchants have a limited role. They provide a set of 
payment methods to consumers and monitor their 
attributes towards them.  

Several scenarios are executed in order to verify the 
model, and validate it against real payments data. Since 
the model is still in the preliminary steps, a screenshot 
of the simulation environment is depicted, where some 
preliminary simulations have already been executed 
(Fig. 2). Scenarios are based on experts’ knowledge and 
initially monitor consumer and merchant adoption of 
payment methods. 

 
CONCLUSION 

This paper presents our initial work towards a model 
of multi-agent based simulations for the retail digital 
payments domain. We presented a brief overview of the 
domain analysis, and the model. Future work includes 
further development of the model, refinement of the 
architecture and calibration of the simulation engine ac-
cording to validation results. However, based on our 
initial findings, multi-agent simulation is a useful tool 
for domains with high complexity and network effects. 

 

 
 

Fig. 2. A screenshot of the SWARM simulation 
environment 
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ABSTRACT 

This paper presents the results of a study concerning 
the evaluation of different decisions of a Satellite 
Operator leasing capacity to different customers 
requesting different services. The study was done for 
Hellas-Sat (the Greek satellite operator) and addresses a 
real situation. Data concerning demands of several 
customers were collected using those available in 
particular organizations and corresponding to the area that 
Hellas-Sat covers. These data was first classified and 
statistically treated. Second a decision tree has been 
created where the statistical characteristics taken from the 
first part of the study, were used in order to derive optimal 
leasing policies/scenarios and characterize them in terms 
of both profit and risk. The final outcome is a decision 
making tool which can be used by a Satellite Operator in 
order to evaluate possible states, profits and associated 
risks. 

INTRODUCTION 
The continuous growth of the satellite communications 

market and its applications nowadays, make the need of a 
decision making tool for a satellite operator obvious. A 
satellite provider offers a variety of services to users from 
different market segments. Each service has different 
bandwidth demand and therefore a different price. Each 
customer has different characteristics (time of lease, 
bandwidth). We present a model that compares different 
scenarios/cases of combinations of customers that want to 
hire of satellite capacity. 

Each scenario leads to a decision tree with main goal 
the maximization of the profits for the satellite provider. 
This maximization problem is described in terms of real 
and expected revenues, along with the corresponding 
probability of getting them. Mean values and standard 
deviations of the portions involved have been calculated 
and used to asset risk. 

The aim of the provider is to maximize profit. This is 
an optimization problem that involves actual problems 
that any satellite operator faces. The ability of real time 
decisions has a significant effect to the viability and 
profitability of the company in the growing and 
competitive satellite market. The projected decision 

making model is an applied tool for managerial purposes 
which deals with real problems. 

A mathematical model was created that takes into 
account the uncertainty and hence the risk. The model 
includes the recording of possible states. Accordingly 
their quantification and analysis take place, considering 
the possible benefits but also the resulting risk. Depending 
on these data different alternative enterprising steps that 
the company might follow will result.  

Apart from the determination of uncertainty the model 
incorporates the possibility of time evolution. The 
decisions are taken successively in a time horizon and 
consequently the model is dynamic, taking into account 
the evolution in time. This characteristic involves the 
analysis of the risk of a decision in a competitive 
environment. This fact is compatible with the studied 
application of a satellite provider since it operates in a 
aggressive and growing market. The international 
developments of the satellite market have been taken into 
account since pricing data for different services and thus 
different capacity demand have been gathered. These data 
have been statistically treated and produced mean values 
and standard deviations for each service and each 
bandwidth demand when needed (a lot of these data where 
provided to us by Hellas-Sat). For the mathematical 
background of this work see (Bertsekas 2005 and 2001) 
and (Ross 1983). Related theoretical work available in the 
open literature is not very common due to the relatively 
recent appearance of the satellite operator business, but 
nonetheless see (Guikema and Pate´-Cornell) for related 
work.  

 
STAGES OF WORK 

The first stage of this study involved the recording and 
the evaluation of the pricing data coming from the 
international market of leasing satellite capacity as well as 
their statistical treatment.  

The goal of the proposed model, implemented in the 
second stage, is to enable the decision maker to determine 
the best possible scenario for the satellite operator, which 
is the scenario with the larger amount of income.  

 The hypothesis that a satellite operator has different 
lease demands from different customers is made. Each 
customer wants to hire satellite capacity with certain 
bandwidth, time of lease and has a certain charge. The 
outcome of the model gives guides to which combination 
of them is more profitable for the operator.  
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 A scenario can be customized by entering the 
characteristics of the possible customers which are: 
Service, that is the type of the requested service, t start, 
that is the month of beginning of lease, t end that is the 
month of end of lease and produces the requested duration 
of lease with respect to the time evolution, w (MHz), that 
is the requested bandwidth, and C (Euros) that is the 
corresponding cost of lease. In the structure of the model, 
the possibility of beginning the hire in different time 
periods (different months) has been included. Table 1 
shows an example of the input parameters of the model. 

 
Table 1: Input Parameters 

 

 
The indicative cost for each service, was calculated using 
the data collected from the global satellite market. From 
the gathered data there was a classification of the possible 
services that a satellite operator could offer. These 
services correspond to different bandwidth demands and 
are presented in Table 2. The statistical analysis included 
the pricing for the equivalent capacity per 36 MHz per 
month and the duration of lease in months. In each service 
the mean value the standard deviation and the percentage 
of difference between standard deviation and mean value 
of these sizes was determined as well as the cross-
correlation of them. Similarly, we did the calculations for 
the duration of hire. 

 

Table 2: Types of Services 
` 

Services 
VSAT 

Telephony 
IP Gateway 
Corporate 
Broadcast 

Video Contribution 
Media company 

Government 
 
 
CONCEPT OF THE MODEL 

The model does the comparison of 6 at most customers 
with maximum asked time of lease 60 months, a fact that 
is considered to be a normal rate of customers in a certain 
period and easily can be expanded to more customers 
wanting satellite capacity for more than 2 years. All the 
possible combinations of customers are calculated (see 
Figure 1 Group A) where a description of these 

combinations is taking place in terms of possibility to 
implement or not. Specifically there is an indication of 
Possible, Not Possible or Negotiable Combination in each 
combination of customers.      

 A Negotiable Combination is the combination of 
customers that exceeds by 1 MHz at most the highest 
possible capacity that a transponder can serve i.e. 36 
MHz, which can probably constitute an issue of 
negotiation between the provider and the consumer. A 
Possible Combination is the feasible combination of 
customers from the point of view of the maximum 
capacity of the transponder and a Not Possible 
Combination is a not feasible one. So the proposed tool 
gives the benefit of shorting by the Description of 
combination so as to present all the Possible combinations 
(see Figure 1 Group B). The next step is to decide which 
of these possible combinations are the best to compare by 
examining the most promising ones. This is done by 
selecting the combinations with the highest amount of 
total occupied capacity, which is the sum of the requested 
capacity of each customer of the combination. Obviously 
the more bandwidth is occupied from a transponder the 
more profit will be for the firm. These are the ‘Real 
Revenues’ (see Figure 1 Group C).  

Accession 
number of 
customer 

Type of 
Service 

t start 
(month) 

t end 
(month) 

Duration 
of lease 

(months) 

Requested 
w (MHz) 

1 A 1 15 15 15 
2 B 3 10 8 20 
3 C 2 20 19 1 
4 D 2 15 14 5 
5 E 3 10 8 30 
6 F 11 15 5 20 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   
 
 
  

  Possible Combinations 

All combinations (Possible, 
Not Possible, Negotiable 

Combination) 

Possible Combinations with the 
highest maximum occupied 

capacity 

Group C 

Group B 

Group A 

Figure 1: Possible Combinations of Customers 
 
The next step is to decide which of these combinations 

with high occupied capacity is the more profitable. The 
criteria that can be used to lead to the optimum choice of 
combination are: 
a) The amount of Real Revenues, which are the revenues 
that an operator will gain from the hire of capacity to the 
customers of each combination. 
b) The calculation of additional expected future profits for 
the satellite operator taking into consideration the standard 
deviation of the prices and consequently the 
corresponding risk. 

Each combination has different maximum requested 
time of hiring the capacity. Therefore in order to be able 
to properly compare the scenarios it is necessary to reduce 
both of them to the same period of time i.e. at the same 
maximum month of hiring, and then to calculate the 
additional possible income that we can acquire from this 



 

left over free capacity that is called ‘Remaining Capacity’ 
(C Remaining).It is also possible that at specific months 
not all the available capacity of the transponder of the 
satellite will be occupied with each combination. This 
leads to the undesirable fact of not having maximum 
occupancy of the transponder of the satellite in each 
month. So the satellite operator could probably hire this 
available capacity to another possible future customer that 
is not included to the combination and gain more 
revenues. This is called ‘Empty Capacity’ (C Empty) 

Let us examine the following example of two cases that 
a satellite operator would like to compare and decide 
which one leads to maximum revenues. These are 
Scenario 1 which includes the combination of the 
customer number 1, 2 and 3 (Figure 2) and Scenario 2 
which includes the combination of the customer number 
4, 5 and 6 (Figure 3) with the characteristics shown in 
Table 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Scenario 1 
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Figure 2 and Figure 3. For instance in Scenario 1 (Figure 
2) there are 21 MHz empty at the 1st month, 20 MHz 
empty at the 2nd month, 0 MHz empty at the 3rd month  
(white space in Figure 2) etc. These expected profits are 
included to our calculations. 
 
Calculation of revenues from C Remaining  

For each scenario the possible revenues from the 
potential leasing of the Remaining Capacity are 
calculated. This calculation of the theoretical potential 
revenues is categorized depending on the type of service. 
Therefore the decision tree as shows in Figure 4 arises for 
each scenario.  

 

 
 
 
 
 

Probability of 
appearance of a 
customer asking 
for satellite 
services (PA) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Revenues from C Remaining 
 
The Expected Values of theoretical income for the 

Remaining Capacity depending on the type of service are 
being calculated as:  

 
Probability of appearance of a customer (in 1 month) 
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The probable revenues for each service which are 

called Theoretical Revenues are calculated and 
categorized for each service as: 

 
Mean value Price/36 MHz/month* 
   *Number of months 
 
The Expected Values of revenues is an intermediate 

calculated volume that is used only for comparison 



 

purposes of the Scenarios enclosing the corresponding 
risk while the size Theoretical Revenues is the real 
amount of money in Euros that can be acquired following 
each branch of the decision tree. 

The Mean value Price per 36 MHz per month is the 
mean value of pricing for each service referring to 
bandwidth of 36 MHz that has been statistically 
calculated. 

The standard deviation for the Expected Values and the 
Theoretical Revenues for each service are also calculated 
in order to have an estimation of the risk involved. 

All the calculations of probabilities as well as the mean 
values of the prices of lease and standard deviations of 
prices are based on real data of the international market. 

 
Calculation of revenues from C Empty  

We proceed analogously calculating all possible 
revenues (Expected Values and Theoretical Revenues) 
that can result from the leasing of the ‘Empty Capacity’ 
up to the 36 MHz.  

This calculation is categorized depending on the 
amount of bandwidth that is not used each month by the 
customers of each combination. This ‘Empty Capacity’ 
could potentially being hired and result to revenues.  

The selected ranges of capacity in MHz is shown in    
and 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 along with the corresponding probability of 
appearance of a customer in 1 month asking for each BW 
range and has been statistically computed by the available 
gathered data. A decision tree arises for each scenario. 

The Expected Values of theoretical income for the 
‘Empty Capacity’, depending on the not-leased bandwidth 
each time period, are being calculated as: 
 
Probability of appearance of a customer (in 1 month) 
asking for each bandwidth(Pc)*   
   *Mean value Price/MHz/month *  
   *number of MHz of Empty C *   
         *number of months *   
  *Probability of appearance of a customer  
      asking for satellite services (PA) 
 

While the Theoretical Revenues depending on the 
number of MHz that are not used are calculated as:  
 
Mean value Price/MHz/month *  
 *number of MHz of Empty C *   
 *number of months    
 

The standard deviation for the Expected Values and the 
Theoretical Revenues for each bandwidth are also 
calculated. 
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Figure 5: Output of the model Decision Tree 



 

CONCLUSIONS 

All of these evaluated data are presented in the form of 
a unified decision tree (Figure 5), which is the output of 
the model.  

The amount of Total Expected Revenues that will 
estimate the optimum policy for the firm is the sum of all 
potential revenues. This sum consists of the Real 
Revenues, plus the Expected Value resulting from the 
leasing of the Empty Capacity plus the Expected Value 
resulting from the leasing of the Remaining Capacity 
including their standard deviations. The Total Expected 
Revenues gives a range of values, defining the best and 
worst case scenario for the revenues of the satellite 
operator. 
Total Expected Revenues= 
  Real Revenues+  
  (Expected Value from C Empty          ±

  Standard Deviation Expected Value C Empty) + 
  (Expected Value Revenues from C Remaining ±   

           Standard Deviation Expected Value C Remaining) 
 
The real amount of money that will possibly result to 

the satellite operator is: 
 
Total Revenues= 
  Real Revenues+  
  (Theoretical Revenues from C Empty          ±
       Standard Deviation Theoretical Revenues C Empty) +     
  (Theoretical Revenues from C Remaining ±   
     Standard Deviation Theoretical Revenues C Remaining) 
 
This gives the opportunity to the manager of the satellite 
provider to determine which is the most profitable 
combination now and in the future. The decision is made 
using the amount of Total Expected Revenues. This is not 
the real revenue that can be acquired, but it is an 
intermediate amount, taking into account corresponding 
probabilities, used for comparison of the scenarios. 
In order to make the decision, we look first for the highest 
Real Revenues and then the possible revenues that can 
result with their corresponding standard deviation. This 
results to a range of Expected Revenues with central 
value: Real Revenues +Expected Value from C Empty 
+Expected Value Revenues from C Remaining,  
upper limit: Real Revenues +Expected Value from C 
Empty +Expected Value Revenues from C Remaining 
+Standard Deviation Expected Value C Empty + Standard 
Deviation Expected Value C Remaining,  
and lower limit: Real Revenues +Expected Value from C 
Empty +Expected Value Revenues from C Remaining - 
Standard Deviation Expected Value C Empty - Standard 
Deviation Expected Value C Remaining. 

This final decision depends on the extent of risk the 
firm is willing to take and the certain policy that wants to 
apply. For a risk loving decision maker the policy with the 
upper limit of Total Expected Revenues is chosen, 
whereas for a risk averse decision maker the policy with 
the lower limit of Total Expected Revenues is chosen. 
The real amount of money that will result from each 

decision is the amount of Total Revenues of the 
corresponding scenario. 

The usefulness of the model and analysis presented 
here for any satellite operator is clear. They could also be 
useful to related types of activities where leasing for 
specific volumes to customers is the essence of the 
business enterprise.   

Finally let us note that a more extended version of the 
work presented here with all the mathematical details 
(discrete time stochastic dynamic programming 
formulation and solution) will be presented in future 
publications and will also be available in the forthcoming 
Phd Thesis of the first author, together with the related 
code. 
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ABSTRACT

This paper presents GMOD+, an innovative modeling tool for
behavioral tax-benefit microsimulation in Germany. GMOD+ is
an evolution of the GMOD project. This new suite includes an
extended data base and a state of the art microeconometric be-
havioral simulation model for analyzing the impact of complex
tax-benefit reforms in Germany on the labor market.

IMPORTANCE OF MICROSIMULATION MODELING FOR
POLICY DECISION MAKERS

For a long time, political decision makers have been interested in
predicting fiscal and social impacts of policy decisions. A huge
number of models has been developed, some with a macroeco-
nomic focus, others centered on microeconomic theory. Due to
the availability of both individual and household micro data and
increasing computing power, microsimulation models have be-
come more and more popular. The key advantage of microsim-
ulation modeling is that micro models actually map the decision
level in society: the individual person in a household context.

One field of political decisions affects always every citizen
and is therefore subject to controversial discussions in most
economies: the tax and benefit system. In the past, politicians
were often surprised not only by the fiscal impact of changes in
tax and benefit legislature, but also by their distributional effects.
Therefore, there is a quite urgent need for improving tax-benefit
forecasts. The quality of forecasts is very much influenced by
the available data basis. As collection of tax relevant data is sub-
ject to legal restrictions, the available data often lack the richness
of details needed for complex simulations.

GMOD: A TAX-BENEFIT MICROSIMULATION TOOL

Tax-benefit simulation models are increasingly used as an in-
put to the process of policy making in Germany. Such models

have gained an active role in the public discussion and evalua-
tion of tax-benefit policies. The models, their databases, operat-
ing horizons and range of applications vary widely (see [20] for
a survey).

GMOD is one of these tax-benefit models. It is the only German
tax-benefit microsimulation model which has fully capitalized
on a panel data structure which spans more than two decades. It
is the only German tax-benefit microsimulation model that can
be used to estimate and test truly dynamic intertemporal panel
data models.

Since the late 1980s, GMOD has been developed in several
stages from a simpleGAUSS program reflecting the personal tax
scale according to §32a of the German income tax law (EkSt,
Einkommensteuergesetz) and the most important statutory de-
ductions to a very detailed mapping of the complex rules and
interactions of the German tax, social security and benefit sys-
tem.

GMOD+ extends GMOD in two ways ways. (1) It extends the
1998 database using statistical matching techniques and (2) it
routinely includes a state of the art cross-section microecono-
metric discrete choice tax-benefit model.

Model

GMOD consists of a suite of program and help files written
in the highly flexible statistical programming language STATA.
These modules simulate the policy rules of the major federal
tax, social security and transfer programs, including eligibility,
entitlement and interaction. The model simulates the payment
of personal income taxes and social security contributions and
the receipt of public transfers. It applies detailed statutory pro-
visions to a database of income units representing the German
population.

Database

The GMOD basefile comprises income units, the individuals of
which are a representative sample of the German population.
This database is constructed using GSOEP, the German Socio-
Economic Panel (see [4]), and extensive juridical and other in-
formation. Each record in the basefile represents an income unit



(mostly, but not always, a household) and contains information
about the income unit as a whole and information on each per-
son in the income unit. In 2002, the basefile consisted of 12,692
households with 23,892 persons.

Operating Time

Currently, GMOD operates on data from 1983 to 2002. It allows
to analyze changes in labor supply and wage structures over two
decades using panel data methods. Recently, the model was ex-
tended and improved especially with respect to housing and so-
cial assistance benefit code, and with tax reform policy propos-
als up to 2010, so that the impact of many tax-benefit and social
security reforms can be simulated.

Individual Behavior

GMOD did not include behavioral equations routinely because
behavioral simulation results depend on additional sources of er-
ror such as sample variation or specification errors in behavioral
relationships. GMOD+, however, includes a state of the art dis-
crete choice behavioral microsimulation model that allows the
simulation of a rich variety of behavioral patterns.

Applications

A series of GMOD based papers has been published. Based on
a variety of microeconometric models, these analyses include
the impact of tax reform acts and proposals on the labor supply
of married women ([12], [13], [15], [16], [17], [18], [19]), tax
and benefit reforms on the labor force participation and welfare
dependence of single mothers ([10], [6], income taxation on the
intertemporal labor supply of married women ([7]), and a poten-
tial removal of the income tax splitting rule for married couples
([11], [14], [21]). It has been shown (see [1]) that extrapolat-
ing GMOD results to population totals compares well with the
benchmark figures published by the Federal Statistical Office
[3].

STATISTICAL MATCHING IN TAX-BENEFIT MICROSIMU-
LATION MODELING

Statistical matching is used to combine two files (X,Z) (usu-
ally called recipient sample) and (Y,Z) (usually called donor
sample). These files include common variables Z, whereas the
variables X and Y are never jointly observed and therefore only
available in one of the files. The basic idea of a matching algo-
rithm is to find the most similar observation in the donor sample
for each observation in the recipient sample using the informa-
tion in the common variablen Z. The corresponding values for
Y are then added to the files, thus creating artificial observations
containing all the variables X, Y, and Z.

If the observations in the donor and the recipient file refer to
the same individuals, the problem is quite easy from a statistical

point of view. In this case the terms exact matching or record
linkage are usually used. The difficulties that have to be over-
come are more technical than statistical, e.g. there are different
strategies how to cope with inconsistent data in the two files.
If the individuals in both files are not identical, but similar, the
problem is usually referred to as statistical matching.

In the past, researchers often tried to solve the problem using
regression methods. In a first step, a regression was carried out
using the common files Z in the donor file as regressors, the
variables Y being explained within the regression. In a second
step, the regression results were used to generate estimated val-
ues Ŷ for the variables missing in the recipient sample using the
common files Z as explaining variables. This method has some
disadvantages that question its usability. First, in order to obtain
reliable results for Ŷ there has to be a strong correlation of Y and
the common variables Z which is not present in many practical
cases. Second, the use of a regression needs the specification of
a functional form, thus reducing the flexibility of the approach in
comparison to nonparametric methods. Third, the use of regres-
sion generates an artificial dataset that has very limited variance
of the variable Ŷ compared to the original data Y because all
the variance that is in the error terms of the regression model
is eliminated. In conclusion, regression methods usually do not
provide acceptable results for microsimulation modeling.

Statistical matching methods have been developed to overcome
this problem. There are two main methodical clusters: (1) Meth-
ods resulting in a file with conditional independence of X and
Y, given the common variables Z and (2) methods that use addi-
tional information on the (X,Y) distribution from a third party
source, thus resulting in a matched file without conditional in-
dependence.

Theoretical arguments and simulation experiments show that
methods of cluster (1) result in a matched file with conditional
independence of the variables never jointly observed X and Y
given the common variables Z regardless conditional indepen-
dence being present in the original data. There are two main
approaches that have many steps in common.

The most often used approach is nearest neighbor matching.
Those algorithms determine the most similar observation in the
donor file for each observation in the recipient file using a dis-
tance function like the Euclidian distance or the Mahalanobis
distance. The calculation of the distance function is quite sim-
ple as various algorithms developed for the classical transport
problem in operations research can be used. Prior to calculating
the distance function it can be necessary to add weights to the
common variables reflecting the importance of each variable and
adjusting different scales or variances. The Mahalanobis dis-
tance has the advantage of implicitly correcting for differences
in variance within the used variables.

Another interesting algorithm that has rarely been used so far is
propensity score matching. Here, in a first step a binary dummy
variable is introduced indicating if the observation belongs to the
recipient file (dummy value 1) or the donor file (dummy value
0). Then a logit or probit regression is calculated using the com-



mon variables as regressors. The outcome of the regression –
which can be interpreted as the probability of being part of the
recipient file for each observation given a set of common vari-
ables – for each observation is called the propensity score. The
distance function then reduces to a simple calculation of the dif-
ference of the propensity scores. Matching is then performed
again using a nearest neighbor technique: for each observation
in the recipient file the observation in the donor file with the min-
imum distance is determined. The advantage of propensity score
matching is that via the logit or probit estimation each common
variable’s influence is integrated in calculation of the propen-
sity score, therefore implicitly finding an appropriate weight for
each common variable. [2] contains a detailed description of
those algorithms.

The methods of cluster (2) take into account additional informa-
tion about the common distribution of the variables never jointly
observed. In practice, this information is very rarely available.
One algorithm was first introduced by Kadane and further devel-
oped by Moriarity and Scheuren. They use regression methods
to add estimates for the variables not observed in the samples
and then calculate the minimum distance based on all variables.
For a detailed description, see [5] and [8]. This is a very inter-
esting approach, but we do not know of any practical application
yet. Another way of handling the problem that was recently sug-
gested is the interpretation of the statistical matching task as a
missing data problem and the use of multiple imputation meth-
ods. Those methods have currently been fully implemented only
for univariate variables, see [9]. There are some doubts whether
it is a good idea to use multiple imputation to generate datasets
for microsimulation models. The main criticism is that multi-
ple imputation algorithms usually give different outcomes (typ-
ically 5–10), so the researcher would have to run the simulation
on various datasets.

Matching algorithms can be easily modified by introducing ad-
ditional restrictions, such as limiting how often observations in
the donor files are allowed to be used for matching. If there are
huge structural differences in the data, it can also be very useful
to restrict matching to a subset of total data (e. g. by sex, by
region, etc.).

Regardless of which algorithm is used, it should be kept in mind
that statistical matching does not add any additional information
about the common distribution of the variables that are never
jointly observed. The only link between those variables is es-
tablished via the common variables or (if type (2) algorithms
are used) by a priori assumptions that are made. If the only an-
alytical target is the (X,Y) distribution, statistical matching is
not needed. All information can be obtained by analyzing the
(X,Z) distribution and the (Y,Z) distribution separately. [2]
gives a review of the different approaches, their advantages, and
limitation from a microsimulation point of view. It also contains
a discussion of the statistic properties of the various algorithms.

THE GMOD+ DATASET

From a tax-benefit microsimulation point of view, the GSOEP
lacks the richness of tax related details desired by microsimu-
lation modelers. Among the missing tax details, the most im-
portant are the tax deductible income-related expenses (Wer-
bungskosten) and the information whether individuals are mem-
ber of religious organizations. The latter is very important be-
cause German tax laws allow a tax deduction of payments to the
church (Kirchensteuer). There are other missing items like tax
deductible donation to welfare organizations or tax counseling
expenses which are not that important because of their relatively
small amounts. The effect of the missing tax details is that a tax
simulation that is only based on GSOEP data is not as accurate
as it could be. In general, there is a tendency to obtain estimates
that give a net income that is too low, thus overestimating the
amount of tax.

For 1998, German tax authorities have published a very useful
source of data for the first time, the FAST 98 dataset. This is a 10
percent sample of all income tax declarations (Steuererklärung)
in an anonymized form. This dataset contains all tax related de-
tails. Despite this richness of tax details, this dataset cannot be
used as single basis for some tax simulation analyses because
it only contains details about the persons that actually do their
taxes. So this sample is not representative for the whole popula-
tion and therefore cannot be used for labor participation studies
or for studies about the effect of changes in social transfer sys-
tems. The 1998 data are the most recent data available. The data
is currently collected every three years, so the next FAST dataset
will be FAST 2001 which is expected to appear in autumn 2006.

This led to the idea of adding information from the FAST 98
dataset to the GSOEP in order to construct a merged database for
tax simulation for the year 1998. Based on in depth analysis of
the data we found very little evidence that there is a significant
functional relationship between the common variables and the
variables never jointly observed. We therefore tried to replicate
the distribution of tax related details only available in the FAST
dataset in the constructed dataset. The implicit assumption made
is that the official tax data are the “real” data when it comes to
taxation issues.

As there was no economic theory or evidence found suggest-
ing that the conditional independence assumption does not hold
here and as there was no additional source of information avail-
able, we decided to use propensity score matching to add the
relevant information from FAST data to the constructed dataset
based on GSOEP. The tax details added to the GSOEP data were
income-related expenses, tax counseling expenses, donations to
welfare organizations, and religious affiliation (the only relevant
information here is whether or not a taxpayer is member of an
official church and therefore pays church tax).

Table I shows an example of the results: a comparison between
the key distribution statistics of the original data FAST 98 and
the matched dataset. Please note that in 1998, every taxpayer
was allowed to deduct at least 1023 EUR (Werbungskosten-
pauschale), a deduction of higher expenses was only allowed



FAST 98 Matched data Dev.
Quantiles 1% 1023 EUR 1023 EUR 0.0%

5% 1023 EUR 1023 EUR 0.0%
10% 1023 EUR 1023 EUR 0.0%
25% 1023 EUR 1023 EUR 0.0%
50% 1023 EUR 1084 EUR +5.9%
75% 2205 EUR 2207 EUR +0.1%
90% 3844 EUR 4189 EUR +9.0%
95% 5240 EUR 5682 EUR +8.4%
99% 8847 EUR 9299 EUR +5.1%

Mean 1928.40 EUR 2030.19 EUR +5.7%

TABLE I: Matching results for income-related expenses

if receipts summing up to a higher amount were shown to the
authorities. [2] contains a very detailed description of the algo-
rithms used and all the other results obtained. In general it can
be stated that the distribution of the FAST data could be mapped
astonishingly well to the matched data.

THE GMOD+ BEHAVIORAL MODEL

Due to data restrictions, the GMOD+ operating time is currently
restricted to 1998. Though this is a temporary disadvantage,
it allows us to apply state of the art discrete choice modeling
techniques which are still impossible to apply to the complete
GMOD 1983–2002 panel-data basefile due to the ”curse of di-
mensionality”.

Motivation: The Random Utility Model

We start by assuming that individual (for singles) or household
preferences (for couples) may be represented by a stochastic
utility function (unit i, alternative j)

Uij = Vij + εij (i = 1, . . . ,n; j = 0,1,2, . . . ,J) (1)

Vij denotes the observable (up to a finite set of parameters) ”rep-
resentative” utility, and εij the unobservable random part of util-
ity. We obtain a logit model by assuming that εij is i.i.d. Type I
extreme value distributed. As the difference between two Type
I extreme value distributed random variables follows a logistic
distribution we can apply McFadden’s theorem: A household
acts such as to maximize of the stochastic utility function (1) if
and only if εij are i.i.d. with F(εij) = exp[−exp(−εij)]. This
yields the response probability

P(yi = j|xi) =
exp(xijβ )

∑
J
h=0 exp(xihβ )

( j = 0,1, . . . ,J) (2)

where yi is a choice vector of unit i and x is a set of conditioning
observable variables. {0,1, . . . ,J} is the set of feasible choices.
Maximizing the conditional likelihood function

max
β

n

∑
i=1

J

∑
j=0

1[yi = j] ln[P(yi = j|xi,β )] (3)

yields estimates for the unknown coefficients β which under
general regularity assumptions are consistent and asymptoti-
cally normal. The likelihood function is globally concave. In
our case y = (c, l1, . . . , lk) where where c denotes household con-
sumption and l is the vector of individual leisures l = T −h (i.e.
vector of time endowments T minus vector of individual hours
of work h) of all k household members.

A Discrete Choice Model of Labor Supply

We apply the random utility approach in choosing a quadratic
direct representative utility function (omitting the above indices
to avoid cluttering of notation)

U(c, l) = βccc2 +βll l2 +βclcl +βcc+βl l

Observed and unobserved heterogeneity enters through the lin-
ear utility parameters. We condition on demographics, potential
wage, demand side characteristics policy variables and account
for net income in different states of employment and out of em-
ployment. Each element of the vector of hours is chosen from
a set of discrete alternatives. Household net income is derived
for each element of the set of choice alternatives. We allow for
the fact that individuals account for the decision of other house-
hold members when they select themselves into a consumption-
leisure regime. More precisely, we assume that household mem-
bers select themselves into one of six regimes: non-participation
or one of five employment states h = (0,10,20,30,40,50) (the
elements denoting hours per week). For couples we consider
36 states: h×h. Actual working hours observed in the data are
rounded to fit the elements in the restricted choice set. State
specific household net incomes are calculated based on GMOD
starting from the GMOD+ database. We derive individual gross
earnings assuming state invariant gross wage rates, and derive
the corresponding net income.

We deal with unobserved wages of nonworkers by estimating
a MINCER type wage function based on the selected sample of
workers. We use these estimates to draw wage rates for non-
workers, conditional on observed characteristics.

Supplementing representative household utility we add stochas-
tic terms accounting for state specific errors and random prefer-
ence heterogeneity and finally derive the probability of choos-
ing any consumption-leisure combination in the set of feasible
household decisions.

Summing Up

GMOD+ accounts for personal income taxes based on the sum
of all seven types of income according to the German Income
Tax Act: from agriculture and forestry to miscellaneous income
which consists mainly in capital gains from private old-age pen-
sions. It accounts for tax exemptions, and – for the first time in
German tax simulation modeling – it accounts for allowances,
deductions and itemized special expenses without assuming that
all tax payers claim flat rates deductions only. This may improve
the quality and precision of tax policy simulations considerably.



Furthermore, GMOD+ allows a detailed simulation of consump-
tion, labor force participation and hours of work decisions of in-
dividuals and households. Estimation of household utility func-
tions provides an opportunity to simulate the standard economic
welfare measures such as the HICKSian Compensating Varia-
tion, the HICKSian Equivalent Variation or deadweight losses.
GMOD+ also allows to decompose total labor supply, welfare
and distribution effects into those induced by statutory changes
(”cash gains”) and those induced by behavioral changes. Fi-
nally, grossing up to represent population numbers is easily
done.

CONCLUSIONS

Today, microeconometric tax-benefit microsimulation models
are used extensively throughout the industrialized countries, of-
ten for predicting immediate revenue and distributional impacts
of tax-benefit policy changes. Such models often provide de-
tailed information about fiscal, distributional and behavioral im-
pacts of tax-benefit reforms, but their success is often hampered
by an insufficient database. In Germany, up to now only re-
gression techniques have been used as a matching tool for tax-
benefit microsimulations. For a long time, this has been known
as inadequate due to the loss of variance. For the first time, we
have applied modern statistical matching algorithms to gener-
ate a new database GMOD+ and extended the 1998 version of
GMOD by a new discrete choice microsimulation model which
allows complex interactions of the behavior of household mem-
bers.

From a methodological point of view, our results show that the
augmentation of a database for a microsimulation model is a
very useful application of statistical matching. Propensity score
matching proves to be a very flexible way of matching in mi-
crosimulation context. Nevertheless, the researcher should al-
ways keep in mind the assumptions that are implicitly made
when using such algorithms, especially the fact that statistical
matching does not add any information about the relationship of
the variables that are never jointly observed.

From a practical point of view, our results allow far more de-
tailed tax-benefit microsimulations for Germany than ever be-
fore. This has been recognized by the German Federal Ministry
of Finance which has commissioned the authors of this paper to
apply GMOD+ to assess the impacts of changes of the tax de-
ductibility for income-related expenses, a hot topic in the current
German tax reform discussion.
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Publique 2 (1999), 111–144.

[7] LAISNEY, F., LECHNER, M., VAN SOEST, A., AND WAGENHALS, G. A
life cycle labour supply model with taxes estimated on German panel data:
The case of parallel preferences. The Economic and Social Review 24, 4
(1993), 335–368.

[8] MORIARITY, C., AND SCHEUREN, F. Statistical matching: A paradigm
for assessing the uncertainty in the procedure. Journal of Official Statistics
17, 3 (2001), p. 423–433.
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ABSTRACT

This study aims to develop a functional simulation 
model for the maritime transit traffic in the Istanbul 
Channel and to perform scenario analysis to investigate 
the effects of type and frequency of transit demand, as 
well as various natural factors, resources and decision / 
policy rules, on the system. In this regard, the Channel 
traffic rules and regulations, transit vessel profiles, 
pilotage and tugboat services, meteorological and 
geographical conditions are considered in the model to 
provide a platform to analyze the effectiveness of 
various policies and decisions related to the transit 
traffic in the Istanbul Channel. The statistics tracked and 
collected in the analysis are the number and types of 
vessels passed, transit times of vessels, vessel densities 
throughout the Channel, waiting times of vessels, pilot 
and tugboat utilizations. In the first phase of the study, 
scenario analyses have been designed to investigate the 
effects of the factors of vessel profiles, vessel arrival 
rates, vessel priorities, pilot and tugboat availabilities 
and visibility conditions. In the second phase, the 
analyses are extended by integrating probabilistic 
current and visibility submodels, comprehensive 
overtaking rules, parameterization of pursuit distances 
and other administrative controls (regarding vessels in 
transit in the Channel). A scenario analysis is being run 
to reveal the effects of these factors and preliminary 
results are reported. 

INTRODUCTION

The Turkish Straits (the Istanbul Channel and the 
Dardanelles), which have narrow and winding shapes 
that give them the semblance of a river, are actually one 
of the most strategically important waterway systems in 
the world. Their hard to navigate geographical 
properties, cross continental bridges and energy transfer 
lines, meteorological conditions, dense and increasing 
transit and local traffic, vessel and cargo characteristics, 
make the Channels’ traffic conditions quite complex 
and risky.  

Geographically, the Istanbul Channel (Figure 1) is one 
of the narrowest waterways in the world. Its length is 31 
kilometers, and its average depth is 45 meters. Its 

average width is 1.5 km, with this width decreasing to 
700 meters at its narrowest point (Anadoluhisarı - 
Rumelihisarı). 

Figure 1: The Istanbul Channel 

The natural and non-natural factors affecting the safety 
of transportation in the Channel, as well as the accidents 
realized in the past, have necessitated some stringent 
rules and procedures for transit vessels (called the 
Turkish Straits’ Maritime Traffic Regulations) and a 
sophisticated Vessel Traffic Control and Monitoring 
System (VTS). The vessels arriving at the north or south 
entrance of the Istanbul Channel enter the Channel 
according to the directions of VTS, which uses strict 
and well defined regulations, rules and all other data 
that are received by radars, sensors and stations. The 
primary mission of the regulations and the VTS is to 
reduce the maritime transportation risks in the Channel. 

The objective of this study is to create a functional 
simulation model (based on the mentioned Rules and 
Regulations) for the transit vessel traffic in the Istanbul 
Channel, in order to provide a realistic and practical 
environment, in which to speedily analyze and evaluate 
the effects of policies, resource availabilities, possible 



transit vessel profiles and environmental conditions, 
relying on the rules, procedures and also on past transit 
vessel and environmental conditions data. In other 
words, a platform is tried to be obtained for analyzing 
all rules, procedures and natural conditions affecting the 
status of Maritime Traffic in the Istanbul Channel. This 
platform should also be deployable as a tool to support 
real time decision making at the Traffic Control 
Authority. 

MODEL FORMATION AND OBJECTIVES 

The maritime traffic model developed includes the 
following major components: 

Randomized vessel arrivals at the north and south 
entrance of the Channel, 
Randomized vessel types and characteristics, 
The Channel Traffic Rules and Regulations, 
The pilotage and tugboat services (with 
predetermined and parameterized capacities), 
Randomized meteorological conditions of visibility 
and current, 
Two main traffic lanes, one overtaking lane and 
integrated overtaking rules. 

In line with the study objectives, the simulation model 
developed realistically reflects the conditions 
influencing the behavior of transit vessels in the 
Channel, and thereby correctly mimics the flow of 
transit traffic itself. Scenario analysis has been another 
intended objective. The levels of various input factors 
are collectively arranged into ‘scenarios’ and it is 
possible to study and compare the results of different 
scenarios.  

Via scenario analysis, 
The effects of increasing transit traffic demand 
(collectively or by vessel type and characteristics), 
adverse meteorological conditions, changes in the 
level of services provided (such as tugboats and 
pilot captains), and vessel class priorities can be 
better predicted, 
The effects of various interpretations and changes 
in the application of Traffic Rules and Regulations 
can be investigated through the model, 
By experimenting with different vessel 
prioritization schemes, the waiting times of vessels 
(or certain types of vessels), dangerous pile ups (of 
waiting vessels), undesirable transit vessel densities 
(especially in critical parts of the Channel) can be 
tried to be reduced. The causes of unusual delays 
can be determined and suggested solution proposals 
can be experimented on by the simulation model, 
The pilot and tugboat issues can be further 
elaborated as follows. The number of pilot captains 
and tugboats available is one of the main factors 
that cause delay for those vessels that need them. 
So, determining their availability target levels and 
expected utilizations at those levels for a given 
level of transit traffic demand is quite important. 

Equally important is the capability to track the 
required change in pilot and tugboat target levels, 
as a function of changing transit traffic demand.  

The simulation model is specifically designed to handle 
these issues. 

MODEL STRUCTURE

The simulation software Arena 9.0 is used in the 
development of the simulation model of Maritime 
Transit Traffic in the Istanbul Channel (Figure 2). 

Figure 2: Simulation Model in Arena 9.0 

The input data of the system can be listed as: transit 
vessels’ types, lengths, draughts, speeds, anchoring 
durations, pilot and tugboat demands, visibility and 
current conditions. The simulation model is designed 
and developed such that all input factors mentioned can 
be randomly generated based on probability 
distributions obtained from historical data or the input 
data can be read from the text files. The reason for this 
flexibility is that internally generated input data allows 
better control of parameters in scenario analysis and 
independent replication runs helps to analyze the effects 
of randomness, while external inputting of input data 
allows the deployment of the model as a real time 
decision support tool for the Traffic Control Authority.  

Three classes of control parameters (which are: external 
and internal parameters, traffic rules/regulations) are 
used in order to clarify the logic of the model and to 
simplify scenario analysis. External parameters (those 
parameters which can not be controlled by the Channel 
Authority) can be summarized as meteorological 
conditions, transit vessel profile, arrival rate, speed 
capability and pilot captain/tugboat requests. Available 
number of pilot captains and tugboats, transit vessel 
priorities and overtaking rules, are the internal 
parameters of the model (these are the parameters which 
can be controlled by the Channel Authority). The third 
class is the Turkish Straits’ Maritime Traffic Rules and 
Regulations (which are regarded as unchangeable 
throughout this study). 



MODEL LOGIC AND FLOW

Vessel Types 
The vessel types considered in the model are Passenger 
Vessels, LNG-LPG Carrying Vessels, Hazardous 
Material (HazMat) Carrying Vessels, Tankers and 
General Cargo Carrying Vessels. On the other hand, the 
Channel Authority Regulations have classified all 
vessels into 11 “treatment classes”, based on their types, 
lengths and drafts (in a way reflecting the vessels’ 
sensitivity, potential risk and special needs). These 
classes which are displayed in Table 1 are also deployed 
in the simulation model.  

Table 1: Vessel Classes 
Length 

(m.)
Draft 
(m.)

Tanker LNG-LPG HAZMAT Gen Cargo
Passenger 

Vessels

< 50 < 15

50 - 100 < 15

100 - 150 < 15 T2

150 - 200 < 15 T3

200 - 250 < 15

250 - 300 > 15

> 300 > 15

T5

T4

Type

G2L2

G3

PA

T6

T1

L3

The Channel Entrance 
The (randomly) arrived vessels first enter the anchoring 
area according to their request and stays there through 
their anchoring durations. Those who do not anchor or 
leave anchoring area are ready to enter the Channel. At 
that point ‘Ready Time’ and ‘Threshold’ attributes are 
assigned to those vessels. Ready Time is the vessel 
attribute which is used to determine its place (ordering) 
in the waiting queue, while Threshold is the attribute 
that determines the vessel's priority (in the sense that the 
Traffic Control Authority puts a ‘Barrier’ to the 
opposite Channel entrance, once a vessel has waited an 
amount of time defined by its threshold value). Such a 
barrier stops the entrance to the Channel from the 
opposite side, of any vessel whose presence in the 
Channel would hinder the entrance of the vessel waiting 
for the appropriate conditions. Note that, it is still 
possible for a vessel to enter the Channel without 
putting up a barrier, if it is at the queue head (with 
respect to Ready Times) and there are no vessels in 
transit, whose presence hinder its entrance. 

All vessels wait in ‘Common Queue’ and check if the 
Channel is available and safe for the passage. Entrance 
to the Channel is first checked against the rules and 
regulations. The ranking order of this queue is 
according to the least value of ‘Ready Time’ attribute. 

Each vessel in the ‘Common Queue’ checks for the 
satisfaction of Channel Traffic Rules with respect to the 
existing traffic in the Channel. When there is no 
restriction due to the Rules, other factors such as pilot 
and tugboat needs, visibility, current level and daylight 
restrictions (according to the Regulations, certain types 
of vessels may sail the Channel only in daylight) are 
checked with respect to vessels type, length and draught 

needs and requirements. If all factors are suitable and 
services are available then the vessel enters the Channel.
This process is sequentially followed for all vessels in 
the ‘Common Queue’. 

The Channel 
In the Channel, a vessel passes through eight different 
zones. Each zone is divided into a sequence of 
‘substations’ which are set at a distance of 8 cables (0.8 
nautical miles  1.482 km.) from one another. This is to 
satisfy the regulation that vessels in transit in the 
Channel shall maintain a pursuit distance of at least 8 
cables between each other. This distance is actually a 
control parameter of the Traffic Control Authority and 
is also deployed as such in the model. 

Overtaking 
As mentioned, the simulation model provides three 
traffic lanes for transit vessels along the Channel (one 
northbound lane, one southbound lane and an additional 
lane for overtaking, wherever it is allowed). Since the 
regulations do not allow overtaking in Kandilli sector 
(i.e. at the narrowest section of the Channel, between 
Vaniköy and Kanlıca points), in the model the 
overtaking lane is removed at this section. 

The overtaking rules implemented in the model are as 
follows: Whenever a vessel is faster than the one ahead, 
it checks three conditions, 

i) there will be no vessels in the overtaking lane 
from the opposite direction, until the expected 
completion of its overtake,   

ii) the closest vessel in the overtaking lane 
traveling in the same direction is at least “the 
pursuit distance” away,  

iii) it is fast enough to complete the attempted 
overtake before it reaches the Kandilli sector. 

Pilotage and Tugboat Services 
The pilot captain and tugboat needs and requirements of 
the vessels about to enter the Channel are also taken into 
consideration. In the model, if a vessel prefers (or is 
required by regulations) to use any of these services, it 
seizes them at the designated boarding and 
disembarking areas at the north and south entrances of 
the Channel (the associated vessel’s transit through the 
Channel is delayed by a certain amount of time to cover 
the vessel’s slowing down and speeding up during the 
onboarding/disembarkation activity). When a pilot is 
seized, a service boat is also seized, since service boats 
are used to disembark or board pilots. When two vessels 
demand a service boat at the same time interval, model 
gives priority to the disembarking vessel. 

Additionally, two control mechanisms added to the 
model for increasing the utilizations of pilots and 
tugboats. At any entrance, while the pilot or tugboat is 
released, if the number of idle pilots or tugboats is 
higher than or equal to predefined limits, the excess 



pilot or tugboat is transferred to the opposite side in 30 
minutes and 90 minutes respectively (time allowed for 
deadheading). Also, when a pilot or tugboat is seized, 
number of remaining resources is checked. If the value 
is zero and the other side has more than two idle of that 
resource, they are sent to the side in need of. During the 
transfer of excess pilot and tugboat, number of 
transferring resources is also checked by a control 
mechanism in order to avoid simultaneous transfers. 
When a vessel completes its transit of the Channel, it 
releases the pilot or tugboat at the disembarking area. 
When the seized pilot or tugboat is released, it is 
designated to be an additional available resource at the 
release entrance. 

The Visibility 
Regulations obligate that when visibility drops to 1 mile 
or less in any area within the Channel, vessel traffic 
shall be permitted in one direction only, and when 
visibility drops to less then 0.5 mile, vessel traffic shall 
be suspended in both directions.  

As mentioned before, in the model, daily visibility 
values can be either externally inputted or internally 
generated (with respect to a probability distribution 
based on historical data). The statistical analysis of past 
visibility data has shown a strong seasonal pattern (low 
visibility levels are far more frequent in the winter 
season). Accordingly, three probability distributions 
(corresponding to three distinct seasons) are developed 
to govern the random generation of daily visibility 
conditions throughout the Channel. The summer (June, 
July, August and September) and transition seasons 
(May and October) are based on empirical distributions. 
The winter season is based on an on/off process and is 
modeled through a phase type distribution. In this on/off 
process the system state alternates between on state and 
off state successively. The on state signifies good 
visibility conditions, whereas off state signifies bad 
visibility conditions. The lengths of these on/off periods 
are better approximated by mixtures of generalized 
Erlang (MGE) distributions. 

The Current
The Channel features a north to south surface current 
almost at all times. This current attains its peak value at 
the narrowest point of the Channel, while tapering off to 
around 90% of the peak value at the two entrances. The 
peak current value varies probabilistically between 0 to 
6 knots with a mean about 2.7 knots. Naturally, this 
current affects the realized speed of transit vessels 
(speeding up the southbound vessels and slowing down 
the northbound ones). Additionally, vessels which may 
experience navigation problems at higher current levels 
are either assigned tugboats to aid them or are not 
allowed in the Channel until conditions improve.  These 
factors are incorporated to the model through vessel 
speed alterations (due to current), tugboat assignments 
and/or vessel entrance denials. 

Current values throughout the Channel are determined 
through the random generation of a daily peak value, 
which is then reflected to the whole Channel via 
appropriate predetermined percentage factors for each 
substation in the model. Both the probability 
distribution of the peak value (which is based on an 
autoregressive forecasting model) and the percentage 
factors are determined based on historic current data.  

VERIFICATION AND VALIDATION 

For verification purposes, the modeling is accomplished 
in stages where each additional stage is individually 
debugged and tested. Next, additional subprograms and 
levels of detail are added and debugged successively 
until a model is developed that satisfactorily represents 
the system under study. Within this context, the 
powerful “tracing” technique of discrete-event 
simulation is deployed. In a trace, the state of the 
simulated system, i.e., the contents of the event list, the 
state variables, certain statistical counters, etc., are 
displayed just after each event occurs and compared 
with hand calculations to see if the program is operating 
as intended (Law and Kelton 2000). In the Channel 
simulation model, after each added block or principle, 
the model is debugged by the trace. Furthermore, the 
developed animation of the simulation output can also 
be used to observe the events and thus support the 
verification process. The observation of the vessel 
behavior in entering, proceeding in and exiting the 
primary and overtake lanes are especially supportive for 
the verification of the model logic through animation. 

For validation purposes, the model structure and output 
should be plausible for any extreme and unlikely 
combination of levels of factors in the system. 
Therefore, extreme condition validations, which involve 
assigning extreme values to selected parameters and 
comparing the model-generated behavior to the 
anticipated behavior of the real system under the same 
extreme condition, are applied.  

The most definitive test of a simulation model’s validity 
is to establish that its output data closely resemble the 
output data that would be expected from the actual 
system. Therefore, the results of 10 replications (each 
covering a four month period) for the base model, 
whose Channel vessel traffic and meteorological 
condition data is based on year 1999 information and 
statistics (obtained from the Channel Authorities’ 
reports), are compared for validation of the system. 
According to these reports, on average 3930 monthly 
vessel passage is observed in 1999. In the model 
outputs, the 99% confidence interval (based on the 
simulation runs) for this response variable is [3864.49, 
3929.11]. Although the reports do not give specific 
information about the average number of vessels 
waiting in the queues and average waiting times of 
vessels, according to the experimental runs of the 
simulation model, the 99% confidence interval of 



average number of vessels waiting in the queues is 
[28.77, 32.99] and the 99% confidence interval of 
average waiting times of all vessels is [177.09, 195.87] 
(in minutes), where these values are reasonable and 
close to the conjectural values of the real system. 

The analysis regarding the basic model simulation runs 
is focused on six factors. These factors and their levels 
deployed in different scenarios are displayed in Table 2. 

Table 2: Factors and Levels 
Factor Name Low Average High 

A Vessel Profile Normal  HazMat High 
B Arrival Rate Normal  High 
C Threshold None All Same Different 
D Pilot/Tugboat 10/4 15/6 20/9 
E Visibility Normal  Low 
F Season Winter  Summer 

MODEL OUTPUTS 

Each simulation runs generates two monthly output files 
with respect to north and south entrances, total 
entrances, all vessels and each vessel type. The 
statistical values in the first output file are comprised of 
maximum, minimum, average values, standard 
deviations and 95 percent confidence intervals of the 
following responses; 

These six factors and their different levels are chosen to 
form 144 distinct scenarios (including the base 
scenario). In the settings of the base scenario vessel 
profile and arrival rate is normal, no threshold (or 
priority) is applied to any vessel, pilot and tugboat 
availabilities are 15/6 respectively, the visibility is 
normal (106 hours according to 1999 statistics) and the 
season is winter. 

Number of vessels in queue (still waiting for 
transit) at end of each month; 
Number of vessels that have completed their transit; 
Waiting time of vessels that have completed their 
Channel transit (aggregate of all vessels and by 
vessel type at each direction); 
Waiting time of vessels in queue at end of each 
month (by queue type); 

In this regard, 10 replications of the base scenario are 
run for four months (between January and April for the 
winter season, between April and July for the summer 
season). Additionally, one replication has been run for 
the other scenarios. In order to analyze the effects of 
these factors, the response variables are used from the 
output files. The significant factors affecting the 
response variables are determined by analyzing 
ANOVA tables through the Design Expert 6.0 software. 
The important factors, interactions of these factors and 
their effects on responses are also investigated. 

Transit time of vessels that have completed their 
Channel transit (aggregate of all vessels and by 
vessel type at each direction); 
Pilot captain and tugboat utilization (ratio of total 
busy time and total available time); 
Vessel densities (number of transit vessels per mile) 
in each zone and for the entire Channel (aggregate 
of all vessels and by vessel type). 

Another output file is associated with the effects of 
meteorological conditions. It includes the number of 
vessels in each queue just before and after the fog 
occurrences in the simulation runs. Accordingly, the 
effect of the visibility level on the vessel traffic can be 
better observed. 

According to the results of the basic model, the most 
significant factor seems to be the number of pilots and 
tugboats in service, while the second effective factor is 
the arrival rate of vessels. Table 3 summarizes some of 
the key results of obtained. In this table, some selected 
scenarios are given to compare the effects of vessel 
profile, arrival rate and pilot/tugboat availability on the 
outputs, when threshold, visibility and season factors 
are fixed at their base scenario settings. Further results 
and discussions regarding the basic model simulation 
runs can be found in (Özba  2005). 

RESULTS OF THE BASIC MODEL 

Various experimental simulation runs have been 
accomplished for the basic model (i.e. the one in which 
the stochastic current and visibility submodels, 
comprehensive overtaking rules and parameterized 
pursuit distances have not yet been deployed). 

Table 3: Comparison of selected scenarios w.r.t. base scenario

Vessel 
Profile

Arrival 
Rate

Pilot / 
Tugboat

Number of 
vessels 
passed

Avg transit 
times of 
vessels

Vessel 
density in 

the 
Channel

Avg 
waiting 
times of 
vessels

Max 
waiting 
times of 
vessels

Number of 
vessels in 

queues

Pilot 
utilizations

Tugboat 
utilizations

Normal Normal 15 / 6 1 1 1 1 1 1 1 1
High Normal 15 / 6 0.990 1 1 1.656 1.425 1.561 1.036 1.003

Normal High 15 / 6 1.142 1.007 1.155 1.653 1.489 1.879 1.151 1.151
High High 15 / 6 1.152 1.008 1.138 5.957 3.216 6.305 1.187 1.131

Normal Normal 10 / 4 0.975 0.995 0.966 10.566 5.718 9.757 1.456 1.381
High Normal 10 / 4 0.951 0.992 0.948 19.393 12.311 19.043 1.463 1.262

Normal High 10 / 4 1.076 1 1.069 24.239 14.363 29.338 1.604 1.380
High High 10 / 4 1.052 0.997 1.052 31.514 19.685 40.174 1.622 1.265



RESULTS OF THE INTEGRATED MODEL 

In the second phase, the basic model and analysis are 
extended, by integrating probabilistic current and 
visibility submodels, comprehensive overtaking and 
encountering rules and parameterizing pursuit distances 
of vessels in transit in the Channel. Preliminary 
experimental simulation runs of the integrated model 
have focused on four additional factors and their effects 
on output statistics. Some new scenarios considered and 
investigated, based the levels of these factors are 
displayed in Table 4.  

Table 4: Additional Factors and Levels 
Factor Name Low High 

A Current Profile Normal High 
B Kandilli Encounter Rule Normal Conservative 
C Vessel Pursuit Distance 4 cables 8 cables 
D Season Winter Summer

As mentioned before, the current profile in the Channel 
depends on a randomly generated peak current value, 
whose mean is taken as 2.7 knots for the ‘Normal’ 
setting, and as 3.5 knots for the ‘High’ setting. 

Kandilli encounter rule reflects an important Channel 
Regulation. According to this rule, certain types of 
vessels are not allowed to come across in the Kandilli 
sector (in order to reduce high risk encounters in this 
critical sector). However, since the exact speeds of the 
vessels in the Channel are hard to predict, this rule 
needs to be applied within a confidence factor. In the 
‘Normal’ setting of the confidence factor, Channel entry 
time of vessels are regulated, so that potential 
undesirable encounters (based on expected transit 
speeds) will not take place within  2 stations in each 
direction of the Kandilli sector. While in the 
‘Conservative’ setting of the confidence factor, potential 
undesirable encounters are avoided within 4 stations in 
each direction of the Kandilli sector. 

Vessels in transit in the Channel have to maintain a 
pursuit distance of at least 8 cables. This distance is 
designed as a parameter in the integrated model and can 
vary between 2 cables to 10 cables. In the scenario 
analysis 4 cables and 8 cables settings are used. 

Seasons are effective in the model since the visibility 
condition is modeled in a seasonal pattern. 

For the preliminary scenario analysis of the integrated 
model, 16 simulation runs (corresponding to the 16 
combinations of the considered factors) are taken for 
four months with one replication. The base scenario 
setting is determined as normal current profile, 
conservative setting of the Kandilli rule, 8 cables pursuit 
distance and summer season. The effects of the factors 
are observed on 8 response variables, which are selected 
from the output files and comparisons with the base 
scenario are reported. 

For the base scenario, the average transit time of all 
vessels is 122 minutes which is about 106 minutes for 
south bound and 138 minutes for the northbound. A 
total of 15457 vessels passed though the Channel whose 
daily average is 129. Pilot utilization is about 29% and 
tugboat utilization is about 51.5%. There are on average 
64 vessels waiting in the queues. 

The worst scenario occurs at the settings of high current 
profile, conservative setting of the Kandilli rule, 8 
cables pursuit distance and winter season. The average 
transit time increases to 125 minutes with total vessels 
passed being 15282 and average number waiting in the 
queues being 106. Besides, average waiting time 
increases by 67%. 

On the other hand, the best scenario occurs at the 
settings of normal current profile, normal setting of the 
Kandilli rule, 4 cables pursuit distance and summer 
season. In this scenario average transit time decreases to 
119.5 minutes with total vessels passed being 15560. 
Average number waiting in the queues decreases to 26 
while the average waiting time decreases by 58%. 

In order to analyze the effects of these factors on the 
selected response variables, Design Expert 7.0 software 
is used. The percent contributions of the significant 
factors to explain the variance of the responses between 
scenario runs are given in Table 5. Besides, the 
directions of the effects are given where + denote an 
increase and – denote a decrease. 

Table 5: Summary of important factors and their effects 

Number of vessels passed - 1% - 21% - 10% + 64%
Avg transit times of vessels + 63% + 34%

Vessel density in the Channel + 70% + 25% + 4%
Avg waiting times of vessels + 8% + 61% + 11% - 15%
Max waiting times of vessels + 17% + 23% + 18% - 23%
Number of vessels in queues + 7% + 63% + 11% - 13%

Pilot utilizations + 64% + 28% + 6%
Tugboat utilizations + 39% - 11% + 13% + 34%

SeasonResponses / Factors Current
Kandilli 

Rule
Pursuit 

Dist.

Table 5 points out the importance of factors on the 
increase or decrease of an output statistic. That is, 64% 
of the variation in the number of vessels passed is 
caused by the change in the season. Besides, the high 
setting of the season, which is summer, increases the 
number of vessels passed. 

According to the results of the integrated model, each 
factor has an importance on different aspects. Current 
mostly affects the transit time and the density in the 
Channel and through these pilot and tugboat utilizations 
as well. Kandilli rule has most influence on waiting 
times and number of vessels in queues. Pursuit distance 
is significantly effective on all of the responses while 
season mostly affects number of vessels passed. 



CONCLUSION 

In this study a simulation model of the maritime transit 
traffic in the Istanbul Channel is discussed. The results 
of the basic model are briefly mentioned. Then, the 
results of an integrated model are presented via a 
preliminary scenario analysis. 

The results of the scenario analysis on basic model 
indicate the importance of pilot and tugboat availability, 
arrival rate of vessels and vessel profiles. On the other 
hand, the results of the scenario analysis on integrated 
model depict the important effects of some external 
conditions (such as current and visibility) on the transit 
traffic. That is the number of vessels passed is mostly 
affected by the visibility conditions and the average 
transit time of the vessels is mostly affected by the 
current. Additionally, the impacts of some control 
parameters (such as the Kandilli encounter rule and the 
pursuit distances) on the system are also quite 
important. The average waiting time of vessels is mostly 
affected by the Kandilli rule, while, pursuit distance has 
very significant effects on all of the outputs. 

Even through the preliminary results obtained, the study 
has also shown that adverse meteorological conditions 
combined with major increases in transit traffic and 
changes in vessel profile could lead to very undesirable 
traffic congestions and thus increases in risk in the 
Channel. On the other hand, the management and 
control tools available to the Channel Traffic Authority 
can be very much effective in managing these 
congestions and risks. 

FURTHER STUDIES 

The study continues with the inclusion of updated 
Channel Rules and Regulations, more sensitive and up-
to-date vessel profiles and arrival distributions to the 
integrated model. Then, an extended scenario analysis 
will be performed on the integrated model, aiming at a 
comprehensive investigation of all factors affecting the 
transit traffic system. Moreover, it is expected that this 
model will provide a platform for a comprehensive risk 
management and analysis study of the Istanbul Channel.  
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ABSTRACTS 

Customer demand discrimination is a well-established 
methodology for the analysis of customer relationship 
management systems. Based on the background of 
mobile industry, this paper makes a mobile customer 
demand analysis model and proposes ways to simulate 
customer value hierarchy and capture customer demand 
knowledge. Firstly, a contour model of customer value 
layers is gotten by investigation and specific interview; 
secondly, the significant attributes of customer value 
layers are screened out; finally, a customer demand 
discrimination model is built while making the customer 
demand objective layer as the output of the model and 
making customer demand attribute layer as the input of 
the model. Well-formed model could judge the 
classification of customer demand objectives 
dynamically from their demand attributes. This model is 
used in analysis of mobile customer samples. A contour 
model of mobile customer value layer is made, and 13 
key variables of attribute layer are screened out. The 
results of customer demand discrimination reflect its 
outcome with the correct percentile over 80%. Compared 
with customer clustering analysis, it’s precise and high in 
intelligence level. Besides that, the conclusion is easy to 
understand. 

 

1. INTRODUCTION 

Customer demand discrimination is a well-established 
methodology for the analysis of customer relationship 
management systems. The customer demand knowledge 
is descriptive information about customer consume 
preference and consume behavior that to identify 
customer demand. However, in the actual marketing, not 
only the preference cannot be defined by customers 
exactly, but also the preference is erratic. Especially in 
the telecommunication industry, the customers’ demands 
are more variable and ambiguous because of various 
services and depressed switching cost, etc. Furthermore, 
there are some factors that potentially impact the 

customer perceptive value, which are customer education 
background, market circumstance, customer emotion, etc 
(Boulton et al. 2000; Sharp 1997). 
 
The complexity of customer demand discrimination is 
indicated in two aspects: firstly, a customer may belong 
to multiplex sorts that are simply classified by demand 
attributes. Secondly, there are uncertain relationships 
between the customer demand attributes and consume 
decision-making. So the customer demand 
discrimination is a subject of customer classification 
under uncertain condition. 

 
Previous studies mainly focus on these subjects: firstly, 
predicting customer preferences and repeat-purchase 
patterns by consume data analysis (Simpson et al. 2001; 
Shih et al. 2005); secondly, analyzing the antecedents and 
consequences of consume behavior and customer loyalty 
(Srinivasan et al. 2002; Inoue et al. 2003); thirdly, 
classifying customers by using clustering analysis (Wan 
et al. 2005). The shortage of this method is subjective 
with low intelligence level and large manual work. 
 
Woodruff, Burns and Goodstein proposed the CVD 
(Customer Value Determination) and built the correlative 
relationships among the customer demand attribute layer, 
the consequence layer and the objective layer (Woodruff, 
1997; Burns, 1990). However they did not present 
technical tools to implement the CVD knowledge 
capture.  
 
Based on the background of mobile industry, this paper 
makes mobile customer demand analysis model and 
proposes ways to simulate customer value hierarchy and 
capture customer demand knowledge. Firstly, a contour 
model of customer value layer is gotten by investigation; 
secondly, the significant attributes of customer value 
layers are screened out; finally, a customer demand 
discrimination and analysis model is built. Well-formed 
model could judge the classification of customer demand 
objectives dynamically from their choices on demand 
attribute layer. This method is used to analyze the 
samples of 122 mobile telecommunication customers.  
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2. FRAMEWORK FOR CUSTOMER DEMAND 
DISCRIMINATION 

The supporting framework for the process of mobile 
costumer demand analysis is presented in Figure 1. The 
subsequent sections of this paper will explore it in detail. 
 

Figures 1: Framework for Customer Demand 
Discrimination 

 
Definition of customer value—According to Woodruff’s 
CVD theory, which suggested that customer demand 
hierarchy contains the objective layer, the consequence 
layer and the attribute layer, the mobile customer value 
hierarchy is defined. 
 
Reduction--This step is to find the significant attributes 
of customer value layers, which is a group of attribute 
layer variables that influence the customer demand 
objectives. That is solved by the fuzzy cluster analysis. 
 
Modeling—a customer demand discrimination model is 
built. Well formed model could judge the classification 
of customer demand objective layer perfectly from their 
choices on demand attribute layer. This is achieved by 
adopting the neural network method. 
 
3 MOBILE CUSTOMER DEMAND ANALYSE AND 
THE KNOWLEDGE CAPTURE 

3.1 Contour Model of Mobile Customer Value 
Hierarchy 

Woodruff advanced the CVD indicating that how 
customer consider product with hierarchy structure. The 
customer value hierarchy is presented in Figures 2.  

Figures 2: Customer Value Hierarchy 
 
From the bottom of customer value hierarchy, customers 

firstly consider the attributes and availabilities of 
products. At the second layer, customers begin to make 
expectation according to these attributes. At the top layer, 
customers form expectation about the realization of their 
aim.  
 
In this paper, the mobile customer value hierarchy 
consists of the customer demand objective layer, the 
consequence layer and the attribute layer. 
 
The objective layer-- The objective layer means the 
ultimate motivations of customers engaging in mobile 
telecommunication services. Customers may have 
multiple motivations in the objective layer.  
 
Consequence layer—The Consequence layer means the 
customer experience of mobile services. 
 
Attribute layer—The Attribute layer means the usage of 
mobile services. 
 
Based on the mobile customer interview that made in X 
city, this paper constructs the mobile customer value 
hierarchy presented in Table 1. The factors of objective 
layer and attribute layer are defined as the variable 
（i=1, 2…29）。 

ia

 
Table 1: Mobile Customer Value Hierarchy 

 
Objectives Consequences Attributes 
Communicative
Object (a26) 

 Convenient 
communication, 

short massage service 
call waiting call 
diversion 
little secretary 
voice mail box 

a1
a2
a3
a4
a5

Business 
Object(a27) 

High quality, 
knight service, 
high standing 

U-net 
Routine service 
Ticket booking  
Uni-colour E 
E- bank 
Stock exchange  
Mobile purchase 

a6
a7
a8
a9
a10
a11
a12

Recreational 
Object(a28) 

Fashion, 
pleasure, 
selfhood, fun 

Color ring back tone 
mobile ring  
mobile picture  
E-game 
chat 
mobile movie 

a13
a14
a15
a16
a17
a18

Informational 
Object(a29) 

knowledge, 
in time,  
information 

News service 
Weather info 
Travel info 
Finance info 
Physical news 
Entertainment info 
U-map 

a19
a20
a21
a22
a23
a24
a25

 
3.2 Significant Attributes Analysis of Customer Value 
Hierarchy 

The significant attributes of customer value hierarchy 
mean the key attribute variables of the attribute layer 
which distinctly correlate with the objective layer. 

Customer data 
from EIS  

Customer 
related data 

Customer 
demand model 

Objective layer 

Consequence layer 

Attribute layer 

Definition of 
customer 
value layer 

Key attributes of 
customer demand

Fuzzy clustering

Modeling of customer 
demand discrimination

Training model  
Knowledge capture 
 and update 

Reduction

Modeling

Investigations, 
specific interviews 

Objective layer 

Attribute layer 

Consequence layer 

Describe the aim of individual or organization

Describe the interaction of products and users 

Describe the products or services 



Because of the large numbers of mobile 
telecommunication products/services and the relatively 
small percentage of the mobile services/products 
engagement, the original data of customer value 
hierarchy is high dimensional sparse feature data. 
Therefore, this step is mainly to decrease the data 
dimension in customer demand analysis. This paper 
adopts fuzzy cluster analysis method to find the 
significant attribute and accomplish reduction. 
 
A. The Principles of Significant Attributes Analysis 
According to the rough set theory, data of the customer 
value objective layer and attribute layer can be defined as 
S= (U, A, V, f). Here: U= {u1, u2,…, un}: the set of 
customers where n is the total number of customer. A= 
{a1, a2,…, am}: the set of variables of the objective layer 
and the attribute layer. , where C is the 
characteristics set of the attribute layer, and D is the 
characteristics set of the objective layer. V is the set of 
the customer attribute parameters. The value of f (u

DCA ∪=

j, ai) 
indicates the value of uj about ai.  
 
The significant attributes analysis is solved by fuzzy 
cluster. The process of the analysis is: 
 
Step1. Partition customer set A into D and C. Consider 
the numerical character of attribute ai in attributes set C, 
and represent attribute ai as aij（j=1,2,…,k）. Here k is the 
number of incoordinate value of attribute ai. 

 
Step2. Calculate the fuzzy similarity matrix R. The paper 
adopts Equation (1) the Cosine distance measure as the 
method of similarity measurement of the study objects.  

 
Step3. Calculate the fuzzy transitive closure t(R) of the 
fuzzy correlation matrix R. Use the cluster method to 
analyze t(R) with intercept λ and find out the 
significant attributes set.  
 
B. The Process of Data Analysis 
The investigation gave 150 pieces of questionnaire out to 
the mobile individual customers in X city. 122 effective 
sheets of questionnaire were retrieved. The rate of 
retrieving efficiency is 81.3%. 
 
The questionnaire contains two parts: (1) questions about 
the importance of the customer objects in the objective 
layer. Five scores are adopted to fill out the questions: 
one score means the least important and five scores mean 
the most important. (2) Questions about whether the 
customers have engaged the services of the attribute 
layer. The questionnaire enumerate products/services of 
the attribute layers that corresponding to a given object 
of the objective layer. Then we transform the answer into 
data: 1 means the customer has engaged the 
products/services and 0 means the customer hasn’t 

engaged the products/services. 
 
In order to be less costly and easily applied, 50 
questionnaires are chosen as the analysis samples. By 
taking the business object related attribute layer as an 
example, the process of finding the significant attributes 
of attribute layer is illustrated. 
 
Firstly, data of the customer business demand objective 
layer and attribute layer can be defined as  
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}1,2,3,4,5,0~,1~{=V , ， and, },,{ 5021 uuuU ，…=

),1,0~,0~,0~,0~,1~,0~(),5,0~,1~,0~,0~,0~,1~,1~( 21 == uu …… )1,0~,0~,0~,0~,1~,0~(50 =u ,

1~),( 61 =auf ， 1~),( 71 =auf ， 0~),( 81 =auf ，…… 5),( 271 =auf  
 
If define the set of objective layer D={ }，the set of 
attribute layer is C={ }，and the 
numerical representation of attribute 
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the numerical character is expressed 
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Secondly, Calculate the fuzzy similarity matrix R. The 
result is expressed as Equation (2): 

[ ]

111993.01291.0986.0
111993.01291.0986.0
111996.0999.0311.0989.0
993.0993.0996.01991.0399.0999.0
11999.0991.01271.0982.0
291.0291.0311.0399.0271.01447.0
986.0986.0989.0999.0982.0447.01

=R
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Thirdly, calculate the fuzzy transitive closure t(R) of the 
fuzzy correlation matrix R with square method. If the 
fuzzy correlation matrix can be expressed as 

nnijrR ×= )( , then 
nnijtRR ×= )(o  , . 

If , then the fuzzy transitive closure 

.  

)),(min(max
1 kjik

n

kij rrt
=

=
kkk

RRR 222 ][][][ =o
k

RRt 2][)]([ =
 
The result of calculation and the significant attributes of 
four objective layers are presented in table 2. 
 

Table 2: Significant Attributes of Attribute Layer 
 

objective layer λ  attributes cluster Significant 
attributes 

Communicative 
Object 

0.91 {a1}{a2,a3,a4} 
{a5} 

a1,a2,a3,a4 

Business Object 0.99 {a6,a9},{a7}, 
{a8,a10,a11,a12} 

a6,a7,a9 

Recreational 
Object 

0.99 {a13,a14}{a15} 
{a16}{a17,a18} 

a13,a14,a15
a16 



Informational 
Object 

0.95 {a19},{a20} 
{a21,a22,a23,a24
a25} 

a19,a20 

 
From total 25 products/services, 13 products/services 
were found that have distinct correlation with the 
customer demand objectives. This conclusion can help 
the operators to implement powerful marketing strategies. 
Therefore, the set of significant attributes  can be 
expressed as:  

CC

{ }2019161514139764321c a,a,a,a,a,a,a,a,a,a,a,a,aC =  

 
3.3 Mobile Customer Demand Discrimination 
Modeling 

The customer demand hierarchy is applied into customer 
demand analysis modeling for concluding customer 
demand object by analyze customer demand attribute. 
This is achieved by adopting BP-neural network method. 
 
A. The Principle of Modeling of mobile customer demand 
discrimination 
Customer demand discrimination model is built while 
making the customer demand objective layer 

( ) as the output of the 
model and making significant attributes of the attribute 
layer 

[ ]nkkk uuu ,..., 21=U Dk∈

[ ]njjj uuuU ,..., 21=  ( ) as the input of the 
model. 

CCj∈

 
The structure of neural network is shown in Fig.3. wij is 
the weight from input layer to hidden layer; wjk is the 
weight from hidden layer to output layer. The crunodes 
number of the hidden layer is set between 3 and 20.  

 
Figures 3: the Model of BP-neutral Network for 

Customer Demand Discrimination 
 
B. The Process of Data Analysis 

The process of data analysis is accomplished by 
using Clementine 8.0. This paper uses 61 customers as 
the training samples set and others as the contrastive 
samples set. The model is trained with 9.0=α  and 

01.0=η , and finally when the number of hidden layer is 
5, the best acceptable training result is achieved. The 
accurate percentage of forecast is 80.517%.The weight 
matrix from input layer to hidden layer W is described 

as: 

 
75.048.115.01.053.0
19.002.116.042.026.1
35.004.073.008.079.0

59.079.027.045.035.0
29.048.070.006.002.0
15.058.043.086.014.0

39.016.056.062.002.0
26.021.035.026.033.0
70.003.021.006.037.0
70.020.068.094.026.0
02.144.006.018.10.82-

0.72-0.22-0.3273.067.0
34.051.063.004.09.0

W

−−
−−−
−−−−

−−
−−−−
−−−

−−
−−−−−
−−−−
−−−
−−

−
−−−

=

And the weight matrix from input layer to hidden layer is 
expressed as: 

 

3.4 Customer Demand Knowledge Capture  

Well-formed model could judge the classification of 
customer demand objectives dynamically from their 
demand attributes. 3 customers are randomly selected 
from samples and the comparison between the analytical 
conclusions and the actual demands is presented in Table 
3. For getting obvious conclusion, we assume 3 as the 
dividing line.  
 

Table 3: Comparison Between Analytical Conclusions 
and Actual Demands 

 
customer a26 a27 a28 a29 customer demand object

Actual 
demand 

5.0 2.0 2.0 3.0 Communication object, 
Information object 

1

Analytical 
conclusion

4.9 3.1 2.6 3.8 Communication object, 
Business object 
Information object 

Actual 
demand 

5.0 3.0 2.0 4.0 Communication object, 
Business object, 
Information object 

2

Analytical 
conclusion

4.9 3. 2.9 3.8 Communication object, 
Business object, 
Information object 

Actual 
demand 

5.0 3.0 3.0 5.0 Communication object, 
Business object, 
recreation object, 
information object 

3

Analytical 
conclusion

4.9 2.6 3.1 3.9 Communication object, 
recreation object, 
information object 

527.1395.0537.0992.0
247.0577.1195.0976.0

509.0424.0724.0852.0
459.0363.0252.1145.0

973.0921.0393.0918.0

−−
−−−

−
−−

=T

    
It can be indicated that the model can discriminate the 
customer demand with high accurate percentage. The 
sort order of customer demand objects that discriminated 
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by the model are accordant to customer‘s actual object’s 
sort order, even though the conclusion is not absolutely 
correct. That is because the conclusion is influenced by 
the dividing line of customer demand.  Furthermore, the 
model can indicate a mensurable conclusion based on 
customer motivation that has the advantage of stability 
and reliability. The model advanced in this paper can 
help the mobile operators to efficiently carry out “one to 
one” customer service strategy 
 
4. CONCLUSIONS 

Based on the background of mobile industry, this paper 
makes mobile customer demand analysis model and 
proposes ways to simulate customer value hierarchy and 
capture customer demand knowledge. The method is 
used to analyze the samples of 122 mobile 
telecommunication customers. We make a contour model 
of mobile customer value layer, and screen out 13 key 
variables of attribute layer. The results of customer 
demand discrimination reflect its outcome with the 
correct percentile over 80%. Compared with customer 
clustering analysis, it’s precise and high in intelligence 
level. Besides that, the conclusion is easy to understand. 
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ABSTRACT

Scheduling should manage queues in a satisfactory
way. Many technical applications as well as common
daily life queueing situations involve humans, mean-
ing that psychological effects and justice is of major
importance, where individual perceptions of justice
are strongly coupled with a fair and equal treatment
of users or customers. Personal impressions of jus-
tice are often more important than classical queueing
performance measures. Hence, quantifying justice is
particularly well suited for evaluating queueing sys-
tems and scheduling policies with regard to human
attitudes.

We consider the discrimination frequency as a ba-
sis for quantifying justice, where being discriminated
means to be overtaken or to wait for customers with
large service requirements. For a queue to be just,
an equal treatment of customers is necessary, i.e.
the amount of discriminations should not excessively
vary for different customers as it is often the case
in commonly used scheduling policies. A new pol-
icy, MFD (Most Frequently Discriminated), is intro-
duced and shown to be useful. We provide a compar-
ative simulation study for queueing systems operat-
ing under the traditional FCFS and SJF policies and
MFD. Our results indicate that MFD significantly
improves queue justice without too much worsening
mean response times. It even reduces the variance of
the response time.

INTRODUCTION

Queueing models are widely used in application ar-
eas such as computer and communication systems,
operations research, manufacturing, or business pro-
cesses, amongst others. Especially, when some un-
certainty in system behaviour is involved, stochastic
models are adequate and have shown to be useful.
Moreover, queueing is present almost every day in
a variety of different real life situations, in partic-

ular situations involving humans such as queueing
situations at banks, supermarkets, airport counters
and many more. Queues are used to organize the se-
quence of services offered to customers, and schedul-
ing policies are necessary to manage queues. Thus,
queueing and scheduling are intimately related, and
many books covering both topics are available, e.g.
(Conway et al 1967) and (Kleinrock 1975) to men-
tion only two classical ones. Hence, performance
measures should be evaluated for different scheduling
policies, and scheduling policies should be compared
with regard to their performance.

Queueing and scheduling theory both have exten-
sively dealt with performance measures like response
and waiting times, utilization, throughput or other
related properties. Probabilities of large backlogs,
buffer overflows, customer blocking or losses have
been considered, too. All these performance mea-
sures have in common that they are clearly defined in
the sense that they do not contain subjective compo-
nents. In contrast to this, justice is highly subjective
and in particular quantitative justice has been inves-
tigated much less than other quantitative measures,
but it received growing attention only very recently,
most often in terms of quantitative measures of user-
perceived fairness, which is strongly related to and
in some terminologies even equivalent to quantifying
justice.

QUEUE JUSTICE

In an early work (Larson 1987) introduced the term
’social injustice’ meaning violations of the FCFS ser-
vice discipline in queues. In addition to FCFS viola-
tions other factors deteriorate individual perceptions
of queueing. According to (Larson 1987) and com-
mon intuition a customer would have a better experi-
ence entering a queue behind several other customers
each of whom requires a relatively small time of ser-
vice, rather than behind one single customer who re-
quires a large amount of service time. Thus, at least
two factors other than the usually taken performance
measures as for example response time influence cus-
tomers’ individual justice perceptions: service order
with regard to the order of arrivals and service re-



quirements of other customers. Hence, both factors
should be the building blocks of quantitative justice.

Among recent work on the topic, where the term ’jus-
tice’ has mostly disappeared and more or less equiv-
alently substituted by the term ’fairness’, slowdown
(Wierman and Harchol-Balter 2003), order fairness
(Avi-Itzhak and Levy 2004) and the resource allo-
cation queueing fairness measure (Raz et al 2004)
are mainly motivated and dedicated to computer and
communication systems applications though the lat-
ter also accounts for interactive systems where hu-
man users are present. More general psychological
studies of human attitudes, queues and fairness have
been provided by (Rafaeli et al 2002) and (Rafaeli et
al 2005).

In (Sandmann 2005) discrimination frequency fair-
ness has been introduced, which basically counts
two types of discriminations called ’overtaking’ and
’large jobs’, where ’overtaking’ means FCFS viola-
tions and ’large jobs’ means waiting for customers
who have larger service requirements than oneself
has. Hence, the measure is consistent with (Lar-
son 1987) and moreover, it is corroborated by out-
comes of the psychological studies that have been
presented in (Rafaeli et al 2002) and (Rafaeli et al
2005). Axiomatic properties of discrimination fre-
quency fairness are proven in (Sandmann 2005), and
analytical expressions for the expected discrimina-
tion frequency in M/GI/1 queues operating under
FCFS (First Come First Served), LCFS (Last Come
First Served) and SJF (Shortest Job First) schedul-
ing as well as some simulation results for properties
related to the second moment of the discrimination
frequency are determined in (Sandmann 2006).

Considering variance and standard deviation is nec-
essary and most important to account for an equal
treatment of customers. Small values of variances,
standard deviations and related properties are neces-
sary to provide some predictability on the system be-
haviour. If one expects some amount of discrimina-
tion and one experiences approximately the expected
amount, one will not be too angry about that, but if
one is unlucky enough to receive an unexpected large
amount of discrimination, a deep impression of injus-
tice is established. The range of discrimination fre-
quencies is indicated by maximum values. Note that
we distinguish the terms fairness and justice such
that fairness only accounts for expectations whereas
justice highlights an equal treatment of customers
measured by properties related to second moments
and maximum values.

All the mentioned fairness measures, including dis-
crimination frequency fairness, have been studied
for systems operating under several common already
existing scheduling policies yielding comparisons of
these policies. But scheduling policies are designed

to reach specific goals, typically to optimize some tar-
get performance measure. For example, SJF is the
non-preemptive policy that minimizes the expected
response time, but on the negative side it yields a
large increase of response time variance compared to
many other policies. Until today, no attempt has
been made to design a new scheduling policy that
accounts for justice according to the chosen fairness
measure as the main target, and in the present paper
we remedy this lack for the discrimination frequency
by considering our MFD (Most Frequently Discrim-
inated) policy.

DISCRIMINATION FREQUENCY

Consider a single server queue, where the succes-
sive customer arrival times are denoted by a1, a2, . . . ,
the corresponding service times by s1, s2, . . . , and
the (except for FCFS typically not successive) corre-
sponding departure times by d1, d2, . . . That is, the
i-th arriving customer arrives at time ai, departs at
time di and has service time si. In stochastic mod-
els all these times are random variables according to
certain probability distributions and they are usually
denoted by upper case letters.

The amount ni of overtaking the i-th customer suf-
fers from is the number of customers who arrived not
earlier and complete service not later. Formally,

ni := |{j : aj ≥ ai ∧ dj ≤ di}|.

The amount mi of large jobs the i-th customer suf-
fers from is the number of customers present in the
system upon his arrival who have at least as much
remaining service time and complete service not later
than himself. Formally,

mi := |{j : di ≥ dj > ai ∧ s′j(ai) ≥ si}|,

where s′j(t) denotes the remaining service time of
the j-th customer at time t. Note, that if a customer
is overtaken by another customer with at least the
same service requirements, this affects both quanti-
ties defined above, i.e. such cases are taken as dou-
bly unfair. This is consistent with personal feelings
of human customers.

The discrimination frequency of a customer is the
number of discriminations he suffers from, that is the
sum of the amount of overtaking and the amount of
large jobs, i.e.

D(i) := ni + mi.

For queueing systems with random interarrival and
service times according to some probability distribu-
tions, in steady state D denotes the discrimination
frequency random variable. Expectations and higher
moments are used to quantify fairness and justice, or
alternatively unfairness and injustice, of the system.
Further motivations and discussions, in particular on



the suitability of discrimination frequency based fair-
ness can be found in (Sandmann 2005) and (Sand-
mann 2006).

MOST FREQUENTLY DISCRIMINATED

We first consider the probably most common non-
preemptive scheduling policies, FCFS (First Come
First Served) and SJF (Shortest Job First) that show
contradictory extremal behaviours. Then we com-
pare our MFD policy with FCFS and SJF. We focus
on non-preemptive scheduling since we are mainly
considering common daily life environments where
humans are involved and where service preemptions
are typically not present. Obviously, FCFS mini-
mizes the amount of overtaking, since under FCFS
there is no overtaking at all. Similarly, SJF mini-
mizes the number of large jobs, since the only sit-
uation in which such a wait occurs is that a cus-
tomer currently in service has larger remaining ser-
vice time than an arriving customer, implying ex-
actly one large job.

Unfortunately, both policies do not optimize the
discrimination frequency. As shown in (Sandmann
2006) there is no clear ranking which policy performs
better in terms of the expected discrimination fre-
quency, and the picture is even more diffuse for jus-
tice in terms of the second moment or maximum val-
ues. The expected discrimination frequency and sev-
eral higher moment properties depend on the specific
queue structure and design, which means for exam-
ple they depend on distributions of interarrival and
service times and in particular on higher moments
of these distributions. In some cases the expected
discrimination frequency for FCFS is less than for
SJF, in other cases it is just the opposite. There are
many cases where SJF yields smaller expectations
and much higher variances than FCFS, but there are
also some (fewer) cases where the opposite holds.

On what basis should we design a just scheduling
policy? FCFS schedules based on arrival times, and
SJF schedules based on service times. When the dis-
crimination frequency and its second moment related
properties are the metrics of main interest, it seems
naturally that one should schedule based on discrim-
ination frequencies. Since the goal is an equal treat-
ment of customers, there should be no customers dis-
criminated excessively often. From this reasoning the
idea arises that a policy similar to LRU (Least Re-
cently Used) or LFU (Least Frequently Used) which
are well known in operating systems theory, should
be applied. Hence, transfered to our objective we
create MFD (Most Frequently Discriminated), i.e.
the customer who has already experienced the most
discriminations is served next.

In addition to the scheduling basis, there is at least
one significant difference between MFD on the one

hand and FCFS and SJF on the other hand concern-
ing the type of policy. Although we still consider
a non-preemptive policy, scheduling is now dynamic
in the sense that it depends on the service history,
and the information a customer initially brings to de-
cide when to serve him changes with his experiences
in the queue. The treatment of a customer during
his stay in the queue affects the scheduling policy.
Since the customer with the largest discrimination
frequency is chosen to be served next, MFD should
significantly reduce variance related properties of the
discrimination frequency and maximum discrimina-
tion frequency and thus increase queue justice, as we
will indeed demonstrate in the next section.

SIMULATION STUDY

Analytical expressions for the expected discrimina-
tion frequency in M/GI/1 queues, including the spe-
cial case of M/M/1 queues, are given in (Sandmann
2006), but no such expressions are available yet for
higher moments of the discrimination frequency as
required for evaluating justice. Hence, we performed
a simulation study. Here, we provide a compar-
ative simulation study and present representative
results for M/M/1, M/Erlang/1, Erlang/M/1, and
M/Pareto/1 queueing systems with different values
of the server utilization ρ. To be precise we have to
describe the involved probability distributions and in
particular their parameters.

Models and Parameters

In M/M/1 queueing systems interarrival and service
times are exponentially distributed with means λ−1

and µ−1, respectively, where the density of an expo-
nential distribution with mean a−1 is given by

f(x) = a exp(−ax), x > 0,

and the variance equals a−2.

In M/Erlang/1 queueing systems interarrival times
are exponentially distributed with mean λ−1 and ser-
vice times are distributed according to an Erlang dis-
tribution with k phases and mean µ−1. Similarly, in
Erlang/M/1 interarrival times are Erlang distributed
with k phases and mean λ−1, and service times are
exponentially distributed with mean µ−1. The den-
sity of an Erlang distribution with k phases and mean
a−1 is given by

f(x) =
ak(akx)k−1

(k − 1)!
exp(−akx), x > 0,

and the variance equals 1/(ka2). In our study we
have chosen the Erlang distribution with 10 phases.

Finally, the density of a Pareto distribution (as
present in M/Pareto/1 systems) with parameter a



is given by

f(x) =
a

xa+1
, a > 0, x > 1.

The Pareto distribution is heavy-tailed, its expecta-
tion a/(a − 1) only exists for a > 1 and its variance,
given by a/((a−1)(a−2)2), only exists for a > 2. In
our study we have chosen a = 2, which means that
the expectation equals 2, whereas the variance does
not exist.

As usual, ρ = E[S]/E[T ] denotes the server utiliza-
tion, where S and T are random variables distributed
according to the service time distribution and the in-
terarrival time distribution, respectively.

Metrics

As discriminations occur mainly in systems with high
utilization and discrimination frequencies do not dif-
fer very much for low utilizations we focus on models
where the server is on average at least half the time
busy, and each model has thus been simulated for
ρ ∈ {0.5, 0.6, 0.7, 0.8, 0.9}. The new policy MFD is
compared to FCFS and SJF in terms of the discrim-
ination frequencies’ variance σ2(D), the coefficient of
variation c(D) = σ(D)/E[D], and the maximum ob-
served value of discriminations to a customer Dmax.
Moreover, the impact on response times is studied, in
particular the prize that has to be paid in the sense
of increased response time compared to SJF and the
effects of MFD on the variance of the response time.

Methodology

We applied the classical replication/deletion ap-
proach as described for example in (Law and Kel-
ton 2000), i.e independent simulation runs with a
sufficiently large warm-up period to determine point
estimates and confidence intervals. More specifically,
we performed independent runs, where the obser-
vation period for each run was of length (=num-
ber of served jobs) 107 to form 99% confidence in-
tervals with a relative half width less than 1% for
M/M/1, M/Erlang/1 and Erlang/M/1. The simula-
tion of M/Pareto/1 queues, meaning a heavy-tailed
service time distribution and - as in our particular
case - even non-existing variance of the service time
distribution is much more demanding. Here, we set
the condidence level to 95% and the maximum rela-
tive half width to 10%. Even then around 1000 runs
were necessary to achieve this accuracy. All simu-
lations have been implemented in C++. Note, that
to omit exhausting a random number generator’s cy-
cle length we did not use the standard C++ random
number generator but the one described in (L’Ecuyer
et al 2002).

Simulation Results

Tables 1–4 contain comparisons of the justice under

MFD, FCFS and SJF for the different values of the
utilization ρ. We let MFD compete with both FCFS
and SJF in terms of σ2(D), c(D), and Dmax. The
table entries are the reduction factors for the cor-
responding metric for MFD compared to FCFS and
SJF. That is the metric under FCFS or SJF, respec-
tively, divided by the metric under MFD. Thus, a
value greater than one indicates an improvement of
justice, and as we can see all the values are greater
than one, meaning that MFD improves the queue
justice in all cases. The amount of this improvement
depends on the utilization and is typically rapidly
increasing with increasing ρ. It is also significantly
greater for SJF than for FCFS, which is due to the
extreme injust behaviour of SJF. As we can conclude
from these results, in particular compared to SJF,
MFD improves queue justice enormously, and com-
pared to FCFS, too, there is a clear improvement.

ρ

0.5 0.6 0.7 0.8 0.9

MFD σ2(D) 1.35 1.46 1.59 1.73 1.86

vs c(D) 1.14 1.17 1.21 1.25 1.28

FCFS Dmax 1.69 1.71 1.71 1.94 1.82

MFD σ2(D) 1.46 1.81 2.53 4.12 8.89

vs c(D) 1.28 1.49 1.86 2.60 4.60

SJF Dmax 5.15 9.82 10.38 20.03 36.30

Table 1: Queue Justice for M/M/1 queues

ρ

0.5 0.6 0.7 0.8 0.9

MFD σ2(D) 1.19 1.24 1.29 1.36 1.42

vs c(D) 1.08 1.15 1.18 1.21 1.26

FCFS Dmax 1.40 1.38 1.50 1.65 1.64

MFD σ2(D) 2.11 3.02 4.62 8.24 19.58

vs c(D) 1.38 1.65 2.03 2.67 4.16

SJF Dmax 5.60 6.69 11.13 18.96 38.31

Table 2: Queue Justice for M/Erlang/1 queues

ρ

0.5 0.6 0.7 0.8 0.9

MFD σ2(D) 1.11 1.19 1.31 1.54 1.75

vs c(D) 1.02 1.08 1.12 1.19 1.25

FCFS Dmax 1.38 1.40 2.08 1.85 1.75

MFD σ2(D) 1.11 1.25 1.56 2.58 6.63

vs c(D) 1.05 1.20 1.39 1.94 3.72

SJF Dmax 4.63 6.40 8.62 15.12 34.25

Table 3: Queue Justice for Erlang/M/1 queues



ρ

0.5 0.6 0.7 0.8 0.9

MFD σ2(D) 1.40 1.39 1.38 1.38 1.38

vs c(D) 1.18 1.17 1.17 1.16 1.16

FCFS Dmax 2.37 2.32 2.24 2.17 2.09

MFD σ2(D) 2.05 2.24 2.49 2.83 3.33

vs c(D) 1.55 1.69 1.92 2.33 3.40

SJF Dmax 4.69 5.60 7.23 10.28 20.42

Table 4: Queue Justice for M/Pareto/1 queues

So far we have seen that MFD is successful in im-
proving queue justice. Nevertheless, there must be
a prize to pay, since SJF is known to minimize
the expected response time (under non-preemptive
scheduling policies). Surely, it would be not accept-
able, if MFD increases the expected response time
too much, and fortunately it does not. Compared
to FCFS it even reduces both the expected response
time and the variance of the response time. Thus, we
do not only get an improvement of our main target
metric but also in the most classical one. We omit to
present the concrete values for FCFS, because they
do not differ very much for the different models and
utilizations. Roughly, MFD performs about 15–20%
better than FCFS.

More interesting to see are the comparisons with
SJF. Table 5 shows in a similar manner as Tables
1–4, but this time the loss of MFD compared to SJF
in the expected response time E[R], or in other words
the increasing factor for the expected response time.
We note that this is less than two in all models, and
thus far less than the improvement or gain of justice.
Hence, we strongly tend to accept this prize. More-
over, there is another improvement yielded by MFD,
namely a reduction of the variance of the response
time, as shown in Table 6. Altogether the results of
our study show that the only metric, where MFD is
worse than SJF is the expected response time, for
which SJF is known to be optimal, and MFD per-
forms better than FCFS in terms of all evaluated
metrics.

ρ

0.5 0.6 0.7 0.8 0.9

M/M/1 1.11 1.18 1.30 1.51 1.98

M/Erlang/1 1.03 1.06 1.09 1.15 1.28

Erlang/M/1 1.02 1.06 1.13 1.27 1.66

M/Pareto/1 1.09 1.12 1.16 1.20 1.25

Table 5: Loss in E[R] compared to SJF

ρ

0.5 0.6 0.7 0.8 0.9

M/M/1 1.01 1.08 1.24 1.63 2.91

M/Erlang/1 1.41 1.70 2.25 3.36 6.71

Erlang/M/1 1.01 1.03 1.09 1.34 2.41

M/Pareto/1 1.33 1.33 1.30 1.21 1.23

Table 6: Reduction of σ2(R) compared to SJF

CONCLUSION

We investigated the problem of justice in queues and
in particular the topic of scheduling to improve jus-
tice which is an important task for systems where
human customers are involved. In such cases justice
is often more important than response time. We have
used metrics based on the discrimination frequency
to quantify justice, and we have demonstrated by a
simulation study that the newly designed scheduling
policy MFD outperforms FCFS and SJF with regard
to justice. MFD also improves expected response
times and the variance of response times compared
to FCFS. Compared to SJF, MFD yields larger ex-
pected response times but at the same time reduces
the response time variance. Thus, MFD should be
considered in a variety of situations where expected
response times do not play the only dominating role,
but where personal satisfaction of customers is driven
by the feeling of justice.

Research on quantitative justice and related schedul-
ing policies will be continued, including further inves-
tigations of MFD and its properties, where analytical
results would be particularly worthy. Comparisons of
MFD with other scheduling policies are of interest,
too, and additionally considering preemptions may
result in a preemptive version of MFD. Furthermore,
extensions to multi-server queues or variants like im-
patient customers seem to be reasonable.
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ABSTRACT 

After the liberalization of the electricity generation industry, 
capacity expansion decisions are made by multiple self-
oriented power companies. Unlike the regulated 
environment, decision-making of market participants is 
now guided by price signal feedbacks and by an imperfect 
foresight of the future market conditions that they will face. 
In such an environment, decision makers need to 
understand long-term dynamics of the supply and demand 
side of the power market. To visualize the competitive 
electricity power market dynamics, a simulation model 
based on system dynamic philosophy is developed in this 
study. The developed model includes the demand module, 
the capacity expansion module, the power generation 
sector, an accounting and financial module, various 
competitors and a bidding mechanism (power pooling 
system). By means of such a decision tool, companies and 
regulators have a better opportunity to understand possible 
consequences of different decisions that they may make 
under different policies and market conditions. The main 
part of the paper is devoted to a detailed presentation of the 
model. At the end, some findings of the preliminary 
scenario analysis are discussed.  
 
INTRODUCTION 

Before the liberalization of the electricity industry, 
investments in power plants used to be the result of an 
optimized centralized capacity expansion planning at 
national or regional level. The aim of this planning was 
to determine the right level of generating capacity, the 
optimal mix of generating technologies and the timing 
of the investments and retirements of capacity to ensure 
that future demand in a certain region would be served 
at minimum cost with an adequate level of reliability 
(Ku, 1995). In such an environment, the future demand 
and future fuel prices are the only significant sources of 
uncertainity. Additionally, producers are not price 
takers, i.e.,they have opportunity to dermine market 
price. 
  
After liberalization of the electricity industry, electricity 
is no longer supplied by one monopolistic supplier. In 
the resulting competitive environment, combined forces 
of supply and demand conditions, rather than the  

 
historic costs of the underlying assets will determine 
electricity prices. Besides, expected electricity price is a  
major factor which triggers or postpones the investment 
decisions of power companies. On the other hand, 
although short-term demand elasticity is too low, long-
term demand elasticity is between -0.5 and -1.5. (Stoft, 
2000). Considering these arguments, we can say that 
investment decisions mainly depend on cash flow 
expectations of the investor and on the dynamics of 
demand and supply  in the power market, while policies, 
constraints and availabilities regarding, incentives, 
taxes, transmission needs, primary energy reserves, real 
time pricing issues, seasonal effects, current plant 
portfolios of the producers, greatly influence these 
primary factors. 
 
In such an environment, the decision makers- individual 
power companies or a public regulating authority, try to 
answer the following questions; How much new 
capacity should a generating company build in order to 
meet growing demand and to increase or preserve its 
share in the market? At what price should generators 
price their products in the market, in order to balance 
market share, solvency, short term profitability and long 
term expectations?  Whether withholding (deliberately 
reducing available electricity with the aim of increasing 
prices) is a profitable strategy or not? Which types of 
plants will be more attractive in decentralized, 
competitive environment? How will different 
competitors react against certain behavioral trends? 
Under which conditions renewable power plants will be 
attractive for the power companies? How can a 
regulator ensure that competitive prices prevail in the 
market, whilst sufficient incentives for capacity 
expansions and new entries are maintained? etc. 
 
To answer questions such as the ones forwarded above, 
decision makers need to understand long-term dynamics of 
the supply and demand side of the power market, as 
investment decision depends on it.  Since, system 
dynamics focuses on learning and understanding the 
system (instead of predicting the future), to visualize the 
competitive electricity power market dynamics, a 
simulation model based on system dynamic philosophy is 
developed in this study.  
 
By means of such a tool, companies and regulators will 
have the opportunity to understand possible consequences 
of different decisions that they may make under different 



 

policies and market conditions. Moreover, such a tool is a 
risk-free way for the managers to gain experience in a 
competitive environment which they are not familiar with. 
Besides, the model is suitable to test over 50,000 different 
scenarios which may be needed for decision makers to be 
considered in their strategic planning.   
 
During the modelling process, various submodels have 
been developed and tested before they were integrated to 
form a complete system model. At each phase of the 
modelling, besides literature, expert opinions have been 
considered in determining the model structure, relationship 
between entities, parameters and equations used in the 
model. Currently, the study is at  the scenario analysis 
phase,  64 scenarios have already been configured, run and 
and analysed.  
 
After scenario analysis is completed, validation of the 
model will be accomplished. Then, by adding a user-
friendly interface to the model, the decision tool will be 
completed. 
 
The main part of the paper will be devoted to a detailed 
presentation of the model. At the end, some findings of the 
preliminary scenario analysis are introduced. 
 
LITERATURE REVIEW 

System dynamic methodology has been used for analysis of 
the privatization and deregulation processes of electricity 
markets all over the world (Bunn and Larsen, 1992; Bunn, 
Larsen and Vlakos, 1993; Bunn et al, 1997; Vlakos, 1998) 
used system dynamic methodology in their studies which 
focus on deregulated electricity market. Research on 
investment cycles-boom and busts- observed in the United 
States’ electricity market is presented in (Ford 1999; Ford 
2000). Columbian energy market has also been analyzed in 
(Dyner and Larsen1997) 
 
FEATURES OF THE DEVELOPED MODEL 

General characteristic 

In this study, the post–deregulation Turkish Electricity 
Market is modeled based on system dynamic approach, 
through STELLA 7.01 R. The model simulates the 
development of the liberalized power market for a 20 
years period, on a monthly basis. Besides, every 5 years 
it is possible to pause the current simulation run (so 
called “a game”)  so that the player can update various 
parameters if he or she so chooses.  
 
The situation that players are faced with, at the start of 
the simulation, is a market that has recently been opened 
to competition.  
 
Constraints on transmission capacity between the 
various regions are not considered in the model.  
 
The most important factors, which are considered in the 
model, are briefly presented in the remaining of the 
paper.  

Players in the Model  

There are five players in the model which are of three 
types. These are,  
i) the incumbent (holding a major share of the current 
market), 
 ii)three Independent Power Producers (IPP) who are 
generally smaller in size but are more focused and agile 
(regarding generator inventories, decision making and 
cash flows) and tend to stand and succeed in the market 
by competing with the incumbent, and  
iii) one New Entrant (NE) which may enter the market 
according to the market conditions.  
The model-user selects his/her role at the beginning of 
the game: 
1. Either he assumes one of the above stated player 
types (active player), and the rest of the players (passive 
players) are driven by the computer, or 
2. He inputs all the parameters describing the market 
behavior; then, all the players are driven by the 
computer (passive players).  
In the model, default rules/settings are defined for each 
player.  
 
Characteristic of the Power Companies  
 
The Incumbent exists in the market at the beginning of 
the model. As previously stated, it holds a major share 
in the market. The Incumbent has the highest capacity 
and highest capital among all players. The Incumbent’s 
main business objective is to maintain his current 
market share and profitability. 
 
In the model there are 3 Independent Power Producer 
groups. These power generators also exist in the market 
at the beginning of the model. In comparison to the 
market share of the Incumbent, these players have lower 
market shares. Their main business objective is to 
maintain their current market share and profitability. 
They have the chance to takeover divested plants of the 
incumbent when (because of anti-monopolistic 
considerations) the regulator requires the Incumbent to 
sell some of its power plants.  
 
New Entrant (NE) does not exist in the market at the 
beginning of the model. He has lower cash than the 
other players. He has low (debt financing) credibility 
because of his low book value (fixed assets).  He can 
enter the market in 2 conditions; after his/her new 
power plants under construction are completed or by 
taking over the divested plants (by the regulator) of the 
incumbent. 
 
There are some advantages of taking over divested 
plants. Since divested plants are already built and 
delivering electricity, there is no need to wait for their 
construction. Additionally, as the divested plant is an 
already existing one, its book value is lower than that of 
new plant investment; so, it is cheaper to take over 
capacity rather than constructing new capacity. 
 



 

The Regulator 
 
The Regulator (a passive player in the model), oversees 
the market and aims to facilitate the creation of 
competitive conditions and to ensure fair prices for the 
consumers.  Given that the Incumbent has a large 
market share initially, the Regulator is particularly 
aware of the potential abuse of this power (and possible 
monopolistic tendencies). The regulator orders 
divestment if he deems it necessary. This means that the 
regulator requires the Incumbent to sell some of its 
plants, if the market share of the Incumbent is greater 
than or equal to a predetermined level. The generating 
capacity up for sale is offered to each player on an equal 
opportunity basis. Producers; (the NE and the IPPs) may 
buy the offered part of the Incumbent’s plants as much 
as their financial power, (cash and credit) let them. 
Additionally, in case of divestment, distribution 
companies offer debt loans with comparatively lower 
interest rates to Independent Power Producers and the 
New Entrant. This is mainly due to anti-monopolistic 
considerations. 
 
Buyers 

Consumers and distribution companies are not explicitly 
modelled, but this part is reflected to the model within the 
framework of a detailed demand profile. 

 
Demand 

Transmission losses and reserve margin requirements 
are assumed to be included in the demand profile. 
Consequently, there is a single electricity price for the 
overall region, so that price differences within the 
region due to transmission congestion are not taken into 
account. 
 
At the beginning of the simulation, peak demand, long-
term demand elasticity and annual growth rate of 
demand are entered to the model. Additionally, if the 
player wants, he/she can change these values every five 
year. Default annual growth rate of electricity demand is 
7%. As previously mentioned, the simulation model 
uses monthly-based periods. In the model, each day of a 
month is assumed similar in terms of demand 
characteristic, with each day being divided into 9 time 
intervals and each interval’s demand being a 
predetermined percentage of peak demand (these 
percentages are determined based on hourly load curves 
data obtained from TEIAS – the Turkish Electricity 
Transmission Company).  
 
During a simulation run, the monthly peak demand 
values are updated with respect to annual peak demand 
growth rates. Then, based on the hourly load curves, and 
peak demand projections, demand projections for each 
month and each time interval are individually 
determined.   
 

In the model, long-term demand elasticity is given 
consideration. When running the model, at the 
beginning of each year, last 4 year’s average electricity 
price is calculated as a reference market price and then 
compared with the average price of the last year. If the 
last year’s market price is higher than the calculated 
reference market price, demand is further adjusted due 
to demand elasticity. (demand elasticity is defined as the 
percentage change in demand that occurs in response to 
a percentage change in price).  
In addition to the above attributes and characteristics 
considered in the demand module, different load curve 
patterns are also offered to the model user to use in his 
scenario analysis.  
 
Power Plants 
 
There are several plant types in Turkey categorized 
according to their primary energy resources. These 
resources play key roles on cost and availability 
features. In the model, each player has the opportunity 
to build/own generating plants out of  8 different plant 
types as long as he/she has the necessary funding (either 
as capital and/or financing) These 8 plants are; 
geothermal, wind, imported hard coal, diesel oil, lignite, 
natural gas, small hydropower plants, large hydropower 
plants. However, due to some restrictions of Stella,  the 
overall available capacity (in MW) of each plant type 
(rather than the capacity of each individual plant) is 
considered for each player (for building, owning, 
operating, depreciating and disposing).  
 
Deciding on the plant type to be built is a strategic 
decision for individual players. Decision makers have to 
evaluate these power plants based on their marginal 
cost, capacity and availability factor, CO2 emission (if 
CO2 tax is applicable), variable cost, fixed cost, 
economic plant life and capacity cost characteristics.  
 
The model is equipped with monthly availability data 
for wind and hydropower plants. Besides, based on 
historical data of the last 30 years, the precipitation 
profile of Turkey is determined as 65% moderately 
rainy, 20% dry and 15% very rainy. To reflect this 
flexibility to the model, during a simulation run, at the 
beginning of each year, the amount of annual 
precipitation is randomly generated considering the 
seasonality effect and then the availability for 
hydropower plants is determined based on the generated 
precipitation figures. 
 
Besides, it is assumed that as power plants get older, 
their availability also decreases. 
 
Power Pool  
 
Since, the model is developed over monthly-based 
periods, the bidding process is also based on monthly 
periods and an electricity pooling system is 
implemented. As mentioned, each day of a month is 



 

assumed similar in terms of demand characteristic. 
However, the electricity demand of each month is 
different from one other. In the model, for each 
succeeding month, the generators declare their 
production capacities and submit bids to the regulator. 
Each bid specifies a certain 30 minute interval for a 
certain day and offers a certain amount of power (in 
MWh) under a certain unit price. To satisfy the next 
month’s demand, the Regulator determines the amount 
of the electricity to be bought from each generator and 
the system marginal price for each time interval of the 
next month. During this phase, the players are 
contracted by the regulator (i.e. their bids accepted) in 
ascending order of price. The most expensive unit 
bought establishes the system marginal price (SMP) 
which all contracts receive during that month for that 
time interval. In the model, if the generators offer the 
same price, first priority is given to the NE then to IPPs 
finally to the Incumbent, to encourage new entry. 
 
In the liberalized electricity market, the Regulator offers, an 
additional price mark-up, which is designed to provide an 
incentive for future investment of additional generation 
capacity. This mark-up is based on VOLL (value of loss 
load) and LOLP (Loss of Load Probability). (Bunn et. al 
1997). The regulator assesses and sets the value for loss of 
load (VOLL). In our model, mentioned price mark-up is 
also offered to the generators. LOLP is a function of excess 
capacity. Excess Capacity in turn is calculated by the 
Equation 1. 
 

PeakDemand
PeakDemandtylledCapaciTotalInstacityExcessCapa −

=   (1) 

 
In the simulation, the default LOLP function is made 
available to the players and the game setter has the 
opportunity to change this function at the beginning of 
the game. 
 
Incentives  
 
If the market share of the incumbent is more than a 
predetermined level, low cost loans (in other words, 
discounted loans) are made available for the IPPs and 
the NE as an additional incentive.  Capacity payments 
based on VOLL and LOLP can be considered as another 
indirect incentive. 
 
In the EU countries it is aimed that by 2010, 22 % of the 
energy generated will be produced by renewable 
resources. In line with this EU aim, various renewable  
energy power plants (REPP) incentives are implemented 
in the simulation model: These are; government subsidy 
loans and  extra tax exemptions.  
 
Besides the investment incentive offered for the REPP, 
there is also an additional CO2 tax for thermal power 
plants (natural gas, hard coal, diesel oil and lignite type 
of power plants). 
 

The Incentive for REPP and the exercise of the CO2 tax 
are left optional in the model (i.e. to be activated by the 
game setter). 
 
Profit Margin 
 
Expected Profit margins of all player types are input to 
the model by the players at the beginning of each game 
and then can be updated every 5 years. 
 
Due to the mechanics of system dynamics and Stella 
Software, profit margins are not calculated within the 
system; in other words, price optimization is out of the 
scope of this model.  
 
Taxation 
 
Tax is another issue given consideration in the model. If 
not set otherwise at the beginning of the game, the tax 
rate is fixed to 30 % by default. Tax is calculated for 
earnings after fixed costs, variable costs, interest costs 
and depreciation costs.  (The method deployed for 
depreciation is linear for a period of 20 years.) 
 
According to the present relevant legislation in Turkey, 
40 % of fixed asset investments may be deducted from 
the pre-tax profit (which means that no tax is incurred 
until cumulative pre-tax profit gets more than 40% of 
the new investment). The implementation of the 
mentioned tax exemption is left optional in the model 
(i.e. to be activated by the game setter).  
 
Behavior of Power Companies in the Market  
 
In the model, it is assumed that power companies may 
want to overtake risk at 3 different levels of 
“aggression”. These levels are described as; Aggressive, 
Neutral and Conservative. We assumed that as 
companies gets more aggressive, their expected internal 
rate of return for a new investment and their profit 
margins decreases, accordingly, their willingness to 
build new power plants (at less expected profit and 
therefore at increased  risk) increases.  
 
Long-term Contracts 
 
Long-term contracts can optionally be included in the 
model. If no long-term contracts are included, this 
means pure pooling mechanism prevails the model (No 
long-term contracts are considered in the default 
model). The game-setter may change this option on the 
model interface and include long-term contracts in the 
system. In this case, the active producer is asked to 
define the portion of his/hers capacity that he/she wishes 
to be allocated to long-term contracts (%15, %10, %5, 
%0).  
 
A reference value for the long term contract price is 
determined based on the average price of the last 5 
years. Long-term contract price for the first 5 years, on 



 

the other hand, may be input by the player at the 
beginning of the game (the default value of which is 
assumed to be 80 $/MWh).  
 
The portion of passive players’ capacities that are to be 
allocated to long-term contracts vary depending on their 
aggression level. Similarly, contract prices of the 
passive players also depend on their aggression level. 
Aggressive players are assumed to take more risks and 
as such be willing to have less long-term contracts, 
compared to more conservative players.  
 
As the number of long-term contracts in the market 
increases, the contract price of the next contract is 
assumed to be more competitive (i.e. lower). If long 
term contract option is activated, long term contract 
price changes for passive players, are illustrated in 
Table 1. 

 
Table 1: Relationship between long-term contract price, 
aggressiveness of the player and supply amount of the 
passive players that allocated to the long term contract. 

 
Behavior % of 

player’s 
capacity 
allocated 
with long 

term 
contracts 

Contract Price 
($/MWh) 

Aggressive 5 (1-0.05) x last 5 
years market price 

Neutral 10 (1-0.10) x last 5 
years market price 

Conservative 15 (1-0.15) x last 5 
years market price 

 
 
Reserve & Capacity Addition Limit 
 
Employment of electricity generation alternatives are 
limited with resource availability and reserves. Reserves 
can be input by the player at the beginning of the game 
and/or updated every 5 years.  
 
Besides the reserve limits, the game setter may decide 
whether or not to have an annual capacity addition limit 
(additional capacity per technology per year) in the 
game. If it is decided to have such limits, the values 
given by TEIAS are used (i.e. 1500 MW new 
hydropower, 500 MW new small hydropower, 125 MW 
new wind plants are allowed to be invested in annually).  
 
Reserve and capacity addition limits are distributed 
among the players on an equal basis. 
 
Reserve, throughout this paper, is defined as follows: 
 

• For hydropower, wind, geothermal and lignite 
plants: actual physical reserve of the resource of 
the country. 

• For natural gas and diesel oil plants: 4 times the  
existing purchase contracts at the beginning of 
the simulation run. 

 
 
Withholding 
 
“Withholding” is defined as a generator deliberately 
reducing the available electricity in order to increase the 
market price. In the developed model, the game-setter 
may choose to have such a withholding option in the 
game or not (in the default setting, it is not included).  
 
If witholding prevails in the game and if the incumbent's 
capacity exceeds 40% of total productive capacity in the 
market, the incumbent witholds 25% of his productive 
capacity excluding long-term contract requirements. 
 
Capital Budgeting 
 
Since, power plant investments are highly capital 
intensive, the required capital is generated as a 
combination of debt and equity. Default debt-equity 
ratio in capital budgeting of new investments is 3 (based 
on the suggestions of some professionals in the market) 
but can be set to any other value at the beginning of the 
game or during the simulation run (at the 5 year pauses).  
 
The credibility (debt financing) of a company, on the 
other hand, is defined as a function of the book value, 
last period’s profitability, past years’ profitability and 
current credit burden of that company.  
 
Investment Decisions of Active Players 
 
An active player can define his/her investment strategy 
using the game interface by setting the annual constant 
capacity expansion rate of new investment and its 
composition in terms of power plant types. 

 
The model provides decision support to the active 
player with many tables and figures in the Stella 
environment, which comprehensively reflect the 
behavior and conditions of the market. As the 
consequences of the decision is totally up to the active 
player himself, no feasibility check, in terms of 
profitability, is applied on  such decisions. The decision 
of the active player is, however, checked regarding the 
affordability of the investment in terms of it potential 
cash flow requirements. If the investment can not be 
afforded completely, it may be partially undertaken (as 
much as it can be afforded by the player).   
 
Investment Decisions of Passive Players 
 
At the beginning of the game, the forecast period is 
asked to the model-user, which is then used in 



 

estimating the near future demand-supply gap in the 
market. The period may be between 0-60 months, and 
once fixed, it is applied for all the passive players. 
Demand-supply gap within the next forecast period is 
determined based on the future peak demand, existing 
capacity, potential retirements and capacity under 
construction. It is assumed that, at the beginning of each 
year, all passive players evaluate current situation in the 
market and their relative position within the forecast 
period. If there is a demand-supply gap within the next 
forecast period, and the sum of the variable cost of a 
power plant and player’s profit margin is greater than 
last year’s average pool price, then feasibility of 
constructing the related power plant is determined based 
on the NPV (net present value) of the future cash flows 
(which depend on expected market price).  
 
As previously mentioned, system marginal price is 
determined by the marginal costs of power plants  in the 
market. Therefore, the composition of power plant 
portfolio of the market directly influences the market 
price. This effect is reflected to the expected pool price 
by means of weighted average of the marginal costs of 
the current power plant portfolio. As a consequence, the 
expected market price is determined based on simple 
trend extrapolation of the pool price within the forecast 
period and weighted average of the marginal cost of the 
current power plant portfolio 

 
The discount rate used in the NPV analysis for different 
types of power plants, is the weighted-average cost of 
capital. The time span used in the NPV, is the economic 
life of the plant type under consideration.  
 
Weighed average cost of capital (WACC) is calculated 
as displayed in equation 2;  

( ) equitydebt r
investment

equityrratetax
investment

debtWACC ×+



 ×−×= 1  (2) 

 
The rate of return expectation of passive players varies 
according to the player type and the designated 
aggression level (the amount of risk the players want to 
overtake in the market decreases as their aggression 
level decreases). As mentioned, it is assumed in the 
model that aggressive players expect lower rates of 
return than less aggressive players. On the other hand,  a 
New Entrant expects the highest internal rate of return, 
whereas the Incumbent expects the lowest one. Because 
of this reason, by differentiating re (cost of equity), 
different discount rates are used in the NPV analysis, for 
different players. 
 
The default values of cost of equity and debt are as 
follows: 
Cost of equity (re) is 11.5%; cost of debt (rd) is 7 %.  
 
Assumptions of NPV analysis:  
• In the NPV analysis, after-tax earnings are used as 

monthly cash inflows. 

• Debt-financing loans are paid back as monthly 
installments and (if not otherwise set at the 
beginning of the game) payment period of all loans 
is fixed as 10 years by default. 

• Equity financed portion of every investment flows 
out as constant installments during whole 
construction period. 

• For any time interval, the ratio of the average load   
 to the peak load is 0.76. i.e.  the expected amount of 
 electricity that a passive player can sell is 76 % of 
 his productive capacity. This is simply because of 
 the fact that a passive player determines his 
 investment amount considering expected supply-
 demand gap which on the other hand depends on 
 forecasted peak demand. 
 
•  The NPV calculation is based on 1 MW capacity 

of the plant type under consideration. 
• If the NPV of an investment option is negative, that 

investment does not launch. 
 
If the NPV of cash flows is positive, the amount of the 
investment is determined by the size of the supply-
demand gap, the aggression level of the players 
involved and reserve availability of each primary energy 
alternative. 
 
The passive players are assumed not to invest on a 
single type of power plant (the one having the 
maximum NPV among all power plant types), but prefer 
diversity. This assumption is based on several reasons; 
 
1) In the liberalized electricity market, future revenue 

streams are no longer guarantied through regulated 
tariffs, since generators are rewarded an uncertain 
price for the energy sold. As previously mentioned, 
electricity market price is sensitive to the 
composition of plant portfolio of all power 
generators. Furthermore, the ability of generators to 
sell energy depends now upon their dynamic (i.e. 
for each interval) cost competitiveness relative to 
their competitors.  

 
2) As imported hard coal, natural gas and diesel oil, 

are mainly supplied by foreign countries, it is not 
easy to attain sustainable availability and price 
stability for these primary energy resources. In case 
of a crisis, there is high risk for producers, 
dependent on these resources, of not being able to 
sell their production under price pressure of their 
competitors (which may be independent of that fuel 
types). The availability of hydropower and wind 
plants, on the other hand, is highly dependant on 
seasonal variations. In other words, irrespective of 
plant type, either renewable or thermal, investors 
face different levels of risk perceptions and 
realizations. 

 
3) In addition to the above stated arguments, if the 

investors concentrate only on one type of power 



 

plant (i.e. natural gas, hard coal etc.), fuel cost of 
that power plant may exhibit additional increases 
due to the escalating demand of the related fuel.  

 
Accordingly, the capacity expansions of passive players 
are distributed among different power plant types, 
(which have positive NPV), according to the ratio given 
in Equation 3.  
 

∑
=

k

k i

i

i

i

CostInvestment
NPV

CostInvestment
NPV

1

 (3) 

 
Where k is the number of power plant types with 
positive NPV.  
 
The nominator in Equation 3 is the investment rate of 
return for each type of  power plant, whose internal rate 
of return is more than or equal to WACC. 

 
If the distribution percentages calculated above cannot 
be applied because of reserve and/or capacity addition 
limits of some plant types, the unmet investment 
demand is distributed among the plant types with 
sufficient reserves and appropriate capacity addition 
status, through the ratio given in Equation 4.  
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where n is number of plant types with positive NPV and 
sufficient reserve. 
To sum up, a graphical illustration of main factors 
influencing investment decision of the passive players is 
given in Figure 1. 

 
First Preliminary Scenario Set 
 
The model has a flexible structure for parametric studies 
where parameters affecting the market can be changed 
and the results of selected strategies/policies (set of 
parameters) can be analyzed. The total number of 
scenarios that can be simulated is more than 50.000 
because of combinatorial interaction between 
parameters and strategies. Evaluating all these scenarios 
would require vast amount of computation and analysis 
time. Therefore, in the preliminary scenario analysis, 
only those scenarios, that are designated as “more 
critical” are considered. In order to obtain these sets, 
policies are grouped under 2 categories. The first group 
consists of producer related issues, whereas the second 
group includes environmental and regulatory issues. 
The attributes considered under these groups are given 
in Table 2.  
In the first test bed the model is run considering the 
following cases: 

• All players being aggressive or all players 
being conservative; 

• Incumbent exercising withhold or not ; 
• Long term contracts being available or not; 
• Seasonal effects on the availability of  wind 

and hydropower power plants implemented or 
not; 

• Players investing in only the 6 most preferred 
plant types (which are natural gas, small 
hydropower, large hydropower, wind, imported 
hard coal and lignite) vs. players investing in 
all available plant types. 

 
In the second test bed, the model is run considering the 
following cases: 

• Demand elasticity being active or not; 
• Annual capacity addition limits existing or not; 
• VOLL being 2000 $/MWh versus VOLL being 

3000 $/MWh; 

• CO2 tax existing or not; 
• Governmental support for renewable 

investment being available or not. 
 

Table 2: Parameters Analyzed in 64 Scenarios 
 

1st Test Bed 2nd Test Bed 
Producer Related 
Issues 

Lvl Environmental 
and Regulatory 
Issues 

Lvl 

Aggressiveness 2 Demand Elasticity 2 
Withholding 2 Annual Capacity 

Addition Limit 
2 

Long term 
Contracts 

2 VOLL 2 

Seasonal Effects on 
Availability 

2 CO2 Tax 2 

Power Plant Types 
Considered 
(first 6 or all) 

2 Governmental 
Support for 
Renewable 

2 

Total 32 Total 32 
Note. All of the producers are driven by the computer. 
Lvl numbers denote the number of values of that 
parameter used in the scenario analysis. 
 
As described before, there are five different producers 
(players) in the model with three optional behavior 
types (aggressive, neutral, passive), which means 243 
(35) different cases. Considering the four remaining 
parameters included in the first test bed together with 
these 243 combinations will result in 2916 different 
scenarios. As it would require a large amount of time to 
analyze all these scenarios, instead of considering all 
combinations, it was assumed that all five players are 
either aggressive (all together) or conservative (all 
together). The resulting test bed includes only 32 
scenarios with this assumption.  
 
Similarly, in the second test bed only two alternative 
values were considered for each of the five parameters, 



 

which ended up with 32 scenarios. In the present study, 
these 64 scenarios were evaluated for 32 different 
indicators describing the market (such as market share 
of the players, SMP, pool price, remaining primary 
energy reserves, revenue of the players, peak demand, 
total installed capacity). 
 
RESULTS OF THE PRELIMINARY SCENARIO 
ANALYSIS 
 
Only a limited number of results are shown here, as the  
main focus of this paper has been on the presentation 
and discussion of the developed model. 
 
It should be noted that, by changing the game settings it 
is possible to analyze the effects of various 
parameters/issues (ranging from natural effects like 
precipitation level to decisions of the regulatory 
authority such as incentives, tax exemptions, quotas on 
annual capacity addition of some power plant types) on 
the behavior of the electricity market,  
 
Results of three scenarios (out of 64) are discussed in 
(Table 3 and Table 4) as an example. In each table, 2 
different scenarios are compared with each other, 
similar properties of both scenarios are explained in 
merged cells. If different behaviors are observed in the 
compared scenarios, these are explained in separate  
columns.  
 
In scenarios discussed in Table 3 and Table 4, the 
following parameter settings were assumed: 
 

• Players are conservative; 
• Long term demand elasticity is -0,5; 
• There are, no withholdings, no CO2 tax, no 

long term contracts; 
• Annual precipitation level is fixed for each 

year (no random effects are considered).  
 
In addition to the above parameters, whereas renewable 
support (government subsidizes 20% of renewable 
energy based generation investments) exists in the first 
scenario and second scenario, it does not exist in the 
third scenario. 
 
The only difference between the first scenario and 
second scenario is the existence of annual capacity 
addition limit, which does not exist in the first scenario, 
and does in the second. Annual capacity addition limit 
also does not exist in the third scenario. 

  
The only difference between the first scenario and the 
third scenario is the existence of renewable support, 
which exists in the first scenario, and does  not in the 
third. 
Market behaviors associated with the first and second 
scenarios differs from one other especially after year 4. 
The dynamics of the market is displayed in Table 3. 
Comprehensive analysis of the 64 scenarios yielded the 

following major findings on the dynamics of electricity 
market. 
 

1. In case of inelastic demand, the increasing 
demand is preferred to be met by  plant types 
having lower marginal and investment costs. 
As the reserve of these plant types are used up 
in time, other, more expensive investment 
options are undertaken and the pool price 
displays sharper increases in the face of rapidly 
increasing  demand.  

2. If the demand is price elastic, the increase in 
demand is much slower and reserves for all 
plant types remain available throughout the 
planning horizon. Consequently, there is no 
need in the market to invest heavily in hard-
coal and diesel plants and pool price increases 
are softer. 

3. In the 64 scenarios considered, no wind power 
plants are undertaken (probably because of 
their high marginal and investment costs). 
Even if there is 20% governmental support, 
investing in wind power plants does not 
become desirable.  

4. If there is no capacity addition limit, indifferent 
to the other game settings, power companies 
prefer to invest in small hydropower plants 
before 60th month. 

5. The major effect of governmental support for 
renewable plants is changes in the market plant 
portfolio composition in favor of large 
hydropower and geothermal plants and 
consequently a decrease in system marginal 
price.  
 
As the construction time for hydropower plants 
is comparatively longer (5.5 years on average) 
than other plant types, the growth rate for 
installed capacity remains lower than the 
demand growth rate during some time periods 
within the simulation run, which in turn causes 
prices to fluctuate and demand (if price 
elasticity is non-zero) to decrease. 
 
Besides, governmental support for renewable 
plants acts as an inducement for competitors to 
enter the market with new power plants which 
in turn reduces the market share of the 
Incumbent. 

6. As the major part of already existing power 
plants in the market is thermal power plants, 
imposing CO2 tax  causes the pool price to 
increase. 

7. In case of demand elasticity, due to CO2 tax 
(and the resulting price increase)  
demand/demand growth rate and new 
investment amount decreases.  

8. In case of demand inelasticity, imposing CO2 
tax causes a shift in new investments from 



 

thermal plants to renewable plants within the 
limits of relevant reserves. 

 
9. Withholding raises the market price and this 

causes the competitors to enter the market with 
new power plants. As a result, due to 
increasing installed capacity i.e. increasing 
excess capacity, Incumbent’s market share and 
market price decreases.  

 
Besides, in case of demand elasticity, the     
effect of withholding (and the resulting price 
increase) is decrease in the demand/demand 
growth rate. As a result, there exists too much 
installed capacity. Because of this reason 
market price decreases.  

 
 
CONCLUSION 
 
In this paper, an extensive model for long term analysis 
of deregulated power market is presented. The results 
obtained from preliminary scenario analysis reveal that 
the model is able to capture parts of the long-term 
dynamics which occur on both the supply and demand 
side of the power market. Although the default 
parameters have been obtained from Turkish Electricity 
Market, the model can be used in general by changing 
the parameters via the user-interface. By means of such 
tool, power companies and the regulators have a better 
opprtunity to understand possible consequences of 
different decisions that they may  make under different 
policies and market conditions. As a future study, a 
stochastic price description may be done to  take into 
account the volatility in the expected price. 
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Table 3: Comparison of the 1st and 2nd Scenario 
 

SCENARIO 1 SCENARIO 2 
Small hydropower plants are always attractive due to their lowest marginal cost (among 8 power plants 
considered in this study) and lower investment cost in comparison to other renewable power plants. 
As there is subsidy for renewable generation alternatives, large hydropower plants and geothermal power 
plants become attractive for power companies. However, 20% government subsidy is not sufficient to foster 
wind power plants to be constructed. 
Hydropower plant investments are not limited by 
annual capacity addition limit. As a result, major part 
of new investments are in hydropower plants. 
 
 
As there are less  NG plant investments, NG reserve 
does not exhaust until the end of the simulation run.  

Less hydropower plant investments are made due to 
annual capacity addition limit. 
New investments concentrate in other plant types in 
order to keep demand-supply balance in the market.  
 
 
As there are many NG plant investments, NG reserve 
exhausts after the 200th month. 

Since huge amount of hydropower plants enter the 
market suddenly, system marginal price steeply 
decreases down to circa 33 $/MWh (owing to low 
marginal cost of the hydroplants) at around 180h 
month. As the hydropower reserve exhausts around 
180th month, extra NG power plants are constructed. 
As a consequence SMP increases up to 36 $/MWh 
and remains almost constant until the end of the 
simulation run. 
 
 
No new lignite power plants are constructed 
throughout the simulation run. 
.  

Since each year a limited amount of hydropower 
plants are constructed due to annual capacity addition 
limit, system marginal price smoothly decreases down 
to  circa 37 $/MWh at the end of the simulation run  
 
 
 
Since NG reserve exhausts after the 200th month and 
also, the expected pool price in the market is higher 
than in Scenario 1 (due to higher SMP) investing in 
lignite power plants becomes feasible and investments 
launch at the 228th month. 

Due to higher marginal cost of imported hard coal and diesel power plants among 8 alternatives considered in 
the model, no new investments are made in these types of plants throughout the simulation run.  

As the construction time for hydropower plants is 
comparatively longer than other plant types, the 
growth rate for installed capacity remains lower than 
the growth rate of the demand. As a consequence, 
average monthly pool price increases, which in turn 
causes demand growth rate to decrease. 
 At the end of the simulation run, peak demand is 
less than in Scenario 2. 
 

As there are less hydropower plants under 
construction, the installed capacity exhibits a 
comparatively continuous smooth increase trend 
(compared to step jumps for hydropower ones), 
parallel to demand increase trend due to shorter 
construction time. As a consequence average monthly 
pool prices fluctuate less than in Scenario 1 and peak 
demand at the end of the simulation run is higher than 
in Scenario 1. 

 
As there is no capacity addition limit in the market, 
players’ installed capacity increases rapidly due to 
new investments mainly in hydropower and 
geothermal plants. 
 
As the variable cost of electricity generation in 
geothermal and hydropower plants is comparatively 
lower, the producers are able to offer lower bid 
prices to the power pool.  
 
As a consequence of the above stated factors, market 
share of the incumbent decreases in time . 
 
 

 
 
 
 
Because of the capacity addition limit, less 
hydropower plants are installed which in turn means 
less total installed capacity in the market. As a result, 
incumbent’s market share remains higher than in 
Scenario 1, though it exhibits a smoothly decreasing 
trend in time . 
 

The tooth saw pattern observed in operating reserve and pool price graphs is owing to the different monthly 
load patterns prevailing in the electricity market. 

 
 



 

Table 4: Comparison of the 1st and 3rd Scenario 
 

SCENARIO 1 SCENARIO 3 
As a consequence of governmental support, 
investments in geothermal and hydropower plants 
launches at earlier stages (before 112th month) of the 
simulation run. The amount of investments in these 
plant types is higher in comparison to Scenario 3, as 
well. 
Besides, total installed capacity reaches a higher 
level than in Scenario 3 at the end of the simulation 
run. 

Considering the price spikes around 112th, 200th, 212th 
month, power companies expect to have higher market 
price in the future. As a consequence, geothermal 
power plants started to be constructed at 112th month, 
200th month and 212th month. Large hydropower 
investments become feasible after 212th month. 
 
As a consequence, total installed capacity remains 
lower than in Scenario 1. 

The proportion of renewable power plants within the total installed capacity is higher in Scenario 1 than in 
Scenario 3. 
Average monthly SMP decreases faster and remains 
lower than the SMP in Scenario 3, because the 
variable cost of geothermal and large hydropower 
plants is lower than of other plant types. 
 

As there is no governmental support for renewable 
plant types, geothermal and hydropower plants, which 
have lower variable costs but higher investment costs 
in comparison to other plant types, are constructed at 
later stages of the simulation run and have less 
proportion in the installed capacity compared to 
Scenario 1. 
As a result, the SMP in Scenario 3 is higher than in 
Scenario 1.  

Because of their high marginal and investment costs, diesel oil, imported hard coal and wind plants are not 
preferred at all.  20% government subsidy is not sufficient to foster wind power plants to be constructed. 
Although its marginal cost is lower than NG Plants’, lignite Plants have not been found feasible throughout the 
simulation run because of their high investment costs. 
Small hydropower plants were widely preferred during the first 60 month of the simulation run, as they have 
the lowest marginal cost in comparison to other 7 alternatives. Moreover, their investment cost is less than 
large hydropower plants. As a consequence, small hydropower reserve is exhausted within the first 60 months. 
In comparison to Scenario 3, more large hydropower 
plants and less NG plants are constructed because of 
governmental support for renewable plant 
investments.  
 
As there are less  NG plant investments, NG reserve 
does not exhaust until the end of the simulation run..  

 
 
 
As there are many NG plant investments, NG reserve 
exhausts after the 200th month. 

After the small hydropower reserve has been 
exhausted in 48th month, power producers 
concentrate on large hydropower plants. These plants 
became operational after 120th month, which in turn 
enable all power producers to offer lower bid prices 
and higher capacity to the power pool. As a 
consequence, market share of the Incumbent 
decreases faster than in Scenario 3 after these new 
large hydropower start to generate. 
 

When there is no governmental support for renewable 
energy, power companies are able to start to construct 
large hydropower plants only after the 200th month, 
and competitors of the incumbent have comparatively 
less total installed capacity in the market. As a 
consequence, market share of the incumbent holds a  
level  that is higher than in Scenario 1. 

The tooth saw pattern observed in operating reserve and pool price graphs is owing to the different monthly 
load patterns prevailing in the electricity market. 
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ABSTRACT 
The road traffic in developing countries like India are 
highly heterogeneous with vehicles of wide ranging 
static and dynamic characteristics. The heterogeneous 
traffic do not follow traffic lanes and hence, the 
available models of traffic flow, which are based on 
lane based homogeneous traffic, can not be applied to 
study the characteristics of heterogeneous traffic flow. 
Recently, a simulation model named, HETEROSIM has 
been developed to replicate the field conditions of 
heterogeneous traffic flow. This paper is concerned with 
application of the model to estimate the saturation flow 
rate of heterogeneous traffic with the specific purpose of 
studying   the effect of   road width  on saturation flow  
measured in passenger car units (PCU) per unit width of 
road. 
 
INTRODUCTION 
The term saturation flow is defined as the maximum 
rate of flow that can pass through a given road space 
(width), under prevailing roadway and traffic 
conditions, during the effective green time in a signal 
phase. Saturation flow is an important input parameter 
in the design of cycle time for traffic signals. Hence, it 
is necessary to have information on saturation flow for 
various roadway and traffic conditions to provide 
appropriate input for signal design without resorting to 
field measurement. The information on saturation flow 
can be generated for any given roadway and traffic 
conditions, if a model of road-traffic flow is available. 
Over the resent decades, with the availability of 
simulation technique, the modeling of road traffic flow 
has attained a high level of perfection.  
 
Computer simulation is a valuable tool for the analysis 
and design of complex transportation systems. 
Simulation models may be classified as being static or 
dynamic, deterministic or stochastic, and discrete or 
continuous. A simulation model, which does not require 
any random values as input, are generally called as 
deterministic, whereas a stochastic simulation model 
has one or more random variables as inputs. Random 
inputs lead to random outputs and these can only be 

considered as estimates of the true characteristics of the 
system being modeled. Discrete and continuous models 
are defined in an analogous manner. The choice of 
whether to use a discrete or continuous simulation 
model is a function of the characteristics of the system 
and the objectives of the study (Banks et al. 2004). For 
this study, a dynamic stochastic type discrete event        
(continuous traffic flow split over one second time 
intervals to resemble discrete events) simulation is 
adopted in which the aspects of interest are analysed 
numerically with the aid of a computer program. 
 
Modelers often try to describe simulation models as 
being microscopic, mesoscopic, or macroscopic. The 
difference pertains mainly to the level at which the 
traffic flow phenomena are being represented. 
Microscopic models capture the movement of every 
vehicle. They contain processing logic, which describes 
how vehicles behave. This description includes 
acceleration, deceleration, lane changes, passing 
maneuvers, turning-movement execution, and gap 
acceptance. Macroscopic models are at the other end of 
the spectrum. They tend to employ flow rate variables 
and other general descriptors of how the traffic is 
moving. Mesoscopic models fall in between. They 
typically model the movement of clusters or platoons of 
vehicles and incorporate equations that indicate how 
these clusters of vehicles interact. This paper is 
concerned with the development of micro simulation 
model of heterogeneous traffic and application of the 
model to estimate the saturation flow rate.     
 
SIMULATION FRAMEWORK 

This study pertains to the traffic conditions prevailing in 
India. The road traffic in India is highly heterogeneous 
comprising vehicles of wide ranging static and dynamic 
characteristics and all the vehicle share the same road 
space. Smaller vehicles like motorized two-wheeler and 
bicycle are predominant and these share the same road 
space (without segregation) with other larger vehicles. 
Hence, there is difficulty in imposing lane discipline 
under such conditions and the vehicles occupy any 
lateral position on the road depending on the availability 
of space at a particular instant. As the available traffic 
simulation models are based on homogeneous traffic 
conditions, where clear lane and queue discipline exists, 



it is not possible to apply the models to study the 
heterogeneous traffic flow characteristics. Also, the 
research attempts made to  model  heterogeneous  traffic  
flow (e.g- Katti and Ragavachari 1986; Marwah 1995; 
Kumar and Rao 1996; Khan and Maini 2000) are  
limited in the scope and do not address all the aspects 
comprehensively. Hence, there was a need to develop    
appropriate models to simulate the heterogeneous traffic 
flow. Accordingly a model of heterogeneous traffic        
flow, named, HETEROSIM was developed (Arasan and 
Koshy 2005). The modeling framework is explained 
briefly here to provide the background for the study. For 
the purpose of simulation, the entire road space is 
considered as single unit and the vehicles are 
represented as rectangular blocks on the road space, the 
length and breadth of the blocks representing 
respectively, the overall length and the overall breadth 
of the vehicles. The front left corner of the rectangular 
block is taken as the reference point, and the position of 
vehicles on the road space is identified based on the 
coordinates of the reference point with respect to an 
origin chosen at a convenient location on the space. The 
simulation model uses the interval scanning technique 
with fixed increment of time. For the purpose of 

simulation, the length of road stretch as well as the road 
width can be varied as per user specification. The model 
was implemented in C++ programming language with 
modular software design. The flow diagram illustrating 
the basic logical aspects involved in the program is 
shown as Fig. 1. It can be seen that the first vehicle is 
generated after initialization of the various parameters 
required to simulate heterogeneous traffic flow. Then, 
the generated vehicle is added to the system when the 
current time (clock time) becomes equal to the 
cumulative headway. At this stage, the module for 
adding vehicles (“Add Vehicle”) will be activated to 
facilitate the process. At higher traffic-flow levels, there 
is a chance of more vehicle arrivals during each scan 
interval (taken as one second in this case). To address 
this aspect, an additional clock for scanning with a 
precision of 0.05 s was provided. Checking for the 
possibility of placing a generated vehicle during a scan 
interval on the simulation road stretch, as well as 
updating the status of the vehicles already in the system 
are done when the cumulative precision scan interval is 
equal to the set scan interval of 1 s. The program also 
facilitates immediate addition of each of the generated   
headways to the output file.  The simulation is

 

Yes

Start 

Inputs and Initialization 

Is cumulative precision time = 
set scan interval? 

Is current time = cumulative 
headway? 

Add vehicle 

Headway to output file 

Generate headway for next vehicle 

Is simulation time over ?

End 

  Move all vehicles 
  

Current time = current   
 time + precision   

Yes 

No 

No

No 

Yes

 
                                                                   Figure1: Flow Diagram for Simulation Model 



continued until the input simulation run- length is 
completed. 
  
The simulation model is also capable of replicating the 
traffic flow through signalized intersections for various 
signal settings. Modeling this aspect is some what 
complicated because the model should be able to 
simulate any possible mix of traffic movements and for 
any given value of cycle time. In the computer program, 
an array of integers was found to be suitable to store the 
details of signal settings [Array is a data type consisting 
of a group of numerical values of similar kind]. This 
array consists of the starting times of red, green, and 
amber durations of different directional traffic 
movements (left, straight, and right) on different 
approaches. In each scan interval, the clock time is 
compared with the values of the array and the status of 
the signal is updated accordingly. This clock time is 
different from the original clock time of the simulation, 
wherein the time goes on increasing as the simulation 
continues. The clock time pertaining to the signal 
settings, however, will be brought to zero when the 
clock time equals the cycle time. So, at any instant of 
time, the clock time in this module takes values ranging 
from zero to cycle time.  
 
The model is also capable of displaying the animation 
of simulated traffic movements through the intersection. 
The animation module of the simulation model displays 
the model’s operational behavior graphically during the 
simulation runs. It is a useful tool for validation of the 
model, and helps to study the changes in the behavior of 
the system when various input parameters are changed. 
The input required for the model to simulate the 
heterogeneous traffic flow are: road geometry, details of 
signal settings, traffic volume and composition for the 
different stream of traffic approaching the intersection, 
vehicle dimensions, minimum and maximum lateral 
spacing between vehicles, and free speeds, acceleration 
and deceleration of vehicles. Speed, volume, delay, 
overtaking, etc., of individual vehicles and the whole of 
the traffic are the possible output of the model. 
 

MODEL VALIDATION  
Validation is the process of comparing model results 
with the corresponding field observed values to ensure 
that such results realistically represent the real system. 
Only measurable data from the field can be used to 
validate model results. Though the available model is 
generally validated, it was decided to check for the 
appropriateness of the model for the specific 
requirements of this study. Accordingly the model was 
validated for its ability to replicate saturation flow 
conditions. The data input required for model validation 
can be broadly divided into two types, namely, the data 
of individual vehicles and the roadway and traffic data. 
The different types of vehicles on the city roads of India 
can be grouped into nine types as (i) Bus, (ii) Truck, 
(iii) Light Commercial Vehicle (LCV) - large passenger 
vans and small trucks, (iv) Cars - cars, jeeps and small 
passenger vans,(v) Motorized Three-Wheeler (M.Th.W) 
- three wheeled motorized vehicles to carry a maximum 
of three passengers or small quantities of goods, (vi) 
Motorized Two-Wheeler (M.T.W)-motor cycles, 
scooters and mopeds, (vii) Bicycle, (viii) Tricycle – 
three wheeled pedal-type vehicle to carry a maximum of 
two passengers or small quantities of goods, (ix) Animal 
Drawn Vehicles (A.D.V)–carts drawn by 
bullock/horse/camel. The relevant characteristics of the 
vehicles are given in Table1. 
 
Study Intersection  
Since the objective of the study is to estimate the 
saturation flow, an approach to a signalized intersection 
was considered for model validation. The signalized 
junction of Senatoph Road with Anna Salai in the 
southern part of Chennai city in India was considered 
for the purpose. The approach on the southern leg of the 
junction (falling on Anna Salai) was 12.5 m wide and 
the whole of traffic on the approach has only straight on 
movement (Fig 2). The signal cycle time (evening peak) 
is 180 seconds and the actual green time available for 
the traffic on the study approach was 55 seconds. The 
saturation flow of traffic on the study approach was 
measured in the field by making a classified count of all

Table 1: Characteristics of Vehicles of the Heterogeneous Traffic  

Dimensions in m Lateral Clearances in m Vehicle Type 
 

( 1) 
Length 

(2) 
Breadth 

(3) 
Minimum 

(4) 
Maximum 

(5) 

Mean Free Speed 
in Km/hr 

(6) 

PCU 
Value 

(7) 
Bus 10.3 2.5 0.3 0.6 53 2.5 
Truck 7.5 2.5 0.3 0.6 51 2.5 
Light Commercial Vehicle 5.2 2.0 0.3 0.5 48 1.2 
Car 4.0 1.6 0.3 0.5 60 1.0 
Motorized Three Wheeler 2.6 1.4 0.2 0.4 45 0.6 
Motorized Two Wheeler 1.8 0.6 0.1 0.3 48 0.35 
Bicycle 1.9 0.5 0.1 0.3 14 0.3 
Tricycle 2.5 1.3 0.1 0.3 12 1.2 

Note:   1.  Animal Drawn vehicles were not present on the study stretch.  
            2. The Minimum Clearance value pertains to zero speed condition and the maximum Clearance corresponds to a speeds of 60 kmph and more.   The clearance value   
                 is assumed to vary linearly from minimum to maximum  depending upon the speed of vehicles. 
            3.  Lateral clearance is the clearance share pertaining to a vehicle type. For example, if a bus and M.Th.W. are located side by side. The minimum lateral clearance  
                 between the two vehicles will be 0.3 + 0.2 = 0.5 m 



the vehicles crossing the stop line (when the signal is 
green) while the moving bunch of vehicles moved 
continuously without break and the counting was 
stopped soon after a break is observed in the bunch of     
vehicles on the approach. Care was also taken not to 
count the vehicles in the first five seconds of the green 
time to allow for the starting delay of vehicles at the 
front. A total of thirty such observations were made to 
provide adequate database for validation. The traffic 
data, as observed in the field, is shown in Table 2. 
While observing the saturation flow in the field, it was 
found that the number of tricycles in the traffic stream 
was negligible about (0.1%). Hence, each tricycle was 
considered to be equivalent to two bicycles and included 
in the counting of bicycles.    
 
Simulation  
For validating the simulation model the traffic flow 
through the signalized junction was first simulated.        

Based on a    recent traffic   study   conducted at the    
Junction (Suhas, 2005), for the purpose of vehicle 
generation and placement in the simulation process, the 
inter arrival time of vehicles was assumed to follow 
negative Exponential distribution and the free speed of 
vehicles was assumed to follow Normal distribution. 
The observed traffic composition was given as input to 
the simulation model. The simulated saturation flow on 
the study approach (involving only straight-on traffic 
flow) was recorded for 30 signal cycles. Since the 
saturation flow is influenced only by the road width and 
traffic composition, each of the approaching roads can 
be considered independently without consideration to 
the total traffic flow through the whole of the 
intersection. For this purpose, for each simulated signal 
cycles, the number of vehicles crossing the stop line of 
the study approach, starting  from  the  5th  second  from 
the start of the green for the approach to the time at 
which the continuity in the bunch of vehicles on the  

Table 2: Saturation Flow of Traffic on the Study Approach to the Signalized Intersection  

Number of Vehicles Crossing the Stop Line During Saturated Green Time 
 

Signal 
Cycle. 

Number. 
 

 
     (1) 

Saturated 
Green Time 

(sec.) 
 
 

(2) 

Bus 
 

(3) 

Truck 
 

(4) 

Light 
Commercial 

Vehicle 
(5) 

Car 
 

(6) 

Motorized 
Three -
Wheeler 

(7) 

Motorized 
Two -

Wheeler 
(8) 

Bicycle 

(9) 
1 56 9 1 5 54 33 90 8 
2 40 2 1 7 40 27 67 9 
3 38 3 1 6 23 21 77 4 
4 23 4 2 4 12 15 28 2 
5 48 7 3 3 26 25 40 3 
6 51 6 4 4 27 24 60 7 
7 34 7 2 3 24 17 37 2 
8 20 2 2 2 8 8 25 1 
9 44 4 2 2 42 17 53 4 

10 20 3 2 5 18 6 20 2 
11 56 8 1 2 55 31 87 10 
12 43 4 2 3 38 25 65 8 
13 37 5 2 4 25 23 79 5 
14 23 6 1 5 10 17 26 4 
15 43 4 2 4 28 23 38 2 
16 38 3 3 8 23 20 63 8 
17 34 4 4 3 29 21 40 3 
18 21 3 2 4 10 10 25 6 
19 48 2 3 7 39 15 48 2 
20 25 2 3 2 20 9 25 1 
21 57 5 0 4 50 30 81 5 
22 43 2 1 3 42 24 65 4 
23 35 3 0 8 26 25 80 3 
24 24 4 1 4 15 14 25 1 
25 47 5 2 5 23 23 44 2 
26 50 4 3 6 24 28 61 6 
27 34 8 4 4 20 19 39 5 
28 21 3 1 5 10 10 21 2 
29 47 4 2 3 39 18 53 5 
30 25 3 2 2 15 8 20 2 

Total  1125 129 59 127 815 586 1482 136 
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Figure 2: Study Intersection 
 
approach breaks were counted. The classified count of 
all the vehicles during the time period was done 
automatically by partitioning the time period pertaining 
to the approach from the overall simulation process. The 
simulation runs were made with three random number 
seeds and the averages of the three values were taken as 
the final model output. Then, a comparison of the 
observed and simulated saturation flow rates was made 
by comparing the total number of vehicles in each 
category crossing the stop line for the total saturated 
green time ( total of the 30 observations) of 1125 
seconds. The details of the comparison, along with the 
percentage error, are shown in Table 3. It can be seen 
that the error is within acceptable limits considering the 
fact the system being simulated is highly complex 
involving vehicles of wide ranging static and dynamic 
characteristics. 
 
MODEL APPLICATION  
The validated model was then applied to study the effect 
of   road   width   on   saturation   flow   rate   of    the     

Table 3: Comparison of Observed and Simulated 
Saturation Flow of Vehicles 

 
Number of Vehicles 

Crossing the Stop Line* 
 

Vehicle 
Type 

 
 

(1) 
Observed 

(2) 
Simulated 

(3) 

Percentage 
Error 

 
 

(4) 
Bus 129 113 12.4 

Truck 59 63 -6.8 
LCV 127 137 -7.9 
Car 815 784 3.8 

M. Th.W 586 545 6.9 
M. T.W 1482 1372 7.4 
Bicycle 126 116 7.9 
Total of  

all  
vehicles 

 
3324 

 
3130 5.8 

 
* Note: The comparison is based on a total saturated green time of 
1125 Seconds. 
LCV- Light Commercial Vehicle,M. Th.W -Motorized Three Wheeler 
M. T.W -Motorised Two Wheeler 
 
heterogeneous traffic. For this purpose, a typical four 
legged signalized intersection was considered and the 
traffic flow through the intersection was simulated for 
various widths of approaches. The signal settings and 
the traffic- volume input were adjusted for each case in 
such a way that is at least 50 seconds of saturated green 
time was available in the signal phase pertaining to the 
study approach. A representative traffic composition 
(prevailing on most major roads of the cities in India) 
was considered (Fig .3) for the purpose of simulation.  
                         

 
 

Figure 3: Traffic Composition Considered for 
Simulation 

LCV- Light Commercial Vehicle, M. Th.W. -Motorized Three 
Wheeler, M. T.W. -Motorised Two Wheeler 
 
The saturation flow was measured using simulation as 
per the procedure explained under the section ‘Model 
Validation’. A total of 7 alternative widths of approach 
were considered and the saturation flow estimated for 
each case. The saturation flows, expressed in number of 
the different categories of vehicles, were converted into 
equivalent passenger car units (PCU) using the PCU 
values given in column (7) of Table 1, which was 
arrived at through an earlier study  (Arasan and 
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Jagadeesh  1995).   Because  of    laneless  traffic  flow 
condition, the saturation flow could not be expressed as 
flow per traffic lane and hence, was expressed as flow 
per unit width of road way (PCU per metre width ).Then 
a plot was made relating the approach widths in m and 
the saturation flow in PCU/m (Fig .4). 
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Figure 4: Effect of Road Width on Saturation Flow Rate 
 
It can be understood from the figure that the saturation 
flow rate per unit width of approach marginally 
increases with increase in the width of approach. The 
reason for the increase in saturation flow rate per metre 
width with increase in width of approach, may be 
attributed to the fact that the vehicles of heterogeneous 
traffic with wide variations in their over all dimensions, 
are able to more and more effectively make use of the 
road space, under saturated conditions, as the width of 
the road increases.   
 
CONCLUDING REMARKS 
Through this study, it has been established that the 
software package HETEROSIM, developed to model 
heterogeneous traffic flow can be effectively used to 
estimate saturation flow rates for various roadway and 
traffic conditions prevailing in developing countries like 
India. It has been found that under heterogeneous traffic 
conditions, there is a significant increase in the 
saturation flow rate (measured in PCU per meter width) 
with increase in the width of approach road. The study 
reported here is limited to estimation of saturation flow 
rate of straight-on traffic only and the authors currently 
are involved in application of the simulation technique 
to estimate saturation flow of turning traffic streams of 
heterogeneous traffic. 
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Abstract— The flow of products and information within
supply chain networks is an important consideration for
practitioners. Simulation tools provide an efficient approach
for analysing and validating dynamic systems such as sup-
ply chains, where distorted information and poor product
management often lead to uncertainty and to instability
phenomena. This paper considers the case of a series de-
centralised supply chain model using Timed Coloured Petri
nets (or Timed CP-nets) and analyses the impact of various
continuous inventory policies and known forecasting meth-
ods followed by supply chain participants. CPN Tools [12]
are used for the design of decision-making processes and
simulation results are presented to highlight the main issues
arising in real systems and to provide insights for future
work on modelling and simulation of supply chains.

Keywords— Supply chain management, Hierarchical
coloured Petri Nets, Inventory control, Forecasting

I. Introduction

Decentralised supply chains are based on local informa-
tion and are characterised by lack of coordination between
supply chain participants (nodes). The main framework
on decentralised supply chains, where decisions are taken
locally, is focused on planning and stability issues and the
better management of material flows at each node. De-
cisions are usually associated with different types of or-
dering policies specifying the amount of orders placed to
the upstream node. The primary objective of supply chain
management is the integration of products and information
flow both upstream and downstream the supply chain by
avoiding excessive fluctuations on inventories.

The work presented in this paper discusses the main ef-
fects of certain aspects of different inventory policies on
the stability and performance of serial multi-node sup-
ply chains. In contrast to more traditional inventory-
replenishment policies commonly used for supply chain
control (e.g., (S, s) or min-max policies), continuous poli-
cies and forecasting techniques have only recently been pro-
posed, apparently inspired from the area of classical process
control engineering [7], [1], [10]. Their main characteristic
is that orders take place continuously, rather than being
triggered by specific events (e.g., when inventory falls be-
low a certain target level).

Relative stability in supply chain dynamics is often quan-
tified via the concept of the “bullwhip effect” (demand am-
plification). The bullwhip effect is a well known instability
phenomenon in supply chains, related to increased volatil-
ity in demand profiles in the upstream nodes of the chain

[5]. This may limit significantly the smooth operation of
the chain and result in production planning costs, inven-
tory costs, poor customer service, etc.

Various computer simulation tools have been proposed
recently for the analysis of supply chain performance [11].
Most of these tools model supply chains as discrete event
systems and examine their behaviour following alternative
methodologies. Typically, simulation tools can be used
for quantitative analysis (measurement/prediction of vari-
ables) or even quantitative analysis (evaluation of recipro-
cal effects between individual processes).

This paper describes techniques for modelling and sim-
ulating supply chains systems via Hierarchical Coloured
Timed Petri Nets (HCTPN). The use of Petri nets has
been recently proposed in supply chain literature. Mevius
and Pibernik [9] present a special type of high-level Petri
nets (XML-nets) to introduce an integral approach to sup-
ply chain process management. Elmahi et al. [2] propose a
Petri net model based on max plus algebra to control sup-
ply chains. Landeghem and Bobeanu [4] present a method
for modelling supply chains via Petri nets by using the well
known example of the Beer Game, while Liu et al. [6] de-
velop a similar approach for modelling event relationships
in supply chains.

Makajić-Nikolić et al. [8] use Coloured Petri Nets to
study the performance of a series supply chain by means
of CPN-Tools. A HCTPN model has been constructed to
study the bullwhip effect in decentralized supply chains
where individual nodes use aggressive ordering (AO) based
on deterministic customer demand patterns. In this paper
we extend this simulation model by comparing various sce-
narios including deterministic end-customer demand pro-
files in batches and stochastic profiles which are normally
distributed. We are especially interested in characteriz-
ing demand-amplification between consecutive nodes of the
chain. We also analyze the impact of standard forecasting
methods such as moving average (MA) and exponential
smoothing (ES) on the performance of the system.

II. Description of the supply chain model

We consider a series five-node supply chain consisting
of a Manufacturer, Distributor, Supplier, Retailer, and an
end Customer site. We assume that there is a single par-
ticipant at each node. The main characteristics and dy-
namics of the series supply chain is based on the model



presented in [10].We further assume that each participant
takes decisions locally and places an amount of orders to
the upstream level following an ordering policy based on
a forecasting technique. Dispatch of products to down-
stream levels also depends on certain rules and conditions
(i.e. availability). We assume that there is no delay for
information transmission and processing between partic-
ipants, in contrast with the delivery of finished products,
where a lead-time delay is associated with each dispatching
process.

All these processes can be implemented if we perceive
that each action such as placing an order, delivering a
product, or taking a decision regarding inventory levels is
a discrete event with dynamic properties. Since the num-
ber of reachable states in a supply chain is typically very
large we need to describe clearly all activities associated
with events. This description also helps the user to under-
stand the structure, rules and functions used in the Petri
network.

Each time an order is placed on a participant (node), it is
first checked whether the amount of products held in stock
is sufficient to fulfill it. We assume that there is an initial
stock held in all four nodes of the chain. Incoming orders
are always served directly from the local inventory stock,
which is the sum of the current stock and the amount of
products received from the upstream level. In the case of
aggressive ordering (AO) [8], if the inventory stores enough
products the same order is placed at the upstream node to
maintain inventory at the target level. If the stock level
is insufficient to fulfill the full order, then the amount of
orders placed is set to the amount of products that has not
been delivered to the downstream node plus an amount suf-
ficient to fulfil the next order (backlogged orders). When a
forecasting technique is followed, the last amount is speci-
fied by the forecast updates.

The amount of products delivered to the downstream
node also need to be defined. When an order is received, it
is first checked if the inventory stores the needed amount
of products. If this amount is sufficient, the total amount
is dispatched. Otherwise, the manager can either wait for
the needed amount to be received and then delivers the
requested amount in full, or dispatches the incomplete or-
der immediately, and the overdue additional quantity later,
when it becomes available. In this paper both cases are
considered, although shipments of incomplete orders are
more realistic in supply chains with delivery of strongly
standardized products.

The demand behaviour of the end-customer is modelled
via a normal distribution with a given variance and mean.
Thus, adjustment effects can be observed and examined
with permanent changes of demand. On the other hand
adjustment-conditioned deviations from the normal distri-
bution can be implemented very easily and easily recog-
nized. This helps the modeler to analyze the effect of de-
mand fluctuations at all nodes of the supply chain, and
to monitor better the inventory levels after a single event
has occurred. In addition, the model permits additional
types of demand processes (i.e. seasonal fluctuations) by
modification of the input data. In our model we assume

that customer demand can follow orders in batches. De-
termining the policies at all four stages of the supply chain
which can lead to the bullwhip effect is straightforward and
we use metrics and graphical representation of backlogged
orders to illustrate this phenomenon.

III. Description of the Hierarchical Coloured
Petri Net

A. Prime page ”Supply chain”

Figure 1 shows the HCPN model of the four-level sup-
ply chain. This abstract single prime page, called Supply
chain, illustrates the highest network level and provides an
overview of the entire supply chain network. (Note that
the name of each page is displayed on the top left side).
Figure 1 also shows how the HCPN has been hierarchically
structured into four modules (subnets): The Manufacturer
(M), the Distributor (S1), the (intermediate) Supplier (S2),
and the Retailer (S3). The subnets of the model are also
referred to as “pages”, while each submodel node repre-
sents a page of the HCPN model. Supply chain page has
four transitions which all are substitution transitions. The
Customer site is represented in the prime page by two dif-
ferent socket places: Cg which is associated with the goods
received by customers and Cd which represents customer
demand. Cg and Cd are the model output and input, re-
spectively. There are also four socket places surrounding
all substitution transitions. For instance, page Supplier
has the following socket places as it can been inferred by
Figure 1: 23g (goods dispatched to Retailer), 12g (goods
delivered by Distributor), 32d (demand order received from
Retailer), and 21d (demand order placed to Distributor).
The hierarchical CP-net model is common for all 3 dif-
ferent ordering policies (aggressive ordering (A0), moving
average (MA) and exponential smoothing (ES) forecasting
techniques) considered in this paper.
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Fig. 1. HCPN describes an overview of supply chain with four dif-
ferent nodes

The three modules Retailer, Supplier and Distributor,
are structurally identical for each case and their descrip-
tion is based on the Retailer module described later, while
Manufacturer has a different structure which is described
in detail. Tokens in the HCPN model are of type “integer”
and are associated with the amount of orders and product
flow within the supply chain.



Figure 2 depicts the Retailer subnet.
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Fig. 2. The subnet Retailer
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Fig. 3. The subnet Manufacturer

B. Sub-pages Retailer and Manufacturer

B.1 Aggressive ordering (AO)

Figure 2 shows the subnet of the module Retailer con-
taining socket places Cg, Cd, 32d, 23g, places Inven-
tory and Memory status, and three transitions Dispatch
of goods, Arrival of goods and Placing order. Transition
Placing order examines whether the existing stock is suffi-
cient for the complete satisfaction of the quantity requested
by the customer. If this is the case, the appropriate order
quantity is placed as order to the upstream node (Supplier)
and a copy of the quantity is stored in place Memory sta-
tus which plays the role of a buffer. If the existing stock
held by the Retailer for a complete supply of goods is not
sufficient, then the Retailer orders the amount which is ac-
cumulated between the current stock and the last order
plus the amount of the last order. This typed of order-
ing policy is based on the retailer’s estimate that the next
order placed by the Customer will follow the last demand
pattern.

In transition Dispatch of goods the ordered products are
dispatched to the downstream node (Customer), after be-
ing controlled by places Memory status and Inventory. In

the case where the stock is sufficient to fulfil the last or-
der, the Retailer dispatches the whole amount of order. If
current stock is less than the order stored in place Memory
status then the Retailer dispatches the full stock. Tran-
sition Arrival of goods is associated with goods reception
which are later stored on the inventory (warehouse). It is
assumed that there is no delay in this process (i.e. goods
received by the upstream node are delivered immediately
to the warehouse). We also assume that there is no delay
on control sequences taking place before the dispatch of
goods to the downstream node and on decisions related to
the amount of products to be ordered. This assumption
is based on the fact that decision-making and dispatch of
goods at every node is performed much faster than all other
running activities in the supply chain. In contrast, we in-
dicate by ltr the lead time between dispatch and delivery
of products from Retailer to Customer.

Manufacturer page shown in Figure 3, has exactly the
same structure as the Retailer page related to the process
of receiving order by an upstream node and dispatching
the goods to a downstream node. However, Manufacturers
have different policies of receiving and ordering raw ma-
terials, since they usually establish contracts monthly or
even annually with raw materials suppliers. For the sim-
plification of our model we assume that the Manufacturer
receives a settled bulk of raw materials if a current or-
der received by the Distributor exceeds the amount of this
quantity. Otherwise, the Manufacturer places exactly the
same amount of order for the purposes of maintaining the
inventory level. Place Md receives the order demand by the
Distributor and forwards the amount of order to transition
Entrance of goods which, in turn, checks if this exceeds the
amount of bulk ordering. Place Mg models the raw mater-
ial suppliers’ activity and we assume that the time needed
for raw materials to be transformed to finished products
is ltrm. Hence manufacturing site can be considered as a
push logistics system where manufacturing process takes
place when it is triggered off by downstream demand.

All the inscriptions, functions and variables used for
quantitative and qualitative analysis of a model are shown
in Figure 4.

val ltrm= 1;

val ltm = 4; 

val ltd  = 3;

val lts  = 2;

val ltr  = 1;

val s = 8.0;

val m = 100.0; 

colset INT = int timed;

type REAL = real;

var q, w, p, pp, m, n, l: INT

normal(m,s) : real;

fun order(i,j) = if(i<=j) then i else 2*1-j;

fun calc(i,j) = if(i>=j) then i-j else 0;

fun disp(i,j) = if(i>=j) then j else i;

fun fun1(i,j) = if(i>=j) then i+j else i;

fun distr(m,s) = floor(normal(m,s));

Fig. 4. The declaration box of HCTPN model

To facilitate our analysis, we need to associate the flow
of goods and orders by using assigned variables. Moreover,



all activities performed at all stages of the supply chain
(such as dispatching of goods, control sequences and order
placing) must also be clearly defined via a set of rules. This
set can be encapsulated in well-defined functions. CPN
Tools for simulation and modelling of CPN use CPN ML,
which is obtained by extending Standard ML. All functions
and variables used in supply chain model HCPN are written
in ML code which extracts all data from the CPN model.

As can be inferred from the declaration box, in order to
model the supply chain HCPN with CPN Tools we need to
use a standard timed colour set (INT = int timed). Vari-
able p in all pages represents the amount of orders and
goods transferred within the supply chain and is defined
as an integer. Variable integer n is used to indicate the
amount of stock held at each node. Variable m updates
the memory status each time a new order is placed, while l
is used in a similar way to update the inventory each time
new products are received. In the Manufacturer node, pp
is associated with the bulk of raw materials arriving from
suppliers Mg each time such a command is issued by the
manufacturer. Before carrying out a HCPN simulation, we
assume that customer demand Cd follows a normal distri-
bution with mean m and standard deviation s. Both mean
and standard deviation are real numbers (100.0 and 8.0,
respectively). The normal distribution is implemented in
CPN ML code with function normal(m, s). Since CPN
Tools can not treat real numbers in the simulation process,
we round each random value to an integer by using the
function distr(m, s) = floor(normal(m, s)).

Function order(i, j) describes the inventory control pol-
icy and models the process of placing an order. Variables
i and j are input assignments and represent a received or-
der and the inventory, respectively. In case there is suffi-
cient stock, an amount i is sent as order to the upstream
node. In cases where current inventory level j is below the
received order, then the accumulated value i − j (backo-
rders) plus the estimate of the next order i is placed as
order to the upstream node. Function calc(i, j) models the
control sequence between memory status and current stock
and is used to calculate the balance of inventory and mem-
ory status when a new immediate shipment is due to take
place. The exact amount of products dispatched to the
downstream node is modelled by function disp(i, j).

Function calc(p, n) should not be confused with
calc(n, p). Although these two functions operate in a simi-
lar way and have the same output assignments, their inputs
assignments are different. We have also used variables ltr,
lts, ltd, ltm as lead times for dispatch of goods by retailer,
supplier, distributor, and manufacturer, respectively. Note
that we need also to introduce guard functions in transi-
tions Dispatch of goods to avoid delivery of zero products.

B.2 Moving average forecasting technique

In the moving average technique, the demand forecast is
calculated as the average of the last recorded observations
and is given by:

D̂t =
1
N

N∑
n=1

Dt−n+1 (1)

� �� � � �
�� � ��

� � � � � � � � � 	 � � � � � � � � � 	

 � � � � � � � 	

 � �  � � � � � � � � 	 � � � � 	� � � � � � � � � � � � 	� � � � � � �� � 
 � � � � � � �  �
� � � � � � � � �� � � 
 �

� � � � �  � �� � � � � 
 �� � � �  ! � " � �  �

� � � �� � � � �

# �  � � � � �
$ � � � � ��  �  % � & ' (� ) ! & � � � �  � � � & ' (� ) * ! !

* + � & ' (& �, � & ' (- % 

, 
 & ' (& � + * 
 & ' (- % . � 
 �  � & ' (� ) ! , � % �  � � & ' (� ) � / �  � � & ' ( 0 & ' (
, & ' (� ) �

Fig. 5. The subnet Retailer for (MA) techniques

where D̂t is the next demand forecast while Dt, N indi-
cate the amount and number of observations, respectively.
Figure 5 shows the corresponding subnet Retailer which
models the moving average procedure. Recall that system
is “driven” by a stochastic end-customer demand profile
applied at the end of the chain.

It can be inferred from Figure 5 that we have introduced
three new places Update, Counter and C and a new transi-
tion Aver. Place Update is a memory buffer that stores the
sum of past observations (e.g., updates the past informa-
tion) while Counter, C and Aver are used to calculate the
sum (indicated by the variable b) and the number of past
observations (variable z). The guard equality, y = z, on
transition Aver ensures that data are treated in chronolog-
ical order. Function aver(i, j) calculates the next demand
forecast D̂t following equation 2. Note that D̂t must be
rounded to an integer since CPN-Tools can not treat real
numbers. Hence, two new lines have been added to the
declaration box:
fun conv(i) = Real.fromInt((i));
fun aver(i,j) = round(conv(i)/conv(j));

B.3 Exponential smoothing forecasting technique

In cases where we wish to use previous demand forecasts
and past observations we can benefit by using the expo-
nential smoothing technique which is given by:

D̂t+1 = αDt + (1− α)D̂t , 0 < α < 1 (2)

where α is the smoothing coefficient. This coefficient con-
trols the weight placed on to the most recent data. Figure 6
shows the corresponding subnet Retailer which models the
exponential smoothing method.

Places Ind and B are used as counter integers and guard
equality z = g on transition estim, to guarantee, similarly
to the moving average model in figure 5, that new data do
not overtake older. Place proest forwards the amount of
last order observation (variable p) to be processed by tran-
sition estim. Place A updates the last order (αDt indi-
cated by variable f) and function expsmo(p, f) calculates
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Fig. 6. The subnet Retailer for (ES) techniques

the demand forecasts. Again, all demand forecasts must
be rounded to integers. In order to model the smoothing
forecast technique we have added the following lines to the
declaration box:
val alpha = 0.9;
fun ReaInt(i) = Real.fromInt((i));
fun expsmo(i,j) = round((alpha*ReaInt(i) +
(1-alpha)*ReaInt(j)));

IV. Simulation results and performance analysis

The simulation results show for each ordering and fore-
casting technique the changes on inventories at each time-
period, the corresponding backorders and a customers’ sat-
ifaction metric. For simplicity we assume constant lead
times for the distribution of goods throughout the supply
chain. The initial inventory in each node for the (AO) case
is set to 100 and 200 for (MA) and (ES). To make our
model more realistic, we let participants order in batches
but we also consider simulation periods where no orders are
placed. Note also that each participant may not dispatch
the ordered goods instantly due to administrative delays or
laches in the dispatch section. The simulation period has
been set to 60 time-steps.

Figure 7 depicts the inventory position of all supply chain
participants for all three different cases. Figure 7(a) shows
clearly the increase in inventory as we move upstream the
supply chain. This observation has also been made in
[8]. After a simulation time of sixty periods, the inven-
tory has been heightened by 400%, 780%, 900% and 1100%
for Retailer, Supplier, Distributor and Manufacturer, re-
spectively. This inventory augmentation clearly illustrates
demand amplification (bullwhip effect).

It can be inferred from figure 7(a) that shortages on
each participant occurred only on the first 12 time steps.
This is mainly caused by batch ordering or when there
has been no sufficient inventory to fulfill the downstream
demand before aggressive ordering. This can be more
clearly seen by considering the Retailer site. The first
12 markings representing customer demand pattern are:
1′98@1 + +1′91@2 + +1′100@3 + +1‘98@4 + +1‘107@5 +
+1‘90@7++1‘102@8++1‘98@8++1‘100@10++1‘97@11+
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Fig. 7. Inventory levels: (a) AO, (b) MA and (c) ES

+1‘105@12++1‘94@12++ At time t = 5 Customer orders
107 products while Retailer’s inventory is below 100. Fur-
thermore, at times t = 8 and t = 12 customer places two
different orders. Due to aggressive ordering (AO) adopted
by Retailer at these times, inventory at the 13th time step
increases significantly.

The shortages on inventories depicted in figures 7(b) and
7(c) demonstrate the impact of batch ordering in forecast-
ing techniques. In the MA case, batch ordering followed by
customer takes place at periods represented by markings:
1‘104@3 + +1‘107@3, 1‘92@12 + +1‘99@12. Delays on dis-
patching the goods to Retailer by Supplier on consecutive
simulation periods 31 and 32, and to Supplier by Distrib-
utor at periods 13,14,15,29 and 32 also cause shortages in
inventories. Similarly, zero inventories appear in the Dis-
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Fig. 8. Backorders (a) AO, (b) MA, and (c) ES

tributor’s and Manufacturer’s sites, caused by delays on
dispatches and batch ordering. As shown in figure 7(c)
for the ES technique with α=0.9, there are more periods
where participants encounter inventory shortages in com-
parison to MA technique. This means that batch ordering
and delays on goods dispatches using the ES method tend
to have more impact on inadequacy of supplies. Note also
that ES produces slightly more fluctuations on inventories
than the MA technique, although inventory levels on MA
are very low for long periods (e.g., Distributor’s inventory
for the last 20 periods is below 15 and Retailer’s inventory
between the 26th and 40th period is below 20).

Figures 8(a), 8(b) and 8(c) depict the backorders in sup-
ply chain participants for AO, MA and ES techniques, re-
spectively. It can be inferred that due to the more in-

ventory shortages when participants follow ES forecasting
techniques the number of backorders is also larger with this
method. Note also that backorders for MA and AO appear
mainly on the first half of the simulation period in contrast
to ES where they appear on the second half. Figure 8 illus-
trates that backorders in smoothing forecasts take place at
the downstream part of the supply chain in contrast with
AO where inventory shortages arise upstream. As expected
from the observed backorder levels, customer satisfaction
with ES is lower compared to the other two techniques.
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VI. Conclusions

In this paper we presented a simulation framework for
analysing a series supply chain system. With the aid of a
simulation model based on HCTPN we analysed three dif-
ferent ordering policies widely used in supply chain man-
agement. Simulation results suggest that MA continuous
policies offer advantages for the scenarios analysed. Us-
ing this technique we can reduce the bullwhip effect and
avoid high backorder levels, while customer satisfaction is
increased. However, supply chains are complex dynamic
systems with intricate interrelations and cumbersome func-
tions. Therefore, additional modelling work is required to
capture all characteristics of real supply chains.
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ABSTRACT 

One of today’s challenges consists in seeing simulation 
in the context of human-centered processes. This 
requires understanding simulation as complex problem-
solving, knowledge-generation and learning process but 
simultaneously as tool to support teaching and subject 
of knowledge application. Hence, the paper applies a 
knowledge management perspective to logistics 
simulation projects. Knowledge flows in the course of a 
project are analyzed and a method for continuous 
knowledge documentation is introduced to enable 
human resources involved in a simulation project to act 
properly as knowledge stakeholders and knowledge 
users to the benefit of the project; and also to strengthen 
the other role of simulation – to be a very valuable 
methodology and tool for the acquisition and storage of 
knowledge about the structure and organization of 
logistics systems and about processes of lasting effect 
for running, maintaining or even re-designing them. 
Finally, the vision of an automatically generated 
simulation project report is developed. With this, the 
paper describes ongoing research the results of which 
will not only be relevant to logistics simulation but 
applicable to other application areas of simulation, too.  
 
INTRODUCTION 

Discrete event simulation has widely been accepted as 
appropriate method and tool to support planning, 
implementation and operation of logistics systems and 
processes. Furthermore, there is a well accepted 
standard procedure of how a simulation project in 
logistics is to be run. As VDI 3633 explains this 
includes steps for problem, system and process analysis, 
model building and implementation, planning and 
running experiments as well as interpretation of 
outcomes and presentation of results. In general, 
simulation projects in the field of logistics are organized 
in the form of a service involving both, simulation 
experts and logistics experts. These partners provide 
different expertise and knowledge to be of use in the 
different stages of the simulation project: Whereas 
simulation experts are primarily responsible for model 

building and implementation, logistics experts mainly 
provide application-specific knowledge to specify the 
problem, identify input data and evaluate results. 
Neumann and Ziems (1997) identified a gap in 
communication, exchange and understanding between 
these two worlds of a simulation and proposed a 
cooperation model to ensure permanent communication 
between the knowledge stakeholders of the simulation 
project. With this each partner brings in unique 
competence and knowledge to the benefit of the joint 
project (see Figure 1). 
 
Consequently, a simulation project must not only be 
seen as a problem solving process. Instead it is a 
process of knowledge generation and acquisition as 
well. Unfortunately, information about decisions taken 
when building the model or running experiments as well 
as really new knowledge about the particular 
application or even about the simulation methodology 
gained in the course of a simulation project quite often 
stays in the heads of the people involved in the project. 
It is not externalized in a sufficient way, because 
documentation tasks are time-consuming, seen as an 
add-on to the real problem solving process and not well 
supported. As a result project-specific knowledge on 
assumptions, decisions, modeling philosophy, 
experiments and results is not kept and gets lost even 
with the persons who had been involved in this 
particular project. 
 
Against this background, research on implementing a 
knowledge management perspective in logistics 
simulation projects addresses the following questions: 
• Which information and knowledge is needed by 

whom at what stage of a simulation project? 
• Which knowledge and information is provided by 

whom in which step of a simulation project? 
• Which knowledge is generated with whom in 

which step of the simulation project? 
• How communication and understanding between 

simulation and logistics experts can be improved? 
• How project-specific knowledge about 

assumptions, decisions, levels of detail etc. can be 
externalized from the heads of the partners 
involved and how it can be formalized and kept? 

• Is there any opportunity for the automatic 
generation of a simulation project report draft? 
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Figure 1: Knowledge Stakeholders in a Simulation Project (Neumann and Ziems 2002) 
 
KNOWLEDGE AND KNOWLEDGE SOURCES IN 
LOGISTICS SIMULATION PROJECTS 

Knowledge is generally defined by Beckman (1999) as 
reasoning about information and data to actively enable 
performance, problem-solving, decision-making, 
learning, and teaching. In logistics simulation as in any 
other kind of problem-solving this knowledge is to be 
related to both the subject of the simulation study and 
the procedure of the simulation project. In general, 
logistics simulation knowledge can be described as 
entirety of specific or generalized theoretical or 
experienced knowledge about the simulation problem 
and its solution (subject-related knowledge), but also 
about the procedure and organization of the simulation 
project (procedure-related knowledge) that either 
explicitly or implicitly exists or is created in the course 
of the simulation project (Neumann 2005). 
 
In particular, subject-related logistics simulation 
knowledge comprises: 
 
1. Domain-specific knowledge necessary to clearly 

understand specifics and constraints of the 
application area. In our case this refers to general 
knowledge about logistics and material flows on 
one hand and complementary knowledge from 
related fields such as material handling technology, 
automation and control technology, ergonomics, or 
economics and management on the other hand. 

 
2. Problem-specific knowledge unambiguously 

characterizing the specific problem to be solved in 

this particular simulation project. In logistics 
simulation this includes knowledge about 
- the logistics system (e.g. structure, layout, 

technical or geometric parameters) and the 
logistics process (e.g. activities, flows) to be 
investigated, 

- logistics objects (i.e. goods, pallets, eventually 
trucks or other moving entities) affected by 
them and 

- interfaces with or links to the system’s 
environment (e.g. sources, sinks, 
incoming/leaving flows, system load) to be 
taken into consideration, 

but also knowledge about 
- the question, goals and constraints of the 

simulation. 
 
3. Solution-specific knowledge describing the 

outcomes of the simulation project. This covers all 
knowledge explaining how the given or identified 
problem might be solved. Depending on the current 
stage of the problem-solving process and phase of 
the simulation project it consists in two ways. 
Hypotheses on how a possible solution to the given 
problem might look like can refer to an appropriate 
system/process design, resulting system behavior, 
maximum system performance or any other target 
characteristics of relevance. Output data or results 
in the form of system characteristics (e.g. 
performance indicators) and recommended designs 
or modifications of a planned or existing logistics 
system and process evolve in the course of the 

 



 

simulation project to answer all questions directed 
to the simulation. 

 
In contrast, procedure-related logistics simulation 
knowledge includes: 
 
1. Methodological knowledge necessary to run a 

logistics simulation project. This refers to 
simulation knowledge such as modeling and 
discrete-event simulation methodology, 
experimental design techniques, validation methods 
or simulation tools, but also to underlying concepts 
from problem-solving and decision-making, 
mathematics and statistics, queuing theory. 

 

2. Management knowledge covering all aspects of the 
strategic and operative management of the 
simulation project such as project organization, 
team building, roles and responsibilities in the 
simulation project or knowledge sources/ 
stakeholders. 

 
As shown in Figure 2 logistics simulation knowledge 
combines aspects from a wide variety of subjects and 
logistics simulation projects require a respective 
collection of interdisciplinary expertise. Furthermore, 
logistics simulation knowledge is dynamic and always 
evolves in the course of a project. 
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Figure 2: Logistics Simulation Knowledge (Neumann 2005) 
 

Correspondingly, there are numerous and diverse 
sources and holders of logistics simulation knowledge. 
Input information to the project usually come with the 
tender specification for the simulation project or are to 
be identified and generated in the problem definition 
and data collection phases of the simulation. Procedure-
related knowledge and even more solution-specific 
knowledge are represented in the “products” of the 
simulation project. The simulation model, for example, 
is not just a tool for experimentation but also a kind of a 
dynamic repository containing knowledge about 
parameters, causal relations and decision rules gathered 
through purposeful experiments. Unfortunately, this 
knowledge is not very well documented and therefore 
exists implicitly only inside the simulation model. Thus 
one continues to find a break and discontinuity in 
applying simulation results. Knowledge important for 
the realization of simulated functionality is lost and 
needs to be re-developed by renewed implementation 
and testing. Even the obligatory project report and 
presentations contain selected, focused parts of this 
knowledge, only. 
 

To overcome this unpleasant situation consistent, up-to-
date knowledge about the simulation model and its 
developmental process needs to be gathered directly 
from and continuously during the simulation project. To 
achieve this, all participants in a logistics simulation 
project, i.e. simulation experts and logistics experts, 
need to be encouraged (and supported) permanently to 
provide background knowledge about his or her 
motivation for going in one rather than the other 
direction, for changing the model structure or 
parameters in a certain way, for keeping a particular 
type of possible solutions and abandoning others, for 
looking for information, knowledge and support from 
one source instead of another. This procedure will work 
only if it is directly integrated into the “normal” 
simulation activities – with no or little extra effort. 
Techniques like structured documentation, continuous 
exchange or ongoing reflection and generalization help 
to cope with this and to master complexity and 
dynamics to the benefit of both a logistics simulation 
project in particular and logistics simulation 
methodology in general. 
 

 



 

APPROACHES TO SUPPORT SIMULATION 
KNOWLEDGE ACQUISITION AND SHARING  

Taking into consideration the needs for supporting 
knowledge exchange and storage in simulation projects, 
a number of relevant approaches can be found in 
literature and implementation: 
 
Brandt et al. (2001) describe a case-based approach to 
gain experience-based knowledge on project 
management in the field of software engineering and 
make it available for re-use in future projects. For this, 
all kinds of experiences, e.g. templates of documents, 
guidelines, observations, problems and their solutions, 
proposals for improvements and lessons learned, are 
gathered from interviews with project team members 
and stored in a central repository, the experience base. 
Applying this method to logistics simulation projects, 
acquisition and sharing of simulation management 
knowledge as explained above could be supported. In 
the end, this would allow a new simulation project to 
directly benefit from previous projects with similar 
simulation goals, application areas or re-usable models. 
 
Simulation-specific collaboration infrastructures aim to 
support knowledge exchange within a particular 
simulation project and knowledge sharing within a 
wider simulation community. For example, the Web 
Based Simulation Center (WBSC – http://www.b2bsim. 
de) offers simulation services and software renting via 
application service providing (ASP) on the web to 
initiate business relations, to support communication 
and cooperation in the course of the simulation project, 
to run simulation models and to present simulation 
results (Lorenz 2003). The Virtual Centre for 
Simulation (Sim-Serv – http://www.sim-serv.com) as 
another example has been set up to provide a one-stop 
shop where the full range of simulation technologies 
may be accessed in one place, rapidly and on-line. 
Apart from an independent support for users to define 
and manage their projects a permanently updated 
knowledge pool containing general information about 
the simulation methodology and technology is offered. 
Those services help to bring together simulation expert 
and domain expert and, with this, might form the 
technological fundament of a common simulation 
portal. 
 
Some of today’s simulation packages offer functionality 
to automatically generate a verbal model description out 
of more or less abstract model structure, layout and 
parameter information. DOSIMIS-3 (http://www.sdz. 
de), which is a simulation package for material flow and 
logistics simulation, forms an example for this user-
friendly support. This way, a model and its specifics can 
be explained to non-experts in the syntax and language 
of a particular simulation tool. But still, the reasons for 
building the model that way, for setting particular 
parameters or defining decision processes are not 
covered by this and remain hidden. 

 
To present a person’s individual impressions on a 
model’s behavior and his/her understanding of 
simulation results to the computer, Helms and Strothotte 
(1992) first mentioned viewpoint descriptions as a tool 
initiating reasoning processes on necessary changes to 
the simulation model. They introduced this specific 
method called oracle-based model modification into 
simulation model validation as a new kind of 
communication and interaction between the human 
observer of simulation results and the computer as the 
simulation model using authority. In general, a 
viewpoint description represents an individual view on 
existing things in a formalized way. It consists of a 
documentation part describing the initial state of the 
cognitive object (including qualitative statements and 
causal dependencies) and a criticism part describing its 
target state in the form of assessments, problems and 
tasks. Neumann and Ziems (2002) recommended to 
apply the viewpoint description approach to provide a 
systematically and continuously growing formalized 
description of the simulation expert’s or logistics 
expert’s personal view reflecting the current state-of-
knowledge and understanding about the simulation 
problem (and its solution) and the problem solving 
process including all changes in the course of the 
simulation project. But to really make use of this 
particular approach to acquire and store logistics 
simulation knowledge, the documentation frame as 
originally delivered requires further structuring and 
definition of knowledge categories to be represented. 
The main challenge consists in being as general and as 
domain-specific as possible at the same time. 
 
Summarizing the current state-of-research with regard 
to supporting knowledge explication in simulation 
projects in general and in logistics simulation projects in 
particular, it can be stated that the research questions as 
mentioned earlier are not answered yet. Furthermore, 
technical implementation remains difficult; already 
implemented functionality is scattered across various 
existing software solutions. Approaches to document 
methodological simulation knowledge, a comprehensive 
approach for seamlessly integrating respective 
functionality into the simulation tool as well as a 
formalized documentation structure are still missing. 
 
METHODOLOGY FOR STRUCTURED 
SIMULATION PROJECT DOCUMENTATION 

To develop an appropriate documentation structure and 
methodology, a logistics simulation project aiming to 
compare principal solutions for crane-operated 
container storages has been accompanied from an 
external observers point of view. The goal of the 
simulation service was to gain findings on the 
economically more efficient and technically better 
performing crane design under varying scenarios and 
performance requirements. To learn about knowledge 
flows in the course of the project and identify relevant 
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knowledge categories for the documentation all 
document and information flows as well as information 
forwarded with them or in meetings were recorded. 
From this, a structure and procedure to describe the 
simulation model as well as the simulation project and 
its results in a formalized way have been derived. 
 
A first result is formed by a specific documentation 
structure for recording a project meeting (see Figure 3). 
This framework does not only consist of categories with 
typical information on a meeting, such as location, time, 
participants etc., but more important it allows collecting 
detailed knowledge about the particular simulation 
project. For the latter, subject-related knowledge was 
clearly separated from procedure-related knowledge and 
individual sub-categories for both knowledge aspects 
have been defined. Following the basic structure of a 

viewpoint description each knowledge category 
contains a documentation and a criticism part with 
problems and tasks. Whereas the documentation part of 
procedure-related knowledge represents the main 
aspects of a simulation-based problem-solving process 
in general, the documentation part of the subject-related 
knowledge was specifically structured according to the 
application area of logistics. Consequently, on the first 
level it is further divided into object, system, process 
and environment categories which are suitable to 
completely describe a logistics problem and solution. If 
the proposed documentation framework is to be applied 
to any other application area of simulation, this specific 
part would have to be adapted to the relevant elements 
of problems and their solutions in this particular area. 
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Figure 3: Structure for Documenting a Project Meeting (Minutes of the Meeting) 
 

 



 

 
In each project meeting one copy of this template has 
been filled with the particular contents and results 
leading to a growing set of documents with structured 
simulation knowledge. In addition to this, further 
exchanged documents, written or oral communication 
outside the meetings and further external knowledge 
sources used within the project have been analyzed in a 
similar way and increased the project-specific 
knowledge collection. From step-by-step uniting all of 
these individual documents according to the project 
progress, a project-accompanying structured 
documentation of both the state-of-the-problem (and 
solution) and the state-of-the-problem-solving 
(including the state-of-development of the simulation 
model, methods and tools used or decisions taken) was 
derived. Here, the suitability and appropriateness of the 
structuring approach has been proven useful, because 
all information and knowledge elements could be 
included into the framework independent of their 
source. At the same time the state-of-documentation 
resulting from each newly added source of knowledge 
also represents the particular state the project had 
reached at that point in time. With this, not only 
moment-specific representations of project knowledge, 
but also period-related representations of project 
progress become storable in a formalized way. Due to 
the fact that knowledge on the problem or solution and 
knowledge on the project procedure are always jointly 
documented, not only a purposeful reflection of taken 
decisions is required, but also a clear explanation of all 
modifications to the model, procedure or solution 
initiated by those decisions. Together with the 
corresponding files containing the simulation model this 
would principally allow to return to any point in the 
problem-solving process and continue from there 
towards a different path whenever this seems to be 
necessary or appropriate. 

In the course of a simulation project, especially if it is a 
more complex one, the resulting documentation tree 
might reach a high level of complexity and could hardly 
be graspable. Because of this, further research is 
currently oriented towards identifying suitable general 
sub-structures of the problem-/solution-specific 
documentation categories. Input for this is provided by 
the generally defined classes of logistics simulation data 
(i.e. technical, organizational and performance data - 
see VDI 3633) and also by further approaches to 
characterize logistics processes, systems, models, 
problem-solving methods and heuristics in a 
standardized way. 
 
CONCLUSIONS AND FURTHER RESEARCH 

Human resources involved in a simulation project are 
the key factors for its success and efficiency. As 
discussed in this paper, the different background 
knowledge and expertise of the simulation and domain 
experts who jointly run the project produces a 
considerable need for cooperation and with this for 
communication and explanation as well as mediation, 
moderation and translation. The basis for successful 
collaboration is an ongoing, well-defined and well-
structured documentation of the simulation model, 
simulation runs and the simulation project with all its 
assumptions, agreements, and decisions. Here, the main 
challenge consists in explicating and keeping all aspects 
of knowledge specifically used and generated in the 
course of the simulation project (see Figure 4). This 
knowledge equally covers fundamental parts which are 
independent of the application area and strongly 
application-specific parts which have to be represented 
by the documentation framework as well. 
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Figure 4: Sources, Evolution and Gaps in Logistic Simulation Knowledge 

 



 

The methodological approach as proposed in this paper 
meets this challenge. It helps to identify who knows 
what about the logistics system and process, but also 
about the simulation project behind it, why something 
was decided in which way, which system configuration 
and which set of parameters worked how well together, 
what is represented in the simulation model and what 
are the limitations of its validity and usability. With this 
the process of a simulation project becomes a process of 
knowledge creation and acquisition at the same time 
without too much additional effort for all involved. The 
clue to the successful implementation of those 
knowledge management procedures is often an 
appropriate (supporting) environment and climate in the 
organization. Concerning this, there is often a greater 
need for a cultural shift than for additional software 
tools and IT solutions. 
 
Taking the latter into consideration a questionnaire-
based survey is running with the user group of the 
DOSIMIS simulation package to understand who is 
documenting what for what purpose and by when in the 
context of a logistics simulation project. This is 
expected to provide some deeper insights in the current 
documentation culture with simulation service 
providers. Furthermore, individual needs and wishes for 
supporting documentation efforts in general and with 
respect to the particular simulation tool are questioned 
to gain a clear picture on deficits and the potential 
acceptance rate of a respective software solution. 
Although the survey is addressed to a small and focused 
sample of simulation experts the findings will allow 
specifying functional requirements for supporting tools 
and even more identifying access points to strongly 
motivate the implementation of the approach of a 
structured documentation framework.  
 
In principle, application of the approach might offer a 
number of chances: 
 
• To support an ongoing communication between the 

partners in a simulation project for achieving a 
common understanding of the logistics process and 
system to be investigated; 

• To avoid any loss of information and knowledge in 
the course of the simulation project; 

• To provide a kind of check list for data collection 
and a template for model design straight at the start 
of the project (What is to be taken into 
consideration for model building? Which 
information are required for the investigation?); 

• To (automatically) create the draft of the simulation 
project report directly from the ongoing project 
documentation (including all assumptions, 
agreements, decisions). 

 
Especially the vision of an automatically generated 
simulation project report is expected to address a 
particular need within the simulation community, 

because producing a report on the simulation project 
adequate to the processes and results is quite time-
consuming and does not belong to the most-welcomed 
tasks within such a project. But the benefits that might 
be achievable by this are not only related to time-saving 
aspects and the increase of a simulation project’s 
efficiency, but even more to provide a means for quality 
assurance. Pre-condition for this is in any case to embed 
the documentation task into the “ordinary” problem-
solving activities as seamlessly as possible. For this, 
comfortable interfaces and links to the simulation tools 
need to be developed or an extended functionality for 
commenting and annotation is directly to be integrated 
into them. Ideally, the main part of the project 
knowledge to be documented is directly (and in this 
way hidden to the persons involved in the simulation 
project) taken from documents and models which are 
produced in the project anyway as well as from tools 
which are commonly used for experimentation purposes 
or statistical analysis of simulation outcomes. 
 
For bringing this vision to reality, future work as 
discussed is to be spent on the further formalizing and 
sub-structuring of the proposed documentation structure 
and also on its implementation into appropriate 
supporting software – if at all possible directly linked to 
a widely used simulation tool. 
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ABSTRACT

Because of modern supply chains complexity, supply 
chain managers are presently making decisions which 
are associated with some risk. This paper discusses risk 
problem in supply chains and presents a supply chain 
risk assessment approach. The Beer Game model, which 
is a simplified example of a supply chain, is used to 
demonstrate application of the suggested risk assessment 
approach. Two risk events are taken into account: 
inventory excessive accumulation and backordering. 
Simulation experiments with the computerised version 
of the Beer Game show that the approach presented can 
be used for assessing supply chain risk; at the same time, 
it is possible to illustrate risk occurrence using the Beer 
Game model.

INTRODUCTION

It is self-evident that modern supply chains are 
becoming very complex. Managers have to organise 
numerous parallel physical and information flows with 
the purpose to access the main logistic goals such as 
right production quantity, right production delivery 
place, right production delivery time etc. Technology 
development provides supply chain specialists with 
more efficient management approaches, which help 
them minimise inventories, define customer demand 
more accurately and count other values that
considerably reduce logistic costs. As a result of such 
accurate management, these supply networks become 
very vulnerable to disruptions and unexpected 
situations. It is easier to create quite an effective 
management approach for the case of deterministic 
systems, where all the input data are known to managers, 
whereas most of the real-world supply chains systems 
can only be represented with the help of stochastic 
models with strongly expressed influence of uncertainty. 
Unfortunately the uncertainty factor generates risks.
Besides, many of the key risk factors in supply network 
have developed from such pressures as productivity 
enhancing, waste eliminating, supply chain duplication 
removing, cost improvement driving etc (Strauffer
2003). But actually, taking decisions aimed to decrease 
risks event probability, supply chain managers may 

increase total yields. Still, manager has to use techniques 
for measuring risk probability.
Due to modern supply networks complexity, it is 
difficult to get precise values of such risk event 
probabilities using analytical modelling only. Here,
simulation approaches prove to be effective for 
obtaining adequate information about risks in supply 
chains. This paper describes the simulation-based 
approach to assessing risks in the concretised supply 
chain, which is the Beer Game network. The Beer Game 
is a widely-known simplified supply chain simulation 
model, which is used for studying (usually for students) 
features of information and physical flows distribution 
in supply networks (Simchi – Levi D. et al. 2003). The 
main idea of the present paper is to describe supply 
chain risk assessment approach and its application to the 
Beer Game model. It should be noted that the work 
presented is exploratory and the approach described 
should not be seen as a definite solution for calculating
risk values. 

BACKGROUND

Before representing the Beer Game model and 
describing the approach to calculating risk values in it, it 
is necessary to outline common risks in supply chains. 
Besides, the following paragraph provides some 
information about existing researches in the sphere of 
simulation-based risk management.

Risk Management 

According to common definition, risk is the potential 
harm that may arise from some present process or from 
some future event. Still, in some cases (spheres) a
definition of that kind may not fully represent meaning 
of risk. Thus, for successful risk management in the 
determined sphere, it is necessary to specify these 
meanings: meaning of risk, types of risk and risk 
measurement approaches (Giniyatov).
Let us present the following supply chain risk definition 
(according to Assistant Professor of Supply Chain 
Management at Michigan State University, George 
Zsidisin): the potential occurrence of an incident 
associated with inbound supply from individual supplier 
failures or the supply market, in which its outcomes 
result in the inability of the purchasing firm to meet 
customer demand or cause threats to customer life and 
safety (Clouse and Busch 2003).



Risk types can be easily described in the form of 
classification. Still, taking into account the multi-shaped 
features of risks, it is self-evident that classification 
performance strongly depends on the decision maker’s
subjective opinion. Thus, different criteria should be 
used for different classification situations. Classification 
criteria could be business activity type, risk degree, risk 
origin reason etc. For example, Mark Clouse and Jason 
Busch suggest to group supply risk into 5 major 
categories based upon companies sourcing and supply 
management projects and examine the drivers behind 
each. Those categories are: strategy risk, demand risk, 
market risk, implementation risk and performance risk
(Clouse and Busch 2003). The LFA methodology suggests 
a more detailed supply chain risk classification that is 
given bellow (Logistic Field Audit TM 2004):

foreign risk;
supply chain common elements risks:

o purchasing risk;
o production risk;
o realisation risk;
o production return management risk.

logistic management risk:
o structural risk;
o financial risk;
o information technologies risk;
o operation risk:

transportation risk;
customs risk.

After different classifications are reviewed, proper risk 
classification for a simplified supply network, which is 
similar to the Beer Game, can be shown in this paper. 
This classification contains only three main points and 
takes into account only those problems, which can slow 
down production moving over the supply chain. They 
are:

purchasing risk (the supplier doesn’t have 
enough inventory to satisfy current supply 
chain member’s replenishment order, payment 
transfer delay etc.);
delivery risk (risk that the supplier will not 
provide ordered goods in time; such risks 
include transportation risk, attendant
documentation failures, recipient warehouse 
repletion etc.);
warehousing risk (damages during
warehousing, stealing, attendant documentation 
failures etc);

Two main methods of risk measurement can be 
distinguished: expert opinion based method and 
statistical method. For a long time companies were 
defining, prioritizing, mitigating and auditing risk with 
the help of subjective measurement approaches 
(Agarwal 2005). There are many approaches to modern 
expert based measurement, which take into account 
experience and intuition of many people with the 
purpose to reduce possible decision mistakes. However, 

the use of expert method is usually connected with the 
time losses, and it cannot be performed without 
necessary expert help (for example, making decisions in 
a new sphere). At the same time, the result of such 
measurement still remains subjective. Thus, statistical 
method proves to be more effective for measuring risk 
within the framework of simulation. Taking into account
that risk event occurrence probability and precise risk 
consequences are unknown variables, probable 
outcomes are usually assumed to be random variables. 
Let us distinguish some basic approaches to statistical 
measurement of risk that are based on (Pettere and 
Voronova 2003):

arithmetic mean;
average absolute deviation;
average square deviation;
risk probability;
coefficient;
risk scales.

In many cases the value of arithmetic mean for losses, 
which already happened, can be useful enough for risk 
assessing. In other cases average absolute deviation of 
those losses can expand efficiency for risk measurement. 
The risk assessment based on calculating average 
absolute deviation is very popular in the sphere of 
finance. The Value at Risk (VaR) measurement is a 
classical example of the mentioned approach. In the 
sphere of logistics, Inventory at Risk (IaR) and Demand 
at Risk (DaR) are similar approaches to such risk 
assessment (Sodhi 2005). Another approach defines risk 
value as the probability that risk event will occur. When
it is necessary to take into consideration risk event 
probability and risk event severity values, the risk 
coefficient can be used to compare different risk 
situations. The last approach to risk measurement is 
based on risk scales application. Unfortunately,
researches in that area do not provide a standartised 
approach to risk scale creation, which is the main 
disadvantage of this approach.

Simulation-Based Risk Measurement

Today, simulation is widely accepted for predicting, 
explaining, training and identifying optimal solutions. 
Simulation is used extensively in sphere of logistic 
systems to model production and assembly operations, 
develop realistic production schedules, study inventory 
policies, analyze reliability, quality and equipment 
replacement problems and design material handling 
systems. There are many well-known benefits of 
simulation. For example, simulation allows one to 
evaluate outcomes of any decisions before implementing 
them into real systems; simulation models are easier to 
understand than many analytical approaches; simulation 
allows one to create models, whose analytical realization 
is impossible or complicated (Evans and Olson 1998). It 
can be assumed, that such abilities make simulation very 
useful for risk analysis. It should be noted that the idea 



to assess risk using simulation, is not new. For example, 
Monte Carlo simulation can be used for supply chain 
risk analysis which is associated with hazards (Elkins et 
al. 2004). Another example discusses the possibility of
making wrong decisions in the sphere of inventory 
management (Deleris and Erhun 2005).
This paper describes an approach to risk analysis in the 
simplified supply chain, which is represented by the 
Beer Game. The Beer Game is the training program, 
which illustrates the dynamics of supply chains and 
teaches principles for effective inventory replenishment 
management. The goal of this game is to minimise the 
total inventory holding and unmet demand (backorder) 
cost. At the same time, the modelling with the Beer 
Game can illustrate risk influence in supply chain and 
simulation-based risk measurement approaches. 

SUPPLY CHAIN: BEER GAME BASED MODEL

As was mentioned previously, this paper discusses risk 
assessment in simple supply chain system, which is used 
in the Beer Game. This section describes the above-
mentioned model and also gives information about risk 
calculation within the framework of this supply chain
model. It is necessary to notice, that classic Beer Game 
is typically played on a large board. In our case the 
computerised version of the game is used instead. 
Actually, the computerised game can fully represent the 
classic onboard game. At the same time, the strong
advantage of the computerised model is built-in 
inventory replenishment policies which can be used for 
automated supply chain component management. 

Beer Game Model

The Beer Game simulates the following scenarios. First, 
consider a simplified beer supply chain consisting of a 
single retailer, a single wholesaler who supplies the 
retailer, a single distributor who supplies the wholesaler, 
and a single factory with unlimited raw materials which 
makes (brews) the beer and supplies the distributor. 
Each component in the supply chain has unlimited 
storage capacity, and there is a fixed supply lead time 
and order delay time between each component.
Every week, each component in the supply chain tries to 
meet the demand of the downstream component. Any 
orders which cannot be met are recorded as backorders, 
and met as soon as possible. No orders will be ignored, 
and all orders must eventually be met. At each period, 
each component in the supply chain is charged a $1.00 
shortage cost per backordered item. Also, at each 
period, each component owns the inventory at that 
facility. In addition, the wholesaler owns inventory in 
transit to the retailer, the distributor owns inventory in 
transit to the wholesaler, and the factory owns both 
items being manufactured and items in transit to the 
distributor. Each location is charged $0.50 inventory 
holding cost per inventory item that it owns. Also, each 
supply chain member orders some amount from its 
upstream supplier. It takes one week for this order to 

arrive at the supplier. Once the order arrives, the 
supplier attempts to fill it with available inventory, and 
there is an additional two week transportation delay 
before the material being shipped by the supplier arrives 
at the customer who placed the order. Each supply chain 
member has no knowledge of the external demand 
(except, of course, the retailer), or the orders and 
inventory of the other members. The schema of the 
described system and its simulation environment are 
shown in Figure 1. 

Figures 1: Computerised Beer Game Model

The goal of the retailer, wholesaler, distributor, and 
factory, is to minimize total cost, either individually, or 
for the system (Kaminsky and Simchi – Levi 2003).

Risk Measurement

This paper does not describe mathematically how supply 
chain parameters affect the risk probability. Thus, only 
local risk (inventory risk at each warehouse) calculation 
is described. Still, four risk events can be distinguished 
for the above-mentioned model:

current warehouse inventory level cannot be 
replenished due to out of stock at the previous 
supply chain member warehouse;
demand increasing causes inventory 
devastation, so the current demand cannot be 
satisfied;
demand decreasing causes inventory level 
excessive increasing, which will accordingly 
raise inventory costs;
chosen inventory replenishment policy leads to 
unplanned total costs.

From the above it follows that two model output 
variables can be used for making risk assessment: 
inventory level and unsatisfied orders quantity 
(backordering) at each warehouse. As was mentioned 
before, there are different types of risk assessment
approaches. This paper introduces the idea that risk 
calculation approaches can be used to compare the 
efficiency of chosen inventory replenishment policies. 



Risk assessment is carried out in three ways. The first 
one represents risk assessment due to risk probability. 
The next one describes risk assessment due to risk 
coefficient calculation for each of output variables
which are inventory level and backordering. At the final 
step, both risk coefficients summation is described, 
which gives a more effective opportunity for supply 
chain management decision making.

Probability as a Measure of Risk
Usually, for adequate risk assessment, risk event 
probability calculation is necessary. Still, the probability 
itself can be a good enough measure for risk estimation. 
The probability can be measured in subjective and 
objective ways. For the described Beer Game model, 
objective measurement is used that is based on
simulation output statistics. In such a way, a probability 
can be measured, which describes inventory and 
backordering levels values for the next time. Thus, the 
probability that inventory level (backordering level) will 
be equal to i, is two values relation (1): the number of 
simulated weeks, in which such inventory level 
(backordering level) has been registered; and the 
number of simulated weeks. Inventory and backordering 
probabilities can be calculated as follows:

L
xip

I
iI )( (1)

)(ip I : probability that inventory level will be equal to 
number i.

I
ix : number of simulated weeks, in which inventory 

level was equal to number i.
L: number of simulated weeks.

L
xip

O
iO )( (2)

)(ipO : probability that backordering level will be 
equal to number i.

O
ix : number of simulated weeks, in which backordering 

level was equal to number i.
Still, a calculation of that kind does not provide
effective risk assessment. A more useful form is 
calculated probabilities accumulation, which gives us 
risk measurement approach similar to Value at Risk.
Thus it is possible to calculate the probabilities that 
inventory level (or backordering level) will not exceed 
the chosen value:

i

j

II jpiP
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)(iP I : probability that inventory level will not exceed 
value i.

i

j

OO jpiP
1

)()( (4)

)(iPO : probability that backordering level will not 
exceed value i.
So, supply chain manager has to choose the restriction 
value. This paper describes calculations, which produce 
the probability that:

inventory level will not exceed value 10;
the number of back orders will not exceed 
value 0.

Risk Coefficient as a Measure of Risk
When risk is calculated as a risk event probability, the 
risk costs are not taken into account. This is not a 
problem when risk costs are identical. In the Beer Game
case, each event, spare inventories and backordering,
has different costs, which depends on the size of spare 
inventories and number of unsatisfied orders,
accordingly. Thus, the simplest way to calculate such 
risk coefficient is to multiply probability value and costs 
factor:
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Ir : risk coefficient for the chosen inventory level 
exceeding.

I
jc : cost function for the chosen inventory level.

N: maximal inventory level registered during simulation.
K
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Or : risk coefficient for the chosen backordering level 
exceeding.

O
jc : cost function for the chosen backordering level.

K: maximal backordering level registered during 
simulation.

Complex Risk Coefficient
Having an approach to inventory risk and backordering
risk assessment, one can make decisions intended for 
their separate management. Nevertheless, as was
mentioned previously, there are many cases when one 
risk event probability decreasing causes other risks 
event probabilities. For example, it is possible to create 
inventory replenishment policy, which fully excludes 
backordering event, but at the same time, such a 
decision will strongly increase average inventory level at 
the warehouse. So, it is useful to make all risk criteria 
summation, which follows from multiple criteria 
decision theory:
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R: complex risk coefficient.
Thus, according to the above-mentioned formula, the 
risk management aims for coefficient R minimisation. It 
is also necessary to point out the disadvantage of that



approach. It doesn’t take into account an income from 
supply chain operations.

EXPERIMENTS

The simulation illustrates application of the described 
approaches to risk assessment in the simplified supply 
chain. This paper discusses three experiments with the 
Beer Game model. For those experiments, identical 
client demand distribution generators were used (input 
data). The main goals of the experiments were to 
represent risk assessment approach and investigate how 
different inventory replenishment policies could be 
compared based on risk measurement criteria.
For each experiment, only one replication was used, 
whose simulation time was 300 weeks. Besides, risk 
calculation does not include the first 100 week period
data (warm-up period). 
For the first experiment, basic inventory replenishment 
policy (default inventory replenishment policy of the 
above-mentioned computerised Beer Game) is used for 
all supply chain members. This policy is called
“Updated s”. According to that policy, each order has to 
fill inventory level up to value s, which is continuously 
updated to the following value: the moving average of 
demand received by current supply chain member over 
the past 10 weeks times the lead time for an order placed 
by that member, plus M times an estimate of the 
standard deviation during the lead time.
Table 1 represents risk assessment based on risk event 
probability calculation.

Table 1: Risk Probabilities in Experiment 1

Retailer Wholesaler Distributor Factory
PI(15) probability that inventory level will not 

exceed value of 15
97,5% 84% 55% 25,5%

PO(0) probability that backordering level will 
not exceed value of 0

89,5% 88% 88% 95,5%

One can see that the probability for warehouse to be 
over-crammed grows up due to the final supply chain 
member; thus it evidently shows the presence of the 
Bull-whip effect.
The next table shows risk assessment based on risk 
coefficient calculation.

Table 2: Risk Coefficients in Experiment 1

rI rO R
Retailer 2,945 0,430 3,375
Wholesaler 4,493 0,685 5,178
Distributor 8,058 0,765 8,823
Factory 13,220 1,250 14,470

In the second experiment, the input parameters contain 
similar values except for inventory replenishment policy 
at “Distributor” warehouse, which uses Min-Max 
inventory replenishment policy. Table 3 and Table 4
represent risk assessment results according to the second 
simulation experiment.
It seems that risk criterion was improved due to the 
second experiment. Still, new inventory policy at 
“Distributor” warehouse badly affects the last member 
of the supply chain.

Table 3: Risk Probabilities in Experiment 2

Retailer Wholesaler Distributor Factory
PI(15) probability that inventory level will not 

exceed value of 15
98,5% 88,0% 72,5% 11,5%

PO(0) probability that backordering level will 
not exceed value of 0

92,5% 90,5% 90,0% 99,5%

Table 4: Risk Coefficients in Experiment 2

rI rO R
Retailer 2,820 0,190 3,008
Wholesaler 3,888 0,375 4,263
Distributor 5,240 0,380 5,620
Factory 13,093 0,020 13,113

The last experiment’s input data contain “Distributor” 
Min-Max policy parameters alteration, which decreases
inventory level exceeding and backordering risks.

Table 5: Risk Probabilities in Experiment 3

Retailer Wholesaler Distributor Factory
PI(15) probability that inventory level will not 

exceed value of 15
97,5% 87,5% 65,5% 42%

PO(0) probability that backordering level will 
not exceed value of 0

90,5% 89,5% 92,5% 96%

Table 6: Risk Coefficients in Experiment 3

rI rO R
Retailer 2,803 0,315 3,118
Wholesaler 4,065 0,450 4,515
Distributor 6,238 0,500 6,738
Factory 9,525 0,295 9,820

The table data give an opportunity to ascertain risk 
dependence on the changes in the supply chain. Making 
the collected risk measurement values research, one can 
compare different policies due to collected risk 
indicators research. It is also possible to observe how 



policy changes at one member of supply chain affect the 
risk factor at other members.
It seems that both the risk probability and the risk 
coefficient calculations are usable enough for risk 
assessment. Still, it is much easier to make supply chain 
management decisions using percentage values. On the 
other hand, such an assessment does not take into 
account risk costs function.

CONCLUSIONS

This paper introduces a risk measurement approach, 
which can be applied to supply chain management. The 
obvious advantage of such risk assessment is 
calculation-based measurement that means subjectivity
dependence reducing. Thus, it is easier to integrate this 
approach into models to enable automated risk 
calculation. It should be noted, however, that the 
described risk event probability and risk coefficients 
calculation results have to be analysed by experts.
Another disadvantage of this risk assessment approach is 
the necessity for the statistical data. Therefore, it is 
worthwhile to use such risk assessment in combination 
with simulation, in order to provide necessary data.
The purpose of the paper was to demonstrate risk 
assessment possibility using the Beer Game model. The 
described approaches were applied to the computerised 
version of the Beer Game. According to simulation 
results it is possible to draw conclusions about the 
adequacy of the described risk measurement approach. 
In particular, the calculated risk values can be used to
compare different inventory replenishment policies.
Still, the presented paper is only a start for future 
research, which will be mostly focused on risk studying 
environment creation. The chosen computerised version 
of the Beer Game causes some difficulties during 
experiments implementation. Most likely, it will be 
necessary to implement a new program that would 
represent the Beer Game supply chain management 
model with the integrated risk assessment approach. 
Future research also has to include risk coefficient 
rationing and multi criteria optimisation mechanisms to 
provide a more effective measure for making 
management decisions. Another task of future research 
is to modify the Beer Game model to make it more 
intended for studying risk in supply chains.
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ABSTRACT

The paper presents a Java framework for analysing and 
processing wound images, which are incorporated in e-
learning tools, to be used by both the students and the 
teaching staff in their didactic and research activities.
We implement in Java traditional methods and 
algorithms for analysing a digital picture of a wound 
from a specific distance, for identifying its boundaries 
and for calculating its area. We build in Java models for 
various categories of wounds, due to aetiologies such as 
pressure, burn, chilblain, vascular insufficiencies, 
diabetic foot ulcer, venous leg ulcer and other chronic 
disease states. Based on colour and texture analysis, we 
identify the main barriers to wound healing, such as 
tissue non-viable, infection, inflammation, moisture 
imbalance, or edge non-advancing. The Java framework 
provides the infrastructure for preparing e-learning 
scenarios based on practice and real world experiences.
Also, we rely on new paradigms of artificial intelligence 
(Bayesian Inference, Case Based Reasoning and 
Intelligent Agents) for creating e-learning scenarios to 
be used in a context of active learning. To implement 
these e-learning tools, we use Java technologies for 
dynamic processes and XML technologies for dynamic 
content (data and documents). 

INTRODUCTION

Medical images are valuable in both didactic and 
research activities, for students in medicine and 
pharmacy. Digital pictures are in great demand, because 
digital technologies provide unlimited resources for 
medical and pharmaceutical education. Computerized 
image processing contains methods for non-invasive 
wound evaluation, allowing an accurate diagnosis in a 
large category of patients with damaged and ulcered 
skin. Traditional non-invasive technologies are limited 
frequently to subjective visual evaluations. Colour and 
texture information provide the infrastructure for a 
structured approach to non-invasive wound assessment. 
As presented in (Hansen et al. 1997), statistical methods 
are useful in assessment of potential methodologies for 
non-invasive wound evaluation using a colour imaging 
system. In (Krouskop et al. 2002) is described a non-

contact wound measurement system for surface area and 
volume of wounds. A classification method based on 
colour and texture analysis is proposed in (Acha and 
Serrano 2000), being applied for burn wound images.

This paper presents a Java framework for analysing, 
processing and understanding wound images. This 
represents our initial work towards a model of colour 
and texture based simulation for wound healing. We use 
the RGB (Red-Green-Blue) colour space to define a set 
of image features for every category of wounds. To 
identify a wound in an image, we implemented specific 
methods based on some generic criteria, such as normal 
skin, wound skin, yellow wound, black wound, red 
wound, etc. For some applications we use as main 
colours Red, Yellow and Black to asses the gravity of a 
wound. Generally, wounds have a non-uniform mixture 
of yellow slough, red granulation tissue and black 
necrotic tissue. Analysing a succession in time of more 
images for the same wound, we can assess the recovery 
or worse evolution.

Traditionally, programmers use C, C++ and C# to 
develop applications for image processing. However, if 
we have to analyse and process images in a Web 
context, the best solution is to manage it in Java. Our 
purpose is to develop e-learning tools for students and 
residents in medicine and pharmacy, to be used in both 
didactic and research activities. In (Prodan et al. 2003) 
we defined and implemented a Java framework for 
designing and implementing e-learning scenarios. We 
used this framework to develop e-learning tools to be 
used by students and residents to learn biostatistics, in a 
context of open learning. We have to extend this system 
with specific e-learning scenarios for medical education. 
Our aim is to create and implement in Java an automatic 
method which can be used as a reference standard for 
colour and texture wound analysis. We have to create e-
learning scenarios by applying this method to large 
amounts of wound image data stored in XML based 
knowledge data (Figure 1). 



Figure 1: General method for creating the e-learning 
scenarios

The objective is to develop appropriate skills in wound 
management for a learner that traverses such an e-
learning  scenario. The e-learning scenarios are practice 
driven and relevant to professional practice, being used 
by students in medicine and pharmacy, at graduate, 
postgraduate and residency levels. Wound image 
understanding is a difficult knowledge-based process 
and we have to use the new paradigms of Artificial 
Intelligence (e.g. Bayesian Inference, Case Based 
Reasoning and Intelligent Agents) to manage it. We 
collected large amounts of wound image data and we 
have to include them in XML and CBR (Case Based 
Reasoning) knowledge bases. We are working in a 
continuous collaboration with physicians and wound 
care experts from our university and from health care 
and medical units. We have continuous access to actual 
medical records to have in view the wound evolution 
and to verify both the accuracy and the consistency of 
our system. The advantage of using Java for this 
purpose is the integration without any difficulty with 
other Web based facilities.

METHODS FOR IMAGE PROCESSING

We are creating a collection of Java class libraries,
implementing methods for processing images
corresponding to various categories of wounds, due to 
aetiologies such as pressure, burn, chilblain, vascular 
insufficiencies, diabetic foot ulcer, venous leg ulcer and 
other chronic disease states. We implement general 
methods that create many common special effects, such 
as the following:

Control the brightness and the contrast of an image;
Highlight a particular area in an image;
Sharpen all or part of an image;
Blur all or part of an image;
Apply colour filtering to an image;
Perform edge detection on an image;
Morph one image into another image;
Apply colour inversion to an image;
Change the size of an image; 
Create a kaleidoscope of an image;
Squeeze part of an image into a smaller one;
Deal with the effects of noise in an image. 

A digital image consists of a two dimensional array of 
pixels Pmn with m rows and n columns. We represent an 
image in internal memory as a three dimensional array 

Pmn4, each pixel being described in a specific RGB 
format (Prodan and Prodan 1997) by four unsigned 8-bit 
integers. The first three integers represent the base 
colour components (Red, Green and Blue), and the 
fourth integer, referred to as  (alpha) represents the 
transparency. A specific colour is obtained by mixing 
different amounts of basic colours (red, green and blue) 
with a specific transparency. The standard Core Java 
Technologies provides methods for processing digital 
images. The package java.awt.image contains methods 
that allow to blur, sharpen, brighten or tone down an 
image. The class ConvolveOp implements a 
convolution from a source to a destination image, 
replacing each pixel with some combination of the 
original pixel and its neighbours. We will create the 
Java framework by implementing the image processing 
algorithms into one of the following two layers:

Layer 1 – which contains the low-level 
implementations, allowing to operate directly on 
pixels.
Layer 2 – which contains the high-level 
implementations, based on standard Java libraries 
such as JAI (Java Advanced Imaging) API. 

For each wound we have to find out some quantitative 
and qualitative attributes for assessing the healing state. 
As quantitative attributes we have to measure its surface 
area and its volume (evaluating depth). We process the 
original image with the purpose to emphasize the 
distinction between wound and non-wound area. We use 
some general methods to enhance the image, because 
we must exaggerate the distinction between wound and 
non-wound. As an example, for individuals with fair 
skin, we lighten the images and then view them using 
shades of green with the red and blue minimized. This 
way more clearly exhibit the borders of the wound than 
in the original image. Removal of the red and blue 
leaves the wound black and the rest of the image green. 
For images of individuals with dark skin, both the red 
and green are accentuated while the blue is minimized. 
This procedure also leaves the non-wound area green, 
but colours the wound red. In either case, the wound can 
easily be distinguished from the non-wound without 
difficulty. We have to implement e-tools that will 
enable to assess the current state of the wound and to 
gain insight into the wound evolution, by comparing the 
series of wound data collected over time. Based on this 
knowledge we can design an e-tool for simulating the 
process of wound healing. Based on this knowledge we 
can design an e-tool for simulating the process of 
wound healing.

CLASSIFICATION METHODS IN JAVA

We are working in a continuous collaboration with 
physicians and wound care experts to make a rigorous 
classification for various categories of wounds. We 
collected large amounts of wound image data and we 
calculate statistical parameters as mean, median, 
standard deviation, confidence interval, skewness and 
kurtosis for them. We include these historical data in 



XML based databases, to be used as inputs to 
classification algorithms. Our purpose is to make 
distinction between infected and non-infected, inflamed 
and non-inflamed wounds. Based on colour analysis, we 
build a statistically significant differentiation of mild, 
moderate and severe wounds. We analyse the 
differences in calibrated hue between injured and non-
injured skin, obtaining a repeatable differentiation of 
wound severity for various time intervals. As an 
example, burn wounds are characterized according to 
their depth as:
o Superficial – with bright red colour and the 

presence of blisters (usually brown colour);
o Deep – with red-whitish colour and with dark dots;
o Full thickness – with creamy with or dark brown 

colour.

We implement classification methods to classify wound 
images into different groups based on colour and texture 
information. We investigated the suitability of statistical 
parameters for providing useful inputs to the 
classification algorithms.

Mean and standard deviation

Assuming normality, the first two moments (mean and 
standard deviation) characterize very well the colour 
distribution. The mean represents the centre point of the 
distribution, separating the values into two equally 
probable subsets. Standard deviation represents the 
dynamics of the values, how wide around the mean the 
colours of the wound image are distributed. We use the 
first two moments (mean and standard deviation) to 
modify the contrast and the brightness of an image. The 
contrast is determined by the width of the distribution, 
while the brightness is determined by the location of the 
grouping colour values (Baldwin, 2005). We 
implemented Java programs that use the mean and 
standard deviation to modify and control both the 
contrast and the brightness of an image, by modifying 
the distribution of the colour values. 

Figure 2: The distribution of the colour values before 
processing (up) and after processing (down).

Figure 2 shows the distribution of the colour values 
contained in the original image (up), compared with the 
distribution contained in the modified image (down). In 
processed image, the contrast (width of the distribution) 
is increased by a factor of 2.0 and the brightness (mean 
value) was increased by a factor of 1.7.

Skewness and kurtosis

Sometimes the first two moments alone are inadequate 
to discriminate between wound and non-wound skin. 
Therefore further details of the colour distribution are 
required. Skewness and kurtosis of the colour data 
proved to be more useful for this purpose.

Skewness represents the symmetry of the distribution 
around the centre. Skewness is null for a normal 
distribution, positive when the distribution is skewed 
right (i.e. when the upper tail is predominant) and 
negative when the distribution is skewed left. 

If x is a random variable, we define the skewness 3 as
the normalized third order moment, in the following 
way:
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where m and s are estimates of the mean and the 
standard deviation.

Kurtosis quantifies the flatness level of the distribution 
at the mean. Kurtosis is equal to 3 for a normal 
distribution. If kurtosis is lower than 3, the distribution 
is said to be platokurtic (i.e. wide-peaked) and if 
kurtosis is higher than 3, thae distribution is said to be 
leptokurtic (i.e. narrow-peaked). The value 3 may be 
subtracted as an offset, as in the following formulae. 

For the same random variable x, kurtosis 4 is the 
normalized fourth order moment, being defined as:
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The kurtosis is used as a measure of the heaviness of the 
tails in a distribution. For a sample xi, an estimate of the 
kurtosis is given by:
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We have to build in Java models for various categories 
of wounds, due to aetiologies such as pressure, burn, 
chilblain, vascular insufficiencies, diabetic foot ulcer, 
venous leg ulcer and other chronic disease states. Based 
on colour and texture analysis, we have to identify the 
main barriers to wound healing, such as tissue non-
viable, infection, inflammation, moisture imbalance, or 
edge non-advancing. Our aim is to implement 
algorithms for wound healing simulations.

IDENTIFYING THE WOUND

The first task we face with in our system is to identify 
the wound in a digital image. For this purpose, we 
implemented specific methods based on some generic 
criteria, such as normal skin, wound skin, yellow 
wound, black wound, red wound, etc. We incorporated 
these methods in applications endowed with friendly 
GUI (Graphical User Interface). When an application is 
launched, it makes the following general actions:
1. Reads the digital image in main memory;
2. Convert pixel data of the digital image into a three-

dimensional array that is better suited for 
processing;

3. Make a working copy of the three-dimensional 
array, in order to avoid having to make changes to 
the original array of pixel data. The working copy 
is sacrificed in the process of analysing the image, 
while the original image rest unchanged;

4. Display on the same frame both the original image 
and the modified image that contains the output 
results.

It is not difficult for a user to identify interactively a 
wound making the following actions:
1. Select a representative area for the wound;
2. Select a representative area for the normal skin;
3. Push a button to begin the analyse process.

As a general approach, we divide the image into little 
boxes and then we start analyzing each box for colour 
profile (percentage of main colours). We examine the 
difference in the colour profile of the examined box to 
the colour profile of a box covering healthy skin, taken 
from outside the wound area. The distribution obtained 
from a box with healthy skin can be used as a 
benchmark. Other distributions are then compared in 
statistical terms with this baseline distribution and 
decisions are made on determining the edge. Wound 
area and different colour percentages follow from this as 
well. The degree of deviations from this benchmark 
distribution can then be used to classify wounds. 
Assuming normality, the first two moments  (the mean 
and the standard deviation) estimated from a sample 
will determine the colour/texture distribution. The edge 
identification has an element of subjectivity which is 

left to the medic or wound specialist to set. Say for 
example, that wound edge starts if the colour profile 
changes 40%, 70% or 90%, depending on how sensitive 
we want the detector to be.

As an example, Figure 3 shows the output result 
displayed by such an application launched to identify a 
wound. The left side contains the original image, while 
the right side contains the processed clone image 
showing wound area marked with a specific colour.

Figure 3: The output result of identifying a wound

We apply two strategies his work of identifying the 
wounds: a global strategy and a wound by wound 
strategy. The user may choose one of the two strategies, 
or may combine them using the GUI facilities. 

Global strategy

When apply this strategy, the whole image is traversed 
from top-left corner towards bottom-right corner, 
applying specific methods for edge-detection and 
wound identification. The output result is the 
identification of all wounds in current image.

Wound by wound strategy

When apply this strategy, each wound is identified in a 
separate process, based on a representative area 
belonging to it. In this case, only the selected wound is 
traversed, starting with representative area and going 
towards the four main points: top-left, top-right, bottom-
left and bottom-right. 

E-LEARNING ENVIRONMENT

We defined and implemented a Java framework for 
designing and implementing intelligent and practical e-
learning tools, to be used by both the students and the 
teaching staff in a context of open learning (Prodan and 
Prodan, 2003). This framework provides the
infrastructure for preparing e-learning scenarios based 
on practice and real world experiences, as practice is 
essential in learning activities. Our e-learning scenarios 
promote active learning, forcing the students to take 
part in real world activities simulated on computer. 
Also, we designed e-learning tools based on 
bootstrapping methods (which are quite valuable for 



reasoning in uncertain conditions), with the purpose to 
simulate laboratory experiments in both didactic and 
research activities (Prodan and Campean, 2004, 2005).
The Java framework provides the infrastructure for 
preparing e-learning scenarios based on practice and 
real world experiences. Also, we rely on new paradigms 
of artificial intelligence (Bayesian Inference, Case 
Based Reasoning and Intelligent Agents) for creating e-
learning scenarios to be used in a context of active 
learning. An e-learning scenario combines simulation 
and interactive visualization and allows the learners to 
explore the knowledge bases with some well-defined 
learning purposes. We define a simulation class and a 
visualization class for each application object. These 
classes are then configured to obtain a particular 
simulation with a specific visualization. In an e-learning 
scenario, visualization is an active part of the system, 
serving as an additional interface for modifying 
dynamically some parameters. We write all simulation 
and visualization classes in Java and use the XML 
format to describe the configurations, defining both the 
components and their relationships. An e-learning 
scenario is in fact like a traditional lesson, and the ideal 
solution is to simulate a teaching-learning relation with 
a virtual teacher able to interact with the learners and to 
instruct them. A good traditional teacher learns all the 
time from previous didactic experiences. Based on this 
historical feedback, the teacher exploits prior specific 
successful episodes, and avoids prior failures. We 
introduce a similar feedback mechanism in our 
technology of elaborating e-courses (Figure 4). 
Following the traditional model, we store cases of 
positive experiences from previous e-learning scenarios 
in case bases created with XML and CBR technologies 
(Leake, 1996).

Figure 4: The Generation of the E-learning Scenarios

We have to extend this e-learning system with specific 
e-learning scenarios for medical education. Our aim is 
to create and implement in Java an automatic method 
which can be used as a reference standard for colour and 
texture wound analysis. We have to create e-learning 
scenarios by applying this method to large amounts of 
wound image data stored in XML based knowledge 
data. By estimating the percentages for the main colours 

of red, yellow and black, is possible to assess the gravity 
of the wound. The image processing program allows the 
user to interactively control the process. The user can 
set the tolerance for each colour, that is the width of the 
band of acceptable colours. Based on colour analysis 
and statistical methods, we can analyse successive states 
of a wound, assessing the healing or worsen evolution.
We develop a flexible and adaptable system for wound 
image understanding, based on new paradigms of 
Artificial Intelligence (e.g. Bayesian Inference, Case 
Based Reasoning and Intelligent Agents). The 
functionality of this system will be used for creating e-
learning tools, to be used by the students in medicine 
and pharmacy, at graduate, postgraduate and residency 
levels, for developing appropriate skills in wound 
management (Figure 4). We are working in a 
continuous collaboration with physicians and wound 
care experts from our university and from health care 
and medical units. We have continuous access to actual 
medical records to have in view the wound evolution 
and to verify the accuracy and the consistency of our 
system. We have to compare all the time the observed 
and the estimated values of the colour with each other. 
Based on colour and texture analysis, we have to 
identify the main barriers to wound healing, such as 
tissue non-viable, infection, inflammation, moisture 
imbalance, or edge non-advancing. Our aim is to 
implement algorithms for wound healing simulations. 
The advantage of using Java for this purpose is the 
integration without any difficulty with other Web based 
facilities.

CONCLUSIONS

This paper presents a Java framework for analysing and 
processing wound images, to be used in teaching, 
learning and research activities. The colour image 
processing methods have many advantages over 
traditional human methods in assessment of wounds. 
Computer based methods are objective, repeatable and 
with a large potential of processing. The analysis of a 
wound from a specific distance involves procedures 
devoted to identify its boundaries, to calculate its area 
and to estimate proportions of the main colours red, 
yellow and black. Generally, wounds have a non-
uniform mixture of yellow slough, red granulation tissue 
and black necrotic tissue. To analyse the actual state of 
the wound and the healing evolution, it is necessary to 
determine the proportions of these main colours. We 
have to create XML based databases containing 
knowledge extracted from previous wound healing 
experiences and from medical experts knowledge. As a 
future work, we have to implement e-learning tools and 
e-learning scenarios enabling to perform quantitative 
measurements of wound evolution in time and to asses 
the healing or worsen. This is our initial work towards a 
model of colour and texture based simulation for the 
wound healing. We have to simulate wound healing 
based on various treatments and to compare the results 
with experimental observations



REFERENCES

Acha, B. and Serrano, C. 2000. “Image Classification Based 
on Color and Texture Analysis”. First Int’l Workshop on 
Image and Signal Processing and Analysis, June 14-15, 
2000, Pula, Croatia, 95-99.

Baldwin, R. G. 2005. “Processing Image Pixels using Java: 
Controlling Contrast and Brightness”. Available at 
address:
http://www.developer.com/java/other/article.php/3441391.

Hansen, G.L.; Sparrow, E. M.; Leland, K. J. and Iaizzo, P. A. 
1997. “Wound status evaluation using image processing”. 
IEEE Transactions on Medical Imaging, Vol. 16, No. 1 
(February), 78-86.

Krouskop, T. A.; Baker, R. and Wilson, M.S. 2002. “A 
noncontact wound measurement system”. Journal of 
Rehabilitation Research and Development, Vol. 39, No. 3 
(May/June), 337-346.

Leake, D. P. (1996). Case-Based Reasoning: Experiences, 
Lessons, and Future Directions (Menlo Park: AAAI 
Press/MIT Press).

Prodan, A. and Prodan, M. 1997. Java Environment for 
Internet, Editura Promedia-Plus, Cluj-Napoca, 1997, 
ISBN 973-9275-07-09.

Prodan, A., Prodan, R. 2003. “A Java framework for 
intelligent and practical e-learning tools”, In Fernstrom, K.
(Ed.) Proceedings of the 4th International Conference on 
Information Communication Technologies in Education),
ISBN 960-8313-16-3, ISSN 1109-2084, Samos Island, 3-5 
July, (45-52). 

Prodan, A., Campean, R. 2004. “Bootstrapping e-tools for 
simulating laboratory works”, In Fernstrom, K. (Ed.), 
Proceedings of the 5th International Conference on 
Information Communication Technologies in Education,
(pp. 489-494), ISBN: 960-8313-85-6, ISSN:1109-2084, 
Samos Island, 1-3 July, University of Athens.

Prodan, A., Campean, R. 2005. “Bootstrapping methods 
applied for simulating laboratory works”, Campus-Wide
Information Systems, 22 (3), 168-175, Emerald, ISSN 
1065-0741, ISBN 1-84544-399-X.

AUTHOR BIOGRAPHIES

 AUGUSTIN PRODAN, born in Var-
Jibou, Salaj, Romania and went to the 
Babes-Bolyai University of Cluj-Napoca, 
where he studied Mathematics and
Informatics and obtained his degree in 1968. 

He worked for 27 years at Computer Science 
Research Institute (Software ITC), Department of 
Cluj-Napoca. He managed the software teams to 
implement traditional programming languages 
(COBOL, FORTRAN, PASCAL, C) and he made 
courses and software assistance for romanian and 
foreign users (China, Czechoslovakia, East 
Germany, Hungary and Russia). In 1988 he obtained 
the PhD in Mathematics and Informatics at the 

Babes-Bolyai University. Since 1995 he is professor at 
Mathematics and 

Informatics Department. He makes courses of 
Biomathematics, Biostatistics and Informatics, at 
graduate, resident and postgraduate levels, for 
Romanian and French sections. The research domains: 
Stochastic Modelling and Simulation, Java Based 
Technologies, e-Learning, Artificial Intelligence, 
Intelligent Agents, Bayesian Inference, 
Biomathematics and Bioinformatics, Data Mining, 
Web-based Databases, Semantic Web, XML, 
Knowledge Engineering and Management, Image 
Processing.
e-mail: aprodan@umfcluj.ro;
Web page: http://freewebs.com/augustinprodan/

MADALINA RUSU, Master of Science in 
Informatics and Medical Informatics, PhD 
student in Medical Databases at Babes-
Bolyai University, Cluj-Napoca, Romania, 

Faculty of Mathematics and Informatics. Research 
directions: Medical databases, Web applications, 
Medical education.
e-mail: mrusu@umfcluj.ro ;
Web page: www.flowerpower.i8.com.

REMUS CAMPEAN, Master of Science 
in Biostatistics and Medical Informatics, 
PhD student in Applied Mathematics, 
Numerical and Statistical Methods, at 

Babes-Bolyai University, Cluj-Napoca, Romania, 
Faculty of Mathematics and Informatics. Research 
directions: Modelling, simulation, Optimization and 
control in pharmaceutical and biomedical sciences.
e-mail: rcampean@umfcluj.ro;
Web page: 
http://www.freewebs.com/remus_campean/

RODICA PRODAN, born in Jibou, Salaj, 
Romania and went to Iuliu Hatieganu 
University of Cluj-Napoca, where she 
studied Medicine and obtained her degree 
in 1971. She worked some years in Jibou 

and Turda as general practitioner in the railway medical 
system. Based on a professional competition,  Rodica 
Prodan entered in Cluj-Napoca as general practitioner. 
With her rich experience as general practitioner, Rodica 
Prodan contributed to researches in various medical 
domains and is co-author for many scientific articles.
e-mail: familiaprodan@yahoo.com.



COLOR-TO-GRAYSCALE IMAGE TRANSFORMATION PRESERVING 
THE GRADIENT STRUCTURE 

Dmitry Nikolaev Simon Karpenko 
Institute for Information 
Transmission Problems Cognitive Technologies, Ltd 

Bol'shoj Karetnyj lane, 19 60-letija Oktyabrya av., 9 
Moscow, 127994, Russia Moscow, 117312, Russia 
E-mail: dimonstr@iitp.ru E-mail: simon@cognitive.ru

KEYWORDS 
Color gradient, edge preserving, vector fields 
visualization. 

ABSTRACT 

A new algorithm for transforming a color image into a 
grayscale one is proposed. The algorithm accurately 
preserves the contrast range at the all image boundaries. 
Another application of the algorithm is visualization of 
vector fields. 

INTRODUCTION 

The need for proceeding from a more informative multi-
component image to a less informative single-
component one arises in a number of situations. First, 
for many high-performance technologies, the size of the 
data structures processed by the system is critical. The 
transition from a color to a monochrome image allows 
reducing the required computer memory size by a factor 
of 3. Second, some relevant image processing systems 
were initially designed to process only monochrome 
images. The conservative way of the evolution of such 
systems implies organizing an input filter that transforms 
the raw data to the form being standard for the system 
used. Third, effective expertise often requires 
visualizing a multi-component vector field, which is not 
so easy to achieve using conventional methods. 

Obviously, there is no general solution of the problem 
formulated. The solution substantially depends on the 
specific information that must be preserved when 
reducing a multi-component image. For example, it is 
often important to preserve the edges between different 
objects, that is, to keep the objects distinguishable. We 
shall demonstrate below that the conventional method of 
image grayscaling does not preserve the object edges 
and shall propose an original algorithm that is free from 
this drawback. 

PROBLEM STATEMENT 

The problem of color-to-grayscale image conversion is 
often solved by color coordinates transformation. For 
example, it is possible to proceed to so-called 
«brightness»: 
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where ( )21, xxci  are the color components of the pixel 

with the coordinates ( )21, xx  and n  is the number of 

these components (three, in our case). However, such a 
monochrome image will fundamentally have small or 
even zero differences for some pairs of colors, which are 
quite dissimilar in the original color space (e.g. bright-
green and ruby). The specific color combinations to 
form such an «indistinguishable pair» depend on the 
structure of the color-to-grayscale transformation 
chosen. For instance, a brightness-based monochrome 
image does not represent any variations of chromaticity, 
no matter how they are large. 

Let us now formally define the problem of preserving all 
the contrast details of the color image being grayscaled. 
Consider an edge detection operator that yields 
maximally close results when processing the original 
color image and its grayscale “descendant”. 

The natural edge detector for monochrome images is the 
gradient magnitude operator. Such a figure characterizes 
the rate of change of a scalar function along the 
direction of the steepest change. However, the classical 
gradient operator can be applied only to a scalar field, 
while a color image is a vector field. 

The above drawback is eliminated in the vector analog 
of gradient proposed by Di Zenzo (Di Zenzo 1986). 
This is a quadratic form, Σ , defined on the image to 
characterize the rate of change of the vector function 
along the direction of the steepest change:  
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where j  and k  may be either 1 or 2. 

The directions of the maximum and the minimum 
variation of the considered function are the mutually 
orthogonal eigenvectors of Σ . Therefore, these two 
extremum variations can be calculated from the 
following expression  
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where +λ / −λ  are the squared variation rates of the 

function along the direction of the maximum/minimum 
variation. The direction of the «color gradient» is 
defined by the following expression:  










Σ−Σ
Σ⋅⋅=

2211

122

2

1
arctgϕ . (4) 

Note that for a monochrome image ( 1=n ): 
2

c∇=+λ , 

0=−λ , and the «color gradient» coincides with the 

«classical» one. 

Let us choose the signs of the components of the color 
gradient ( )yxg ,

r

 so that to match the vector of color 

variation along the gradient with the increase in 
brightness. In the case when ( ) 01,1,1 =⋅∂∂ gc

rr

, we shall 

match ( )yxg ,
r

 with the change in the α -component of 

chromaticity (the unit vector ( )0,1,1 − ). Should even that 

be impossible, the β -component (the unit vector 

( )2,1,1 −− ) can be used. 

The general problem can now be reformulated as a 
variational one. Let us look for the function ( )yxf ,  that 

minimizes the functional  

( )∫∫
Ω
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where Ω  is the area occupied by the image, and F  is a 
quality functional that characterizes the difference 
between ),( yxf∇  and the color gradient, ( )yxg ,

r

, 

calculated on the original image. 

CHOICE OF THE QUALITY FUNCTIONAL 

A simple quality functional meeting the above criteria is 
the quadratic functional  

( ) ( ) ( ) ( )
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Using the necessary condition of extremum:  

( ) ( ) 0=
∂∂∂

∂
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∂+

∂∂∂
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∂
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yf

F

yxf

F

x
, (7) 

we obtain Poisson’s equation:  
( ) ( ) ( ) yyxgxyxgyxf yx ∂∂+∂∂=∆ ,,, . (8) 

This equation can be easily solved in a rectangular 
domain, for instance, by the Fourier transform method 

that requires ( )llO log2  operations, where l  is linear 

size of the image. 

Figure 1: Color Reduction Methods Comparision 

An example of color reduction by means of the 
proposed technique is shown in Fig. 1c. The original 
image (Fig. 1a) represents two digits: orange “1” (with 
RGB space coordinates (255, 128, 0)) and dark-blue “0” 
(0, 96, 192) located on the sky-blue background (0, 128, 
255). Brightness of the original image is shown in Fig 
1b. One can see that digit “1” disappeared on the 
brightness image in spite of the difference of color 
coordinates. On the contrary, proposed method retains  
boundaries contrast proportionally to the original color 
differences. 

Figure 2: Artifacts of Color Reduction 

a 

b

c 

a 

b



However, some artifacts may arise at three-color 
junctions. Fig. 2b shows result of color reduction of a 
constant-brightness Mondrian-like image (Fig. 2a) by 
using proposed method. As can be seen, the brightness 
of resulting image is not a step function. Smooth 
variations of brightness appear because of impossibility 
to equalize the contrast along all the edges 
simultaneously. 

To localize such artifacts, we suggest using a quality 
functional with a limited penalty. This can be, for 
example, the Gaussian functional  

( )22exp σ⋅−= sqrgauss FF . (9) 

Substituting (9) into (7), we obtain the following 
nonlinear equation:  
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where 
( ) ( )yxg

x

yxf
x ,

, −
∂

∂=α , 
( ) ( )yxg

y

yxf
y ,

, −
∂

∂=β . 

It’s worth noting that this equation is related to the 
equation governing the behavior of a non-viscous 
compressible fluid (Lavrentyev and Shabat 1958). For the 
equations of this class, a number of numerical methods 
have been developed. Some of these are iterative. In 
such a case, the solution of the corresponding linear 
equation (8) is used as the initial condition. 

CONCLUSION 

This paper describes the method for transforming a 
multi-component image into a single-component one. It 
allows to visualize boundary structure of the image. 
Comparative analysis for the case of RGB images 
indicates that proposed method preserves every 
boundary unlike the conventional method of image 
grayscaling. Our method consists in solving of the 
Poisson’s equation with right-hand member calculated 
using Di Zenzo pseudo-gradient operator. This can be 
done, for example, using Fourier transform technique. 
Obviously, the proposed algorithm can be used to 
visualize the domain structure of all the functions of the 

class nF ℜ→ℜ2: , n  being arbitrary (in the case of 
RGB color image 3=n ). 
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ABSTRACT 

In this paper an algorithm of the atomic structure 
visualization is discussed. The atomic structure is 
presented by a wavelet map. The EXAFS (X-ray 
absorption fine structure) signal is analyzed by means of 
the wavelet transform to determine the number of the 
coordination spheres, the radii of the coordination 
spheres and to identify the back-scattering centers on 
each coordination sphere.  
Short introduction to the wavelet theory and to the 
EXAFS theory are given. Analysis of the LDH (layered 
double hydroxide) EXAFS spectrum illustrates all steps 
of the algorithm. 
 
INTRODUCTION 

Extended X-ray Absorption Fine Structure spectroscopy 
(Sayers et.al. 1971, Stern 1974, Lytle at.al. 1975 and 
Stern at.al.1975) is a powerful technique for probing the 
local structure around almost any specific elements. 
This technique gives information on the average 
interatomic distances and chemical identities of near 
neigbours. The EXAFS technique is used for atoms in 
various aggregation state (solid or liquid) in all kinds 
environment: crystalline solids, glasses, amorphous 
phases, liquids and solutions. 
The physical background of the technique is the 
following. A monochromatic X-ray beam is directed at 
the sample. The photon energy of the X-rays is 
gradually increased such that it traverses one of the 
absorption edges of the elements contained within the 
sample. Below the absorption edge, the photons cannot 
ionize the electrons of the relevant atomic level and thus 
absorption is low. However, when the photon energy is 
just sufficient to excite the electrons, then a large 
increase in absorption occurs known as the absorption 
edge. The emitted photoelectrons have a low kinetic 
energy and can be backscattered by the atoms 
surrounding the emitting atom. The probability of 
backscattering is dependent on the energy of the 
photoelectrons. Hence, the probability of X-ray 
absorption will depend on the photon energy (as the 
photoelectron energy will depend on the photon 

energy). The result is the oscillations on the high photon 
energy side of the absorption edge: 
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(1), where χ(k) is the measured EXAFS spectrum, and k 
is the electron wave vector. The fitted parameters are 
the values for the number of atoms in the i-th 
coordination sphere Ni, the average radial distance to the 
i-th coordination sphere Ri, and the Debye Waller factor 
σi

2 (Teo 1986). General EXAFS data analysis is based 
on the Fourier transform (FT) of the (k3-weighted) 
EXAFS spectra. The modulus of the FT enables a first 
qualitative estimation of how many co-ordination 
spheres and at what distances are surrounding the 
absorbing atom. While the absorbing atom is 
unequivocally identified by the energy of the absorption 
edge, the backscattering atoms are identified with 
limited precision (typically Z±2) by a fit to the EXAFS 
equation (1). 
The identity of the backscattering atom is not a fitting 
parameter. It has to be pre-selected and tested. This pre-
selection is based on the energy-dependence of the 
backscattering amplitude Fi(k,R), which can be derived 
from the experimental spectra by a Fourier back-
transform in the region of interest. The backscattering 
amplitude is then compared with tabulated values for 
each element (Teo 1986) or with theoretical ones 
Fi(k,R), what can be derived together with the sum of 
the phases of the central- and backscattering atoms 
Ψ(k,R), the mean free path λ(k), and the amplitude 
reduction factor S0

2(k) by some simulation code like 
FEFF8 (Ankudinov et.al. 1998).  
The disadvantage of the Fourier transform of a function 
f(t): 
 

dtetff ti∫
+∞

∞−
= ωω )()(ˆ   (2) 

 
is that if the signal changes at any time moment, the 
Fourier transform changes everywhere. While the 
identification of the backscattering atom works fine as 
long as the shells represent only one type of atoms at 
one distance, the presence of different types of atoms at 
one distance, or the presence of single and multiple 
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scattering paths with identical path length, complicates 
the analysis substantially. 
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The WT algorithm for the EXAFS spectra analysis is 
presented in the work. The WT allows moving from the 
X-ray spectra (Fig.1) to the k-r images (Fig. 2-3) for 
visualization of the atomic structure. Zn-Al LDH 
(layered double hydroxide) spectrum (Scheinost et.al. 
2002) is analysed. 

 

 
MORLET WAVELET FOR EXAFS SPECTRA 
ANALYSIS 

It was shown (Funke et al 2001) that the complex 
wavelet developed by Morlet  
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can be used for EXAFS data analysis. This selection has 
two reasons. First, the structure of the Morlet wavelet is 
similar to an EXAFS signal, since the wavelet consists 
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Fig.1. Zn k-edge EXAFS spectrum of LDH (top)
and its Fourier transform (bottom). 
f one uses localized wave trains (wavelets) as kernels 
or the integral transform, then one may analyze the 
requencies in each place by dilatation and translation of 
he wavelets. The corresponding transform is the 
avelet transform (WT) (Grossmann & Morlet 1984). 
hus, the WT is able to extract more information from 

he k-dependence of the absorption signals, and is 
herefore better suited to distinguish between heavier 
nd lighter backscattering atoms, even if they are at the 
ame distance from the central atom, according to the 
ackscattering amplitude: 

( ) ( ) ( )( )dkkkrkkrrk '22,' *3 −= ∫
∞

∞−

ψχψ
χ .   (3) 

 wavelet ψ is a function of zero average: 

( ) 0=∫
∞

∞

dkkψ ,                          (4) 

hich is dilated with a scale parameter r , and 
ranslated by : 'k

( ) ( )( )'22', kkrrkrk −= ψ .             (5) 

avelet transform correlates χ with rk ',ψ  (Mallat 

998). 
ependency of the backscattering amplitude  on an 

tomic number 
iF

Z , allows us to illuminate the different 
ypes of the backscattering atoms in one coordination 
phere with the wavelet transform (Funke et al 2001, 
unoz et al 2001). 

of a slowly varying amplitude term 2σe and a fast 
oscillating phase term . Second, the formal 
mathematical description of the wavelet analysis can be 
treated in analogy to the Fourier analysis. 

kie η

The WL transform was used to resolve Zn and Al atoms 
in the structure of Zn-Al LDH. The EXAFS spectrum of 
the structure and it Fourier transform are presented in 
Fig.1. The overview Morlet wavelet transform is given 
in Fig.2.  

The Fourier transform shows four dominant shells, 
which can be assigned to the oxygen coordination 
sphere (O), and to the first, second and third sphere of 
metal (Zn, Al) neighbors. 

Fig.2. Overview Morlet wavelet transform. 

The goal of the WT is to give an answer about the 
placement of Zn and Al atoms in the structure. In Fig.2. 
the overview Morlet wavelet ( )1,15 == ση  map is 
presented. The oxygen sphere ( )15,7.1 −≈≈ AkAR and 
the first metallic sphere ( )18,8.2 −≈≈ AkAR are 
presented very brightly but the second and third metallic 
spheres ( )18,5.5 −≈≈ AkAR have an overlapping.  
The k-r resolution is determined by the “time-
frequency” window (Chui 1992). For Morlet wavelet 
the window size depends on the position of the window 
center ( )rk ,  and on the Morlet parameters ( )ση, :  
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To increase the k-resolution, η parameter was 
decreased up to 5.5. Result of the WT calculation for 
the region of interest is presented in Fig.3. Two maxima 
( )12.5,6.2 −≈≈ AkAr and ( )15.7,6.2 −≈≈ AkAr  
correspond to Al and Zn backscatterers at the same 
distance. 

Fig.3. Morlet wavelet transform (part). 

It was found that there are no ( )ση, values to follow 
the resolution condition for the second  Å and 
third  Å coordination spheres: 

2.5=r
6=r

 

⎪
⎪
⎩

⎪⎪
⎨

⎧

−

−

22

22
12

12

rrr

kk
r

p

p

ησ

ησ

.                (8) 

 
Here ( )11 , rk  and ( )22 , rk are the maxima positions of 
the backscattering amplitude functions for Al and Zn. 
  
FEFF-MORLET WAVELET 

To increase the k-resolution a new wavelet was 
constructed. The base of the new wavelet is a simulated 
(for example, by FEFF8) EXAFS spectrum. Simulation 
parameters are taken in agreement with the task: the 
atomic number of the central atom, the position and the 
atomic number of the tested backscatterer. For the 
second and third metallic spheres, Al and then Zn atom 
were tested. Zn is taken as the central atom.  
The simulated spectrum is used to construct a new 
FEFF-Morlet wavelet.  
The steps of the construction algorithm: sophisticated 
cutting out of the model spectrum; modeling the 
envelope with a spline function; adapting the EXAFS 
oscillations within the envelope to the cos function ⇒ 
real part of the FEFF-Morlet wavelet; adding the same 
function with a phase shift of π/2 ⇒ imaginary part of 
the FEFF-Morlet wavelet; setting the “center of gravity” 
of the curve to zero.  

 
Fig. 4: Real (full line) and imaginary (dashed line) part 
of the FEFFMorlet wavelet constructed from the model 
spectrum Zn-Zn @ 6 Å. 
 
With new wavelet (Fig.4) a new scale parameter s is 
used instead of the distance 2r (Eq. 3). If s = 1 then the 
wavelet is not dilated. Hence, the WT should have a 
maximum for s = 1, if the selected model function for a 
given distance is correct. Thus the peak at s =1 
corresponds to the backscatterer distance 6.0 Å in the 
spectrum, evaluated with a wavelet which is built from 
a FEFF backscatterer model at 6.0 Å.  
With the Morlet wavelet, it was possible to distinguish 
Zn and Al in the first shell (~3 Å) (Funke et.al. 2005b). 
However, it was not possible to resolve the two more 
distant shells at 5.2 Å and 6 Å simultaneously with 
respect to wave number k (element identity) and the 
distance r. FEFFMorlet wavelet has “solved” the 
problem for the second and third coordination spheres. 
In order to make easy the presentation of the WT 
analysis results to specific distances and specific k 
ranges, the power density functions (PDF) ( )kΦ and 

( )sΦ  is calculated depending on either k or s (Funke et 
al 2005a): 
 

( ) ( )2 2
( ) , , ( ) , .k W k s ds s W k s dkψ ψ

χ χ⎡ ⎤ ⎡ ⎤Φ = Φ =⎣ ⎦ ⎣ ⎦∫ ∫      (9) 

 
Now, it is investigated the WT of the LDH spectrum 
using the following 4 wavelet functions which are 
constructed from the FEFF spectra: Zn-Zn @ 6 Å (Fig 
4), Zn-Al @ 6 Å, Zn-Zn @ 5.2 Å, and Zn-Al @ 5.2 Å. 

 
Fig.5. Four PDF’s in the region ≈ 4.8,…, 6.6 Å. 
 
The PDF analysis shows clearly peaks at ≈ 6Å for the 
wavelets built from FEFF spectra at 6Å. For the 
wavelets from spectra at 5.2 Å it is different. Zn-Zn 

 



 

shows a peak at s=1 (5.2 Å), but Zn-Al does not show a 
peak at s=1 (5.2 Å), see the circle in Fig.5.  

Funke, H. and M.V. Chukalina. 2001. “Wavelet analysis of 
EXAFS data – first studies”. Research Center Rossendorf , 
Reports FZR-343, 45. That means that the second metal shell does not contain 

Al, which is in agreement with a regular metal 
distribution in the LDH. 

Funke, H.; M.V. Chukalina; and A. Scheinost. 2005. “Design 
and test of a specific EXAFS mother wavelet: The FEFF-
Morlet wavelet”. Annual Report FZR-443, 47. 

 Funke H.; A. Scheinost; and M.V. Chukalina. 2005. “Wavelet 
analysis of extended X-ray absorption fine structure data”. 
Phys. Rev. B 71, 094110, 1-7. 

CONCLUSION 

The mathematical processing of the measured signals is 
an important step for data visualization. The problem of 
identifying the scattering centers placed in one 
coordination sphere has been solved only with the use 
of the wavelet transform, which has the property of 
locality in both k-space and reciprocal space. The 
composition of metallic spheres for the structure of Zn-
Al LDH has been found:  

Grossmann, A. and J. Morlet. 1984. “Decomposition of Hardy 
functions into square integrable wavelets of constant 
shape”. SIAM J. of Math. Anal. 15, 723-728. 

Lytle, F.W.; D.E . Sayers; and E.A. Stern. 1975. “Extended X-
ray absorption fune structure technique. II. Experimental 
practice and selected results”. Phys. Rev. B 11, 4825-4835. 

Mallat, S., 1998. A wavelet tour of signal processing. 2th ed. 
San Diego, San Francisco, New York, Boston, London, 
Sydney, Tokyo: Academic Press. 1st shell contains Al and Zn atoms, 

Munoz, M; P. Argoul; and Farges F. 2003. “Continous 
Continuous Cauchy wavelet transform analyses of EXAFS 
spectra: a qualitative approach”. Am. Mineral. 88, 694-
700. 

2nd shell contains only Zn atoms, 
3rd shell contains Al and Zn atoms. 
In Fig.6 the atomic structure of the Zn-Al LDH is 
presented. Scheinost, A.C.; R. Kretzschmar; S. Pfister; and D.R. Roberts. 

2002. “Combining selective sequential extractions, X-ray 
absorption spectroscopy and principal component analysis 
for quantitative zinc speciation in soil”. Environ. Sci. 
Technol. 36, 5021-5028. 
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Fig. 6. Model of octahedral structure of LDH. Stern, E.A. 1974. “Theory of the extended x-ray-absorption 

fine structure”. Phys. Rev. B 10, 3027-3037.  
The calculations were done using a software package 
developed by the author and Dr.  H. Funke and  which 
is 

Stern, E.A.; D.E . Sayers; and F.W. Lytle. 1975. “Extended X-
ray absorption fune structure technique. III. Determination 
of physical parameters”. Phys. Rev. B 11, 4836-4846. 

Teo, B.K. 1986. EXAFS: Basic Principles and Data Analysis 
Springer, Berlin Heidelberg New York Tokyo. 
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Abstract— Differential Evolution is an optimisation

technique that has been successfully employed in various

applications. In this paper we apply Differential Evolu-

tion to the problem of generating an optimal colour map

for colour quantised images. The choice of entries in

the colour map is crucial for the resulting image quality

as it forms a look-up table for all pixels in the image.

We show that Differential Evolution can be effectively

employed as a method for deriving the entries in the

map. In order to optimise the image quality our Dif-

ferential Evolution approach is combined with a local

search method that is guaranteed to find the local op-

timal colour map. This hybrid approach is shown to

outperform various commonly used colour quantisation

algorithms on a set of standard images.

Keywords: Differential Evolution, colour map, colour

quantisation, k-means clustering, hybrid optimisation

I. Introduction

The colours in digital images are typically repre-
sented by three 8-bit numbers representing the re-
sponses of the red, green., and blue sensors of the
camera. Consequently, an image can have up to 224

i.e. more than 16.8 million different colours. However,
when displaying images on limited hardware such as
mobile devices but also for tasks such as image com-
pression or image retrieval [5] it is desired to repre-
senting images with one a limited number of different
colours. Clearly, the choice of these colours is crucial
as it determines the closeness of the resulting image
to its original and hence the image quality. The pro-
cess of finding such a palette or map of representative
colours is known as colour map generation or colour
quantisation. It is also know to constitute an np-hard
problem [2]. In the image processing literature many
different algorithms have been introduced that aim to
find a palette that allows for good image quality of the
quantised image [2], [1].

In this paper we apply Differential Evolution (DE) to
the colour quantisation problem. As DE is a black-box
optimisation algorithm it does not require any domain
specific knowledge yet is usually able to provide a near
optimal solution. We evaluate the effectiveness of our
approach by comparing its performance to the results
obtained by several purpose built colour quantisation
algorithms [2], [1]. The results obtained show that even
without any domain specific knowledge our DE based
algorithm is able to provide similar image quality as
standard quantisation algorithms. In a second step we
combine DE with a standard clustering algorithm, k-
means, which is guaranteed to find a local minimum.

The resulting hybrid algorithm is shown to further im-
prove the effectiveness of the search and to outperform
other colour quantisation techniques in terms of image
quality of the quantised images.

The rest of the paper is organised as follows: Sec-
tion II provides the background for optimisation based
on Differential Evolution. Section III explains our novel
colour quantisation algorithm. Section IV provides ex-
perimental results based on a set of standard test im-
ages while V concludes the paper.

II. Differential Evolution

Differential Evolution (DE) [4] is a population-based
optimisation method that works on real-number coded
individuals. For each individual in the current genera-
tion ~xi,G, DE generates a new trial individual ~x′

i,G by
adding the weighted difference between two randomly
selected individuals ~xr1,G and ~xr2,G to a third randomly
selected individual ~xr3,G. The resulting individual ~x′

i,G

is crossed-over with the original individual ~xi,G. The
fitness of the resulting individual, referred to as pertur-
bated vector ~ui,G+1, is then compared with the fitness
of ~xi,G. If the fitness of ~ui,G+1 is greater than the fit-
ness of ~xi,G, ~xi,G is replaced with ~ui,G+1, otherwise ~xi,G

remains in the population as ~xi,G+1.
Differential Evolution is robust, fast, and effective

with global optimization ability. It does not require
that the objective function is differentiable, and it
works with noisy, epistatic and time-dependent objec-
tive functions.

III. Hybrid Differential Evolution for

colour map generation

In this paper we apply Differential Evolution algo-
rithm as described in Section II as novel approach for
colour map generation. For colour quantisation the ob-
jective is to minimise the total error introduced through
the application of a colour map. The colour map C for
an image I, a codebook of k colour vectors, should then
be chosen so as to minimise the error function

error(C, I) =
1

∑k

j=1
lj

k
∑

i=1

li
∑

j=1

||Ci − Ij || + p(C, I) (1)

with

p(C, I) =
k

∑

i=1

δai, ai =

{

1 if li = 0
0 otherwise

(2)



where li is the number of pixels Ij represented by colour
Ci of the colour map, ||.|| is the Euclidean distance in
RGB space, and δ is a constant (δ = 10 in our ex-
periments). The objective function error(C, I) used is
hence a combination of the mean Euclidean distance
and a penalty function. The penalty function p(C, I)
was integrated in order to avoid unused palette colours
by adding a constant penalty value to the error for each
entry in the map that is not used in the resulting pic-
ture.

There is always some variation in error values within
a population. This indicates that although DE is able
to find fairly good solutions, i.e. solutions from within
the region around the global optimum, it rarely exploits
that region completely. Therefore, in a second step,
we combine the DE approach with a standard k-means
clustering algorithm [3] to provide a stacked hybrid op-
timisation method. K-means clustering is guaranteed
to converge towards the local clustering minimum by
iteratively carrying out the following two steps:
• Each input vector should be mapped to its closest
codeword by a nearest neighbour search.
• The input vectors assigned in each class (i.e. for each
codeword) are best represented by the centroid of the
vectors in that class.
In this hybridised algorithm the DE component is hence
responsible for identifying the region in the search space
that will contain the global optimum while the k-means
component will then descend into the minimum present
in that region.

IV. Experimental results

In our experiments we have taken a set of three stan-
dard images commonly used in the colour quantisation
literature (Sailboat, Airplane, and Pool - see Figure)
and applied both our pure DE-based and the hybrid DE
colour map generation algorithm with a target palette
size of 16 colours.

We have also implemented three popular colour
quantisation algorithms so that we can generate com-
parative results with our new algorithm. The algo-
rithms we have tested were:
• Popularity algorithm [2]: Following a uniform quan-
tisation to 5 bits per channel the n colours that are
represented most often form the colour palette.
• Median cut quantisation [2]: An iterative algorithm
that repeatedly splits (by a plane through the median
point) colour cells into sub-cells..
• Neuquant [1]: A one-dimensional self-organising Ko-
honen neural network is applied to generate the colour
map.
For all algorithms, pixels in the quantised images
were assigned to their nearest neighbours in the colour
palette to provide the best possible image quality.

The results are listed in Tables I and II, expressed in
terms of MSE (the mean-squared error, Table I) given
as

MSE(I1, I2) =
1

3nm

n
∑

i=1

m
∑

j=1

[(R1(i, j) − R2(i, j))
2 + (3)

Sailboat Pool Airplane all
Popularity alg. 8707.41 669.87 1668.06 3681.78
Median cut 409.35 226.85 240.74 292.31
Neuquant 135.42 127.24 97.59 120.08
DE 223.29 89.56 116.63 143.16
hybrid DE 105.13 44.74 45.57 65.15

TABLE I: Quantisation results, given in terms of MSE.

Sailboat Pool Airplane all
Popularity alg. 8.73 19.87 15.91 14.84
Median cut 22.01 24.57 24.32 23.63
Neuquant 26.81 27.08 28.24 27.38
DE 24.64 28.61 27.46 26.90
hybrid DE 27.91 31.62 31.52 30.35

TABLE II: Quantisation results, given in terms of PSNR [dB].

(G1(i, j) − G2(i, j))
2 + (B1(i, j) − B2(i, j))

2]

(where R(i, j), G(i, j), and B(i, j) are the red, green,
and blue pixel values at location (i, j) and n and m are
the dimensions of the images) and peak-signal-to-noise-
ratio (PSNR) defined as

PSNR(I1, I2) = 10 log10

2552

MSE(I1, I2)
(4)

From Table I and II we can see that Differential
Evolution clearly outperforms the Popularity and Me-
dian cut algorithms while doing slightly worse than
Neuquant. In general, it can therefore be judged as
providing image quality similar to specialised colour
quantisation results.

On the other hand, the hybrid optimisation tech-
nique based on a combination of Differential Evolution
and k-means clustering introduced in this paper was
able to clearly further improve the performance of DE
alone and provides the best image quality for all im-
ages with a mean PSNR of 30.35 dB, an improvement
of about 3 dB over Neuquant, the next best performing
algorithm.

In Figure 1 we provide an example of the perfor-
mance of the different algorithms1. Shown is the orig-
inal Pool image together with the images colour quan-
tised by all algorithms. It is clear that the popularity
algorithm performs very poorly on this image as it as-
signs virtually all of the colours in the palette to green
and achromatic colours. Median cut is better but still
provides fairly poor colour reproduction as most of the
colours in the quantised image are fairly different from
the original. The same holds true for the images pro-
duced by Neuquant. Here the most obvious artefact is
the absence of an appropriate red colour in the colour
palette. A far better result is achieved by the (pure) DE
algorithm although the red is not very accurate either

1A colour version of the paper is available at http://vision.
doc.ntu.ac.uk/.



and the colour of the cue is greenish instead of brown.
Clearly the best image quality is achieved by applying
our hybrid DE technique. Although the colour palette
has only 16 entries all colours of the original image
are accurately presented including the red ball and the
colour of the billiard cue.

Fig. 1. Part of original Pool image (top-left) and corresponding
images quantised with (from left to right, top to bottom): Pop-
ularity algorithm, Median cut, Neuquant, DE and hybrid DE
algorithm.

V. Conclusions

In this work we have applied a hybrid Differential
Evolution algorithm to the colour map generation prob-
lem. A standard DE approach was combined with a
k-means clustering technique where the DE part iden-
tifies the region of a good minimum and k-means de-
scends down to the local minimum. Experimental re-
sults obtained on a set of common test images have
demonstrated that this approach can not only be ef-
fectively employed but clearly outperforms dedicated
colour quantisation algorithms.
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ABSTRACT 

We analyzed the performance of several lossless image 
compression algorithms, namely Lossless JPEG, JPEG-
LS, JPEG2000, PNG, and CALIC on a large set of 
medical retinal images organized into groups according 
to capturing conditions and retinal region. Overall we 
found JPEG-LS to be the best performing algorithm 
when we consider both compression speed and 
compression ratio. Although we observed some 
variance among groups JPEG-LS consistently obtains 
both the speed and the ratio close to the best of all tested 
algorithms. We also found that the compression ratios 
may be further improved by applying (reversible) color 
space transforms and histogram packing transforms to 
the retinal images before compressing them. However, 
for certain images color transforms may produce worse 
compression ratios. 
 
INTRODUCTION 

Diabetic retinopathy is the leading cause of blindness in 
the adult population. In order to effectively identify 
patients suffering from the disease, mass-screening 
efforts are underway during which digital images of the 
retina are captured and then assessed by an 
ophthalmologist. Since, in order to identify features 
such as exudates and microaneurysms, which are 
typically small in extent, retinal images have to be 
captured at high resolutions which in turn produce 
images of large file size. Therefore, in order to reduce 
the demands on resources such as storage space and 
bandwidth, compression of the images seems necessary. 
 
In this paper we set out to identify a suitable 
compression algorithm for retinal images. Such an 
algorithm, in order to be useful in a real-life medical 
picture archiving and communications system (PACS), 
should not only reduce the size of images significantly 
but has to be fast enough as well. Also, it should be 
covered by a widely recognized industry standard. We 
analyze the performance of standard or quasi-standard 
lossless image compression algorithms, namely Lossless 
JPEG, JPEG-LS, JPEG2000, PNG, and CALIC, on a 
large set of medical retinal images.  
 

Since retinal images are (RGB) color images and since 
for certain images individual color channels have 
relatively sparse histograms, we experiment with some 
reversible transforms, namely color space conversion 
and histogram packing transforms that may be used to 
improve compression ratios. 
 
REVERSIBLE TRANSFORMS 

Color Space Conversions 

It is known that the Red, Green and Blue channels of 
the RGB color space are highly correlated. To remove 
this inter-channel correlation one could use the optimal 
KLT/PCA transform, but as the KLT coefficients are 
calculated for each image individually based on the 
analysis of the whole image the use of KLT transform 
would slow down the compression process noticeably 
due to the high computational complexity involved. 
Therefore, in lossy compression algorithms like JPEG 
or JPEG2000, a standard transform to a different color 
space such as YCbCr transform is employed. In the case 
of lossless coding, clearly a reversible transform must 
be employed to retain all image information. In this 
paper we report results of applying two such transforms. 
  
Reversible Multiple Component Transformation 
(RMCT) of the JPEG2000 standard core coding system 
(ISO/IEC and ITU-T 2002b) is an integer 
approximation of the YCbCr transform defined as 
 

C1 =  R – G 
C2 =  B – G  (1)

⎩
⎨
⎧

Y =  ⎣ ( R + B + 2G ) / 4 ⎦ 
 
 

where R, G, and B are the pixel values of the red, green, 
and blue channels respectively. The disadvantage of this 
transform is that it expands the dynamic range of the 
transformed coefficients, i.e. if R, G, and B are of 8-bit 
precision (as often the case) then C1 and C2 require 9-bit 
representation and Y needs 8 bits. We report the effects 
of applying this transform on the results obtained by the 
JPEG2000 compression algorithm. 
 
Reversible Color Transform (RCT) of the JPEG-LS 
extended standard (ISO/IEC and ITU-T 2002a) is a 
modulo-arithmetic version of the RMCT defined as 
 
 
 



 

 

C1 =  ( R – G + 2 N – 1 ) mod 2 N 
C2 =  ( B – G + 2 N – 1 ) mod 2 N (2)

⎩
⎨
⎧

Y =  ( G + ⎣ (C1 + C2 ) / 4 ⎦ – 2 N – 2 ) mod 2 N 
 
 

where N is the color channel bit depth. Due to modulo 
clipping this transform may introduce rapid changes of 
intensities in channels of transformed color space even 
if the intensities in RGB space were changing gradually. 
However, it does not expand the dynamic range. We 
report effects of applying the RCT transform on results 
obtained by all of the tested algorithms. 
 
Histogram Packing 

Another reversible transform that may improve 
compression ratios of certain images is histogram 
packing. In some images the actual number of active 
pixels' intensity levels is smaller than implied by the 
nominal bit depth. Furthermore, active levels do not 
occupy the continuous subinterval of the nominal range; 
instead they are distributed more or less sparsely 
throughout a part or all the nominal intensity range. We 
call such images as having sparse histogram. Image 
compression algorithms are based on sophisticated 
assumptions as to characteristics of the images they 
process. Sparse intensity level histograms are different 
from what is expected by lossless image compression 
approaches, both in case of predictive and of transform 
coding.  
 
To improve the compression ratios of such images we 
apply a histogram packing transform (Pinho 2001; 
Ferreira and Pinho 2002). An off-line histogram 
packing simply maps all the active levels to the lowest 
part of the nominal intensity range (order-preserving 
one-to-one mapping). In case of color images the 
transform is applied to each channel individually. 
Reversing the off-line packing requires the information 
describing how to expand the histogram after 
decompressing an image and hence this data has to be 
encoded along with the compressed image. There are 
various methods of encoding this information 
(Starosolski 2005), we employed the Bit-Array method 
where for all nominally available levels we encoded the 
information whether the specific level is active. The 
overhead associated with histogram packing (which was 
taken into account in calculating bit rates) is hence 96 
bytes (= 3 x 256 bits) for full color images. For obvious 
reasons, if both histogram packing and color space 
conversion are employed, the histogram transformation 
is applied prior to the color space transform. 
 
RETINAL IMAGE DATASET 

A large set of medical retinal images containing images 
obtained at various centers was used in our experiments. 
The set is large both with regards to the number of 
images as well with regards to the actual sizes of 
individual images. Images contain between 1.4 and 3.5 

millions pixels and hence require, since they are 24-bit 
RGB color images, between 4 and 10 MB of storage 
space.  
 
In order to check whether there are certain images that 
are especially susceptible to compression  (or especially 
hard to compress) our set was divided into groups in 
two different ways (as detailed in Table 1) according to 
the following criteria: 
• Retinal region: the whole set is divided into three 

groups (Nasal, Posterior, and Temporal) according 
to this criterion. 

• Capturing conditions: a criterion we introduced 
based on certain non-diagnostic properties of 
images (like the image size). According to this 
criterion, we divided the whole set into five groups 
(A, B, C, D, and E). In each group, all images are of 
the same size. Since group C contains only 3 
images we decided to not report results for this 
group. We note however, that each of the groups 
Nasal, Posterior, and Temporal contains one image 
from group C, and when reporting results for all the 
images (All) we include results of these 3 images.  

 
Table 1: Test dataset of retinal images 

Group No of images Average Size [pixels] 
Nasal 252 2214864 
Posterior 301 2203523 
Temporal 250 2213720 
A  162 1382405 
B 303 1382405 
C 3 1504006 
D 282 3333126 
E 53 3538950 
All 803 2210257 

 
EXPERIMENTAL PROCEDURE 

Experimental results were obtained on a HP Proliant 
ML350G3 computer equipped with two Intel Xeon 3.06 
GHz (512 KB cache memory) processors and Windows 
2003 operating system. Single-threaded applications of 
algorithms used for comparisons were compiled using 
Intel C++ 8.1 compiler. To minimize effects of the 
system load and the input-output subsystem 
performance the implementations were run several 
times; the time of the first run was ignored while the 
collective time of other runs (executed for at least one 
second, and at least 3 times) was measured and then 
averaged. The time measured is the sum of time spent 
by the processor in application code and in kernel 
functions called by the application, as reported by the 
operating system after application execution. The 
compression speed is reported in megabytes per second 
[MB/s], where 1MB = 220 bytes. We note that we 
actually measure the speed of the specific 
implementation of the given algorithm on the particular 
computer system, not the absolute speed of the 
algorithm itself. In order to make the results obtained 
useful in the real life, we utilized popular and 



 

 

“standard” (if available) implementations. The 
computer system we used, in terms of the processor 
speed, amount of the installed memory etc., is similar to 
currently manufactured PCs. The compression ratio we 
give in bits per pixel [bpp]  8 e / n, where e is the size in 
bytes of the compressed image including the header and 
n is the number of pixels in the image. We note that 
smaller ratios mean better compression and that 
uncompressed images are stored using 24 bpp.  
 
COMPRESSION ALGORITHMS  

In this section, we characterize, very briefly, the 
algorithms and implementations we used in this study: 
• Lossless JPEG: the former JPEG committee 

standard for lossless image compression (Langdon 
et al. 1992). The standard describes predictive 
image compression algorithm with Huffman 
(Huffman 1952) or arithmetic (Moffat et al. 1998) 
entropy coding. We used the Cornell University 
implementation by Huang and Smith, (version  
1.0, ftp://ftp.cs.cornell.edu/pub/multimed/ljpg.tar.Z) 
which uses Huffman codes. The results are reported 
for the predictor function SV 7 which gave the best 
average compression ratio on the test dataset.  

• JPEG-LS: a standard of the JPEG committee for 
lossless and near-lossless compression of still 
images (ISO/IEC and ITU-T 1999). The standard 
describes low-complexity predictive image 
compression algorithm with entropy coding using 
modified Golomb-Rice (Golomb 1966; Rice 1979) 
family. The algorithm is based on the LOCO-I 
algorithm (Weinberger et al. 1996; Weinberger et 
al. 2000). We used the Signal Processing and 
Multimedia Group, University of British Columbia 
implementation (version 2.2, ftp://ftp.netbsd. 
org/pub/NetBSD/packages/distfiles/jpeg_ls_v2.2.ta
r.gz). 

• JPEG2000: a fairly recent JPEG committee 
standard describing algorithm based on wavelet 
transform image decomposition and arithmetic 
coding (ISO/IEC and ITU-T 2002b). Apart from 
lossy and lossless compressing and decompressing 
of whole images it delivers many interesting 
features (progressive transmission, region of 
interest coding, etc.) (Christopoulos et al. 2000; 
Adams 2001). We used the JasPer implementation 
by Adams (version 1.700.0, http://www.ece.uvic. 
ca/ ~mdadams/jasper/). 

• PNG: a standard of the WWW Consortium for 
lossless image compression (WWW Consortium 
1996). PNG is a predictive image compression 
algorithm, using the LZ77 (Ziv and Lempel 1977) 
algorithm and the Huffman codes. We used the 
pnmtopng implementation by Lehmann, van 
Schaik, and Roelofs, (version 2.37.6, a  part of the 
NetPBM 10.25 toolkit, http://netpbm. 
sourceforge.net) compiled with libraries LibPNG 
1.2.8 (http:// libpng.sourceforge.net) and ZLIB 

1.2.2 (http:// www.gzip.org/zlib/). In PNG we have 
a choice of the predictor functions (filters) used to 
decorrelate the images. The results are reported for 
the filter selected by the encoder, from among all 4 
available ones, for each image individually. In most 
cases either the “avg” or the “paeth” filter was best 
for a given image; employing automatic selection 
of filter decreases the compression speed by about 
10% compared to compression performed using 
fixed “avg” or “paeth” filter.  

• CALIC: a relatively complex predictive image 
compression algorithm using arithmetic entropy 
coder, which because of its usually good 
compression performance is commonly used as a 
reference for other image compression algorithms 
(Wu and Memon 1997; Wu 1997). We used 
implementation by Yuan. In contrast to the other 
algorithms CALIC is designed for grayscale images 
only. The CALIC speed is reported based on total 
time of compressing individual color channels of a 
given image (ratio based on total size of 
compressed color channels). 

 
EXPERIMENTAL RESULTS AND DISCUSSION 

In Tables 2 and 3 we report the compression results 
obtained on the image dataset without applying the 
reversible transforms described earlier. Results are 
given in terms of compression speed (Table 2) and 
compression ratio (Table 3), for each of the groups in 
the dataset as well as average results for the whole set. 
The numbers are calculated as an average for all images 
contained in the group; since not all groups contain the 
same number of images the average results for all 
images may be slightly different from the average of all 
groups.  
 

Table 2: Compression speed results [MB/s] 
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Nasal 2.9 16.4 14.7 3.3 2.7 
Posterior 2.9 16.5 14.7 3.2 2.7 
Temporal 2.9 16.4 14.6 3.3 2.7 
A 3.4 17.3 15.9 3.7 2.9 
B 2.5 16.1 15.0 3.3 2.7 
D 3.1 16.4 13.6 3.3 2.6 
E 2.8 16.7 14.7 1.5 2.7 
All 2.9 16.5 14.7 3.3 2.7 

 
For any specific algorithm it can be seen that there are 
no significant differences between groups defined 
according to retinal region (Nasal, Posterior, and 
Temporal), also the variability indexes of results in 
these groups (e.g. from 13% to  16% in case of JPEG-
LS ratio) are close to variability indexes for the whole 
set (15% for JPEG-LS). Noticeable differences between 
groups, especially in terms of  compression ratio, and 



 

 

lower variabilities within specific group are observed in 
the case of groups defined according to image size and 
capturing conditions (11% for group D, 2%–3% for A, 
B, and E). Since similar characteristics are observed for 
results for images after applying reversible transforms 
described earlier, in the reminder of this paper we report 
average results for the whole set and for the A, B, D, 
and E groups only.  
 

Table 3: Compression ratio results [bpp] 
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Nasal 7.580 8.123 6.830 7.144 6.610 
Posterior 7.530 8.087 6.791 7.113 6.559 
Temporal 7.539 8.098 6.840 7.160 6.629 
A 6.157 6.632 5.255 5.784 5.154 
B 8.539 8.602 7.151 7.403 6.829 
D 7.330 8.499 7.446 7.703 7.243 
E 7.249 7.515 6.239 6.636 6.124 
All 7.549 8.102 6.819 7.138 6.597 

 
Considering the compression speed, Lossless JPEG and 
JPEG-LS obtain similar high speeds of about 15 MB/s. 
The speeds of the remaining algorithms are roughly 5 
times lower. While our aim in this study was to analyze 
standard and quasi-standard image compression 
algorithms we note that there exist other methods with 
compression speeds of over 2 times that of Lossless 
JPEG and JPEG-LS (Consultative Committee for Space 
Data Systems 1997; Starosolski 2006). Among the 
slower algorithms, CALIC and JPEG2000 use an 
arithmetic entropy coder in contrast to PNG which is 
based on faster techniques (LZ77 and the Huffman 
coding). Based on this, one could expect PNG to obtain 
compression speeds close to Lossless JPEG with 
Huffman coding. Therefore, the low speed of PNG 
might be due to the particular implementation used 
(similar results were obtained a set of medical thermal 
images (Schaefer et al. 2005)). For JPEG2000 we 
notice that the speed for images of size greater than 
about 10MB (group E) is much lower compared to 
speed for smaller images (including images of sizes 
close to  10MB); possibly the implementation used 
inefficiently manages images of sizes exceeding a 
certain threshold.  
 
Inspecting the results in terms of compression ratios we 
can see that the compression performance of Lossless 
JPEG is consistently the worst among all tested 
algorithms while the ratio of JPEG-LS is the second 
best, both overall (CALIC is better by about 3%) and 
for nearly all the groups as well (in case of the D group 
PNG is between CALIC and JPEG-LS).  
 
JPEG-LS hence seems to be the best choice for practical 
compression of untransformed color retinal images; 
using this algorithm we can efficiently reduce the 

storage requirements by a factor of about 3.5. 
Employing lossless image compression such as JPEG-
LS in a medical picture archiving and communications 
system (PACS) will hence significantly increase the 
mass storage capacity and at the same time decrease 
transmission times within the existing infrastructure 
which in turn can speed up clinician’s work. In addition, 
JPEG-LS is covered by recent international standards 
including in particular the DICOM standard (National 
Electrical Manufacturers Association 2001) for storing 
medical imagery which is widely recognized by vendors 
of medical devices and medical software.  
 
Next, we examined the application of reversible 
transforms as described above. Subjecting images to 
color space conversion or histogram packing prior to 
compression improves the compression speed of 
transformed images only insignificantly (by a few %), 
hence for brevity we do not report detailed speed results 
here. Compression ratios for images compressed after 
applying color transforms are reported in Table 4. 
Except for the column marked “JPEG2000*” which 
gives the JPEG2000 ratios after applying the JPEG2000 
RMCT transform from Equation 1, we report ratios  
for images after applying the RCT transform from 
Equation 2. 

 
Table 4: Compression ratios after color transform [bpp] 

G
ro

up
 

PN
G

 

L
os

sl
es

s 
JP

E
G

 

JP
E

G
-L

S 

JP
E

G
20

00
* 

JP
E

G
20

00
 

C
A

L
IC

 

A 5.713 6.137 4.567 5.177 5.329 4.304 
B 8.997 9.179 7.804 7.400 7.795 7.595 
D 6.971 7.631 6.341 6.706 6.841 6.105 
E 6.785 6.895 5.473 5.981 6.071 5.282 
All 7.474 7.869 6.481 6.613 6.849 6.253 

 
Applying color transforms does not change the relative 
performance among algorithms tested. Interestingly, the 
RCT does not improve compression ratios in all cases, 
applying it to group B images actually worsens the 
ratios of all algorithms by 5% to 10%. For the other 
groups it improves ratios by 5% to 15%. Greater 
differences are observed for more sophisticated 
algorithms (JPEG-LS, JPEG2000, and CALIC). On 
average, applying RCT improves ratios; for JPEG-LS, 
JPEG2000, and CALIC the improvement is about 5%. 
Comparing JPEG2000 RCT and RMCT ratios it appears 
that the latter transform is more effective for lossless 
compression of retinal images. It does not worsen 
(negligibly improves) the ratio for group B images 
while for all image groups its compression performance 
is better compared to RCT. Although applying color 
space transforms does not cause large improvements in 
terms of compression ratio, it should be noted that on 
the other hand these improvements are greater than 
differences in ratios between certain algorithms, e.g. 



 

 

using JPEG-LS with RCT transform gives better ratios 
than CALIC for untransformed RGB images. We also 
note that the RCT transform is covered by the JPEG-LS 
extended standard (ISO/IEC and ITU-T 2002a). 
 
The ratios for images after histogram packing or color 
space transforms and histogram packing are reported, 
for group D images only, in Table 5. Color channels of 
retinal images used for experiments in this paper are not 
very sparse, only in the case of group D images the 
sparseness is noticeable (averaged over 3 channels, 
below 95% levels are active). For other images the 
histogram packing did not change compression ratios 
noticeably. For all the algorithms the improvement in 
compression ratio due to histogram packing is about 
3%. The improvement for images subjected to both 
color space conversion and histogram packing roughly 
equals the sum of individual improvements of histogram 
packing and color space conversion respectively. 

 
Table 5: Compression ratios after histogram packing 

[bpp] 

C
ol

or
 

tr
an

sf
or

m
? 

PN
G

 

L
os

sl
es

s 
JP

E
G

 

JP
E

G
-L

S 

JP
E

G
20

00
* 

JP
E

G
20

00
 

C
A

L
IC

 

no 7.136 8.248 7.205 7.474 7.474 7.046 
yes 6.824 7.367 6.075 6.461 6.576 5.829 

 
CONCLUSIONS 

We analyzed the performance of several lossless image 
compression algorithms, namely Lossless JPEG, JPEG-
LS, JPEG2000, PNG, and CALIC for a large set of 
medical retinal images. JPEG-LS was found to be the 
best performing algorithm when we considering both 
the compression speed and the achieved compression 
ratio. For nearly all the images it gives compression 
ratios close to the best performing algorithm (CALIC) 
while in terms of compression speed it slightly lacks 
behind Lossless JPEG, the fastest of the tested 
algorithms. Conveniently, apart being a standard itself, 
JPEG-LS is also incorporated in the DICOM standard 
and is hence readily available in PACS systems. 
 
We also analyzed the effects of applying reversible 
transforms such as color space and histogram packing 
transforms, applied to the images prior to compression. 
We found that color space conversions are useful in the 
average case, although for certain images it might 
provide worse compression ratios. Since only some of 
images are of sparse histograms histogram packing has 
an influence on some images only. 
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ABSTRACT 

By means of mathematically defined digital filters, the 
disturbance affecting the system response may be 
eliminated and the real response recovered. Thereby a 
multivariable exponential test signal is assumed, but any 
other type of input is also pertinent. This achievement 
involves both a functional and a stochastic component. 
The former consists in the proved property that a 
multivariable function given over a finite interval may 
be approximately expressed by a product of functions of 
only one variable. Further, each such factor is 
expandable in a finite sum of exponential terms. The 
latter component consists in the low probability of 
coincidence regarding the test signal exponent and any 
exponent of the disturbance (approximate) spectrum. 
The developed procedure enables to estimate the 
constant coefficients included in a distributed parameter 
model of the process. 
Short observation time, test signal / noise small ration, 
the good accuracy of the model estimation and simple 
identification algorithm will be achieved. These features 
are due to the method peculiarity, to operate with any 
incipient segment of the response, and to the simple 
structure and good selectivity of the proposed digital 
filters. One may give up the test signal use, by having 
recoursed to exponential decomposition of the actual 
system input.

INTRODUCTION

Let us consider the dynamic process of a distributed 
parameter system, a process expressed by the partial 
differential eq. 

),,()()()(
0 00 0

yxtbt,x,ya ijk

N

k

k

i,j
ijkijk

N

k

k

i,j
ijk DD    (1) 

Above ijkD  denotes the partial derivate operator 

jikji

k

ijk yxt
D                 (2) 

and ijka , ijkb  are some constant coefficients. This eq. 

relates the system response ),,( yxt  to the external 

action ),,( yxt . The following considerations may be 

easily extended to the functions of arguments zyxt ,,, .

We aim at producing an alternative to stochastic 
methods (Unbehauen 1990), (Chen and Wahlberg, Eds. 
1997) in order to achieve a shorter observation time of 
the process. 
The developed procedure is based on the exponential 
decomposition of a continuous function, providing an 
individual exponential spectrum  (Cehan-Racovita 1999, 
2002). The resulting sum is a generalization of the 
Fourier’s finite sum. In contrast to current methods, a 
higher efficiency of disturbance filtering is performed. 

EXPONENTIAL DECOMPOSITION 

The Approximate 

Let )(tf  be a process and )(tfn  an approximate of 

)(tf , over a finite interval [0,T], with the structure 

tAtf i

m

i
im exp)(

1
, constAi           (3) 

where iA  and i  are complex constants; exp(.)  means 
(.)e .

This approximate has to fulfill the conditions 

)()( 00 ktfktfm , constt0            (4) 

for Mkk ,0 , TtkM 0 . The approximate (3), (4) may 

be considered as an extension of a Fourier’s finite sum. 
The frequency spectrum of the last sum does not 
characterize )(tf . On the contrary, the complex 

spectrum mii 1}{  expresses the individual character of 

)(tf  over the given interval. Consequently this 

spectrum may separate components from a combined 
signal.

Spectrum Determination 

We define the shifting operator q  by its effect on any 

function )(tg , i.e. 

)()( 0ttgtgq ,                 (5) 

00t . One may prove that polynomials of q  may be 
handled like algebraic polynomials. Note that 
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where 
)exp( 0tq ii .                 (7) 

Further observe that (6) vanishes if iqq .

Consequently, denoting 

m

i
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1
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one may write 0)()( tfq , and further 

0)()( tfqq , 1,0 m .               (9) 

Adopting for )(  the alternate expression 
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the eq.s (9) turn at 0t  into 
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m

i
i f , 0)( timi              (10) 

1,0 m . Solving the system (10) one obtains all i ,

mi ,1 , whereby the roots of the polynomial (10) are 
just the values (7). Note that the imaginary part of i  is 
not a unique one. We have to take the smallest value of 

i , in order to avoid oscillatory variation inside the 

incremental subintervals. One introduces the 
exponential spectrum 

mqqqtfS ,...,,))(( 21 ;

its use avoiding nonunique values i . But the most 
advantageous is the parametric spectrum 

},...,,{))(( 21 mp tfS

which does not require the solving of any polynomial 
eq.

Amplitude Determination 

We succeed in selectively eliminating any term of (3), 
except one chosen term. The procedure consists in 
applying to )(tf  the polynomial 

)/()()( q               (11) 

as the operator )(q . Indeed, due to (6) and (11) we 

have

)exp()()( tqAf(t)q ,

This result was obtained observing that nq  applied to 

)exp( t  yields just )exp( tqn . The coefficients of 

)(  may be derived from )(  using the Horner’s

algorithm. 

Disturbance Filtration by Means of Exponential 
Decompositon

A linear ordinary differential model with concentrated 
parameters is considered. The output will be 

)()()()( tnttt hfd ,             (12) 

where )(td  is the disturbed output. The terms in the 

right side member are: f forced component (induced 

by the input )(t , h homogeneous term (induced by 

the initial conditions), n noise. The input is assumed 
to be a given exponential function of amplitude 0A .
Considering the two last terms of (12) as a global 
disturbance 

)()()( tnttd h ,

we have to consider the eq. 

)()()( tdtt fd .

No direct information concerning the components of 
)(td  is available. Such information in a hidden form is 

included in )(td . If the test input is 

)exp()( 00 tAt             (13a) 

then )(tf  will be an exponential function, too, 

subsequently. 

)()exp()( 00 tdtAtd .           (13b) 

Denoting

)exp( 00 tq      

we apply the operator 0
0qq q  to )(td . As a result the 

first term in the right side member of (13b) is 
suppressed, i.e. 

)()-()(ˆ tdqt 0d
0qq ,              (14) 



where 

)()-()(ˆ tqt d0d
0qq .    

We infer that 

))(())(ˆ( tdStS pdp ,    

as the operator present in (14) does not alterate the 
parametric spectrum of )(td . Solving the system (10), 

the components i  of ))(( tdS p  will be determined. 

The essential information concerning )(td  becomes 

available, thereby the polynomial )(  is established. 

With respect to (12), (13b) and (5) one derives 

)exp()()()( 000 tqAtdq              (15) 

for 0ktt , ..0,1,.k . The polynomial operator )(q
mathematically defines a digital filter tuned on the 
spectrum of )(td . The last result offers the value of 0A ,

morever the transfer function )(sY  at 0s  is equal to 

./ 00 AA  Obiouvsly, the developed procedure performs 

correctly only if 0  and any i , m1,i  are not 
identical.

Stochastic Behavior of the Exponential 
Decomposition

Numerical results produced by the decomposition show 
a marked spreading of exponents, if the decomposed 

)(tf  will be slightly modified. Consequently, the 

coincidence probability of 0  and any i  of )(td  is 
very low. Therefore one has recoursed to a sequence of 

0A  obtained for ,...2, 00 ttt  in (15), or ,..., 21 mmm
in (3). The 0A  - values occurring with higher frequency 
should provide an accurate average value. 

METHOD EXTENSION TO THE PARTIAL 
DERIVATIVE MODEL 

Multivariable Exponential Decomposition 

Let us consider a continuous function ),,( yxtf  and 

also the function 
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with 111 CB . We require 

)()( PfPfmpq ,               (18) 

wherein 
321 kkkPP  denotes the point ),,( 030201 ykxktk

with 321 ,, kkk  some integers and 000 ,, yxt  the 

increments of the variables yxt ,, . We shall prove that 

the approximate mpqf  within a subspace 

0,,],,0[],0[],0[ YXTYXT  which should verify 
(18) really exists. 
Similarly to (8) and (11) we consider the polynomials 
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with mm1 , pm2 , qm3  and 

)exp( jijiq ,               (20) 

where 01 tii , 02 xii , 03 yii . Instead of (5) 

we define 

),,(),,( 321 yxtfyxtfjq       (21) 

wherein 01 t , 032 , if 1j ; 02 x ,

031 , if 2j ; 03 y , 021 , if 

3j . Instead of (9) we have 
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Further (19a) may be expressed as 

j
j

m

i

im
jij

0
)( ,              (22) 

so that 

0),,(
0

yxtfq jj
j im

j

m

i
ji              (23) 

)3,2,1;,1( jm jj  holds. Solving the three resulting 

algebraic systems, one gets three sequences of ji

forming together the parametric spectrum of ),,( yxtf :

3,2,121 },...,,{)),,(( jjmjjp j
yxtfS .

By means of )( jj q  we are filtering out all 

components of npqf , except a selected one. Indeed, 

1 2 3
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By replacing above 132  and taking into 

account 111 CB , one gets the expression for 
1

A .

Taking 131  and 121 , we obtain the 

expressions for 
2

B  and 
3

C , respectively. Thereby we 

proved that (for a given interval), a well determined 
),,( yxtfnpq  in the form defined by (16), (17) may be 

found. 

Multivariable Filtration 

In order to accomplish this task, one goes through two 
filtrations, the first one eliminating the forced 
component ),( yxf  from the disturbed system 

response, the second one eliminating the disturbance 
from the output. At the first stage, the parametric 
spectrum of the disturbance ),,( yxtd  is extracted. At 

the second stage, involving the just determined 
spectrum, the distrubance is filtered out and the 
amplitude of the forced component obtained. 
In particular, we take 

)exp(),,( 0000 yxtAyxt            (25) 

and correspondingly 

),,()exp(),,( 0000 yxtdyxtAyxtd .    (26) 

),,( yxtd  includes the homogeneous component h ,

due to the initial and boundary conditions and the noise 
),,( yxtn . The disturbance ),,( yxtd  is approximated by 

npqf  given by (16), (17). 

The filtration operator 

)( 0
0

3

1
jj

j
j q qqQ ,    

defining a digital filter, enables the elimination of 
),,( yxtf  (the first term in the right side member (26)) 

from the disturbed system response ),,( yxtd .

Denoting  

),,(),,(ˆ yxtdyxtd Q ,

from (26) one gets 

),,(),,(ˆ yxtyxt dd Q .              (27) 

The operator Q  is not altering the spectra )),,(( yxtdS
and )),,(( yxtdS p . From the last eq. we infer that the 

spectrum of ),,(ˆ yxtd  is identical with that one of 

),,( yxtd . In particular, the spectrum of ),,( yxtd

results from (23) by replacing ),,( yxtf  by ),,(ˆ yxtd ,

i.e.
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By means of 3,2,1, jji  and jmi ,1 , )1( 0j , one 

builds up with respect to (22) the polynomials )(10 ,

)(20  and )(30 . Now, by replacing 

0321  and 01
AA  in (24) one gets 
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yxtexpqqq
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In particular, one may take the shifting origin 
0yxt . The numerator of (29) defines a digital 

filter tuned on the spectrum of the disturbance 
),,( yxtd .

The operators 321 ,, qqq  are defined by (21) and the 

constants 302010 ,, qqq  are given by (20). Note that the 

numerator in (29) includes sampled data of the 
measured system output. 

NUMERICAL RESULTS 

Table I includes a sample of 00 / AA  - values obtained 

for 0ktt , ,...3,2,1,0k .

Table I. Sequence of 00 / AA  - Values Obtained by 

Applying Equation (29) 

k 0 1 2 3 

00 / AA 2.002 2.000 2.002 1.998 

k 4 5 6 7 

00 / AA 2.416 2.003 1.197 2.001 

The 00 / AA  ratio varies nearly 2.000, an estimate 

representing the accurate value at a given model and 
10A . At 4k  the computation yields a quite 

different estimate. This event reflects the exponent 
coincidence of ),,( yxt  and ),,( yxtd  during the first 

filtration stage, i.e. (27). The ratio of the peak values of 
 and d  was about 1:20. At other sequences a very 

great estimate may occur. Such events mark the 
exponent coincidence of  and d  during the second 

filtration stage, i.e. (29). 

POSSIBLE APPLICATIONS OF THE METHOD 

The developed method may be applied to a significant 
variety of industrial equipment and technological 
processes. Let us mention chemical reactors (reactive 
vessels), heat exchangers, (induction) furnances. The 



method is also suitable for other technical components 
of industrial plants, involving (time depending) 
multivariable chemical, thermodynamical or 
electromagnetic phenomena. In particular, the control 
input casually may depend on the time only. E.g. the 
electric tension )()( ttu  applied to a furnance is 

producing a multidimensional electromagnetic field 
),,,( zyxt . This one induces certain Foucault currents 

leading to a temperature distribution ),,,( zyxt  within 

the melted metal. As a result, the global model is 
obtained by coupling both models of the two mentioned 
phenomena. 

CONCLUSION 

Some simple digital filters, mathematically defined, 
allow to suppress the disturbance in the system output. 
The last one consists of both homogeneous system 
response and the noise. No information on these 
components is previously given. The low probability of 
the coincidence between the exponent functionally 
characterizing the test signal and any exponent of the 
decomposed disturbance ensures the required accuracy. 
If, however, a coincidence is occurring, this event is 
easily detected, and any wrong partial estimate 0A  will 

be rejected. The short measuring and computing times 
avoid the drift (i.e. parameter and operation point 
changes) effects on the estimation. Consequently, real-
time identification may be performed. 
In order to estimate the coefficients ijkijk ba ,  of the 

model (1), (2) a set of test signals of the form (25) is 
applied. Each given triplet 000 ,,  generates an 

algebraic eq. of structure (1), where ijkD  are replaced 

by kji
000 ,  by 0A  and  by 0A . 0A  is known and 

0A  will be estimated by means of (29). Finally an 

algebraic system is produced that yields the values of all 
coefficients ijkijk ba , .
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ABSTRACT 

In the Incukalns area (Latvia), the Devonian sandstone 
aquifer is heavily polluted by emissions of sulphur 
sludge pools. In 1998, a hydrogeological model (HM) 
for the place has been created and rough prognoses of 
contaminant migration in groundwater have been 
obtained. In 2004-2005, this model has been 
considerably improved in order to find the best methods 
of stopping pollution plumes and of lessening their 
impact on the local environment. Improved HM is 
described and the new results obtained are presented. 
 
 
INTRODUCTION 

From 1956 to 1981, the Oil Processing Factory of Riga 
created annually about 16,000 tonnes of highly toxic 
waste. This sludge consisted of tar, asphalthens, H2SO4, 
surface active components (SAC) and other hazardous 
substances. The waste was discarded into two 
abandoned sand – pits located at the Incukalns village. 
The pits become waste pools, each covering about 1.3 
ha. The pools were informatively named the Northern 
and Southern ones, which were formed during 1956 – 
1965 and 1964 – 1981, accordingly (Aleksans et al., 
1993). In 2005, the pools still acted as old hazardous 
sources and their pollution plumes were expanding. 

The waste from the pools leaked downward from 
the sandy Quaternary aquifer Q into the Devonian 
sandstone aquifer D3gj2. There dissolved waste was 
migrating downgradient towards the Gauja river. 
Fortunately, for both pools, contaminated areas of the Q 
aquifer now are limited and practically motionless. In 
centres of the still expanding plumes of the D3gj2 
aquifer, concentrations of the anion SO4 and SAC reach 
4,500 mg/l and 100 mg/l, respectively (Figure 1 for the 
SO4 plumes). 

In Latvia, the maximal allowed concentrations 
(MAC) for SO4 and SAC are 150mg/l and 0.02mg/l, 
accordingly. Therefore, the observed maximal 
concentrations for SO4 and SAC exceed MAC, 
correspondingly, 30 and 5000 times. These two 

pollutants are the most important, because the amount of 
SO4  in groundwater is the largest one and the SAC 
concentration exceeds MAC very much. 

In 1998, rough prognoses of the SO4 and SAC 
migration have been obtained by applying HM (Spalvins 
et al., 1999). In 2004 – 2005, this model has been 
considerably improved, in order to obtain information 
needed to remediate the contaminated place (Report, 
2005a). In the paper, reasons for improving of HM are 
described and the results of modelling are presented. 
 
DESCRIPTION OF HYDROGEOLOGICAL 
MODEL  
 
The model of 1998 covered the 8 km × 12 km area. The 
model accounted for four aquifers (Q, D3am, D3gj2, 
D3gj1) and for two boundary condition surfaces (the 
maps of landscape elevations ψrel and the fixed head 
distribution ψD2ar of the D2ar aquifer) on the HM top 
and bottom, respectively. Formally, the maps ψrel and 
ψD2ar also represented aquifers. These six aquifers were 
separated by five aquitards (aer, gQ, D3gj2z, D3gj1z, 
D2br) where the aer aquitard was a formal substitute of 
the unsaturated aeration zone of the Q aquifer. On the 
four vertical sides of HM, the piezometric boundary 
conditions were specified. 

The REMO system (Spalvins et al., 1996) was 
used for creating and calibrating of HM. The final 
results provided Groundwater Vistas (GV) system 
(Environmental Simulations, 1997) where the 
MODFLOW model supported HM. Contamination 
migration prognoses were obtained by the MT3D’96 
code as  part of the GV system. 

Although, the first HM version provided valuable 
results (Spalvins et al., 1999), the following drawbacks, 
regarding contaminant migration modelling, were 
discovered: 

- it was impossible to account for three dimensional 
(3D) nature of contaminant migration in the Q and 
D3gj2 aquifers, because they were represented by 
one grid plane each; in the Q aquifer, the real depth 
of the Northern waste pool, as the pollution source, 
was not accounted for; 

- when applying the MT3D’96 system, the quasi – 3D 
approximation scheme was used; for this reason, the 



 

 

system was not able to provide quite correct results 
of the contamination transport; 

- the MT3D’96 version included a lot of errors and it 
also was not able to provide correct results for longer 
time periods.  
Improved HM was built by using main parameters 

(area, approximation step, geometry of strata) of basic 
HM. The following necessary changes were made: 

- the Q and D3gj2 aquifers were divided in the three 
subaquifers Q1, Q2, Q3 and D3gj21, D3gj22, D3gj23, 
correspondingly (Figure 2); the subaquifers Q2 , Q3 
and D3gj21, D3gj22 had equal thicknesses, thin Q1 
subaquifer existed only in the vicinity of the pools; 
the thickness of the D3gj23 subaquifer was 10 
metres;  

- the D3am and D2ar aquifers were excluded from 
HM, because the D3am aquifer was nonexistent in 
areas of the waste pools and the D2ar aquifer had 
small impact on contaminant migration processes; 
therefore, the bottom surface of the D3gj1 aquifer 
was set impermeable; 

- accuracy of permeability maps of geological strata 
was improved and boundary conditions of the HM 
edges were adjusted, in order to obtain concurrence 
of migration trends for the modelled and observed 
pollution plumes (Report, 2005b); 

- for the enhanced GV system (Environmental 
Simulations, 2003), the 3D scheme was used and the 
next MT3D’99 version (Zheng, 1998) was applied. 

Calibration of HM was accomplished by using the 
REMO and GV systems, because the hydraulic and 
transport parameters were interdependent. It was rather 
difficult to match observed and simulated paths and 
velocities of migration. For example, the youngest 
Southern pool plume had covered almost the same 
distance, as the oldest Northern one. However, the 
hydraulic gradient at the Southern pool area was 
considerably smaller than for the Northern one. To 
obtain the observed velocity of the Southern pool plume, 
it was necessary to enlarge the permeability of the D3gj2 
aquifer for the pool area. 

It was important to obtain the variable infiltration 
flow for the HM area, because the flow had considerably 
influence on the groundwater table of the Q aquifer. The 
flow differs considerably for the areas of the pools 
(~100 mm/year and ~400 mm/year for the Northern and 
Southern pool, accordingly) and this fact results in 
diverse waste dissolution for the pools. Due the original 
method of simulating of the infiltration flow (Spalvins et 
al., 1996, Spalvins et al., 2004) it was possible to obtain 
the complex flow by applying the ψrel map, as the 
boundary condition. Then the infiltration was computed 
by HM. 
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Figure 1: A fragment of the model. Distribution of the 
head [m asl] for the D3gj22 subaquifer. The SO4 

concentrations [g/l] are shown, the year 2005 
         

Main tasks to be solved by HM were, as follows: 
- to evaluate current parameters for the SO4 and SAC 

plumes of the D3gj2 aquifer; 
- to obtain prognoses for the no sanitation case; to test 

effectiveness of various sanitation methods. 
 
CURRENT PARAMETERS OF 
CONTAMINATION PLUMES 

Current parameters (year 2005) were obtained by using 
observed concentration distributions of SO4 and SAC as 
initial data. For SO4, its stratification under impact of 
gravity was accounted for by specifying initial 
concentrations in the subaquifers D3gj21, D3gj22, 
D3gj23 at the ratios 0.7:1.0:2.0, accordingly. For SAC, 
the concentrations at these subaquifers were set equal. In 
Figure 1, the observed SO4 concentrations are shown for 
the D3gj22 aquifer (Report, 2005b). It was assumed that 
contours of the SO4 and SAC plumes coincided. The 
value 0.27 of porosity was applied. No sorption of SO4 
and SAC and no destruction of SO4 were accounted for. 
For SAC, the half life time value t0.5 = 15 years was used 
to simulate destruction of this substance. 
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Figure 2: The geological cross section N_Z_D_S drawn through the Northern and Southern pools 
 
 

Table 1: Current parameters (year 2005) for the SO4 and SAC plumes in the D3gj2 aquifer 
 
 

Nr. Parameters Northern pool Southern pool 
1. 
2. 
3. 
4. 
5. 
6. 
7 
8. 
9. 
10. 
11. 
12. 

existence time of pool [years] 
after what time will contamination reach Gauja river [years] 
mean migration speed till 2005 [m/year] 
mean migration speed a from 2005 till 2030 [m/year] 
contaminated area [ha] 
volume of contaminated groundwater [106m3] 
mass of SO4 [106kg] 
mean concentration of SO4 [mg/l] 
mean outflow of SO4 from pool [kg/day]] 
mass of SAC [106kg]] 
mean concentration of SAC [mg/l] 
mean outflow of SAC from pool [kg/day]] 

50 
25 
28 
50 

148 
17.65 

9.1 
515 
500 

0.106 
6 

18 

40 
65 
44 
46 

139 
18.73 
24.8 
1320 
1700 
0.131 

7 
20 

 
 

The main tracks of the simulated contaminant 
migration versus time were obtained by the MODPATH 
system (part of GV). Areas and volumes of the plumes 
were computed by using the SURFER system (Golden 
Software, 1997). The mean concentration cm of a the 
pollutant carried by a plume was computed as 
cm =mass/volume of the pollutant. 

In Table 1, the current parameters for the SO4 and 

SAC plumes are summarized. The following 
conclusions can be drawn from considering these data: 
- the plumes of the Northern and Southern pools will 

reach the Gauja river after 25 and 65 years, 
accordingly; since 2005, the Northern pool plume will 
move faster, due to the larger hydraulic gradient of the 
groundwater flow in vicinity of the river (Figure 1); 



 

 

- the geometrical parameters of the both plumes are 
almost equal: the area ~ 150 ha, the volume 
~ 18·106 m3; 

- the mass of SO4 for the Southern pool plume is larger 
than for the Northern one (24.8·106 kg > 9.1·106 kg) 
because the mean outflow of SO4 for the Southern 
pool is larger (1700 kg/day > 500 kg/day); 

- the mean concentration of SO4 (500 – 1300) mg/l 
exceeds MAC (3.3 – 8.7) times; 

- the mean concentration of SAC (6 – 7) mg/l is much 
larger (325 times) than MAC. 

It follows from the above data that the Northern 
pool SAC plume presents the main danger for the Gauja 
river that runs nearby the well fields Remergi and 
Baltezers providing drinking water for the Riga city. 
Both contaminant plumes are causing serious problems 
also for inhabitants of the Incukalns area. For this 
reason, cleaning of the Northen plume is planned in the 
near future and sanitation methods of the polluted place 
are to be simulated to find the best ones. 
 
 
INVESTIGATION OF SANITATION METHODS 

Three main sanitation methods were considered: 
- withdrawal from the D3gj2 aquifer of polluted 

groundwater, its cleaning and reinfiltration into the 
aquifer; 

- blocking of the infiltration flow for the pool areas, in 
order to reduce the waste dissolution rate; 

- excavation of the waste pools. 
Firstly, the worst case (no sanitation) was 

considered, when the Northern and Southern pool 
plumes would reach the Gauja river approximately after 
25 and 65 years, respectively. Each plume will enter the 
river into ~ 500 m wide zone where the groundwater 
flow is ~1000 m3/day. For these zones, the computed 
mean SO4 and SAC concentrations are, correspondingly, 
400 mg/l; 2 mg/l and 300 mg/l; 0.15 mg/l, for the 
Northern and Southern pool plumes (Table 2). These 
values are lower than the initial ones (year 2005) due to 
dilution of pollutants and destruction of SAC. However, 
the quality of groundwater there is far from the one 
obligatory for drinking water, especially, for the 
Northern plume SAC fraction (2 mg/l » 0.02 mg/l). 

The effect of dilution on the practically steady SO4 
concentration distribution (year 2045), for the 
subaquifers D3gj21, D3gj22, D3gj23, was shown in 
(Report, 2005). For the two upper subaquifers, 
especially, for the D3gj21 one, the concentrations have 
strongly descreased, in comparison with the initial ones 
(year 2005). Such a considerable change is due to the 
flow of water entering the D3gj2 aquifer through the gQ 
aquitard. Therefore, the improved model has provided 
the 3D image of the SO4 concentrations accounting for 
the dilution processes of the pollutants. This result also 
confirms the observed fact that the SO4 concentration is 

the highest one in the D3gj23 subaquifer (Aleksans et 
al., 1993). 

To stop migration of contaminants, polluted 
groundwater should be pumped out from the D3gj2 
aquifer to be cleaned by a overground equipment and 
reinfiltrated back into the aquifer. For the current stage 
of investigation, only rough parameters of this approach 
were sought and the following results were obtained: 
- at least, two discharge wells should be used with the 

total pumping rate ~ 3000 m3/day = 1500 m3/day × 2; 
the wells should be situated in these front area 
locations of the plumes where contaminant 
concentrations are high enough; 

- no less than three wells for reinfiltration of cleaned 
water (~ 3000 m3/day) should be located before the 
river; the distance between the discharge and recharge 
lines should be 500 - 700 m. 

 
Table 2: Parameters accounting for sanitation of the 

Incukalns place 
 

Nr. Parameters Northern 
pool 

Southern 
pool 

1. 
 
 
2. 
 
 
3. 
 
 
4. 
 
 
5. 
 
 
6. 
 

mean SO4 concentration 
for first inflow into river 
(no sanitation) [mg/l] 
mean SAC concentration 
for first inflow into river 
(no sanitation) [mg/l] 
pumping – infiltration rate 
stopping contaminant 
migration [m3/day] 
mean SO4 recovery rate 
during first three years 
[kg/day] 
mean SAC recovery rate 
during first three years 
[kg/day] 
reduction of contaminant 
outflow from pool if its 
infiltration flow is blocked 
[times] 

 
 

400 
 
 

2.0 
 
 

3000 
 
 

1700 
 
 

40 
 
 
 

1.3 

 
 

300 
 
 

0.15 
 
 

3000 
 
 

5200 
 
 

30 
 
 
 

1000 
 

For the both pools, such a system stops and 
remediates their contaminant plumes. To make 
modelling simpler, it was assumed that cleaned water 
contains no contaminants 

In Figure 3, the disposition of discharge and 
recharge wells is shown for the Northern pool plume. In 
the area of the plume, the mean hydraulic gradient has 
increased 1.5 times and this factor accelerates 
remediation of the plume.   

During the first three years, the following mean SO4 
and SAC recovery rates are expected, accordingly, 1700 
kg/day; 40 kg/day and 5200 kg/day; 30 kg/day, for the 
Northern and Southern pool plumes (Table 2). 
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Figure 3:  The scheme used for sanitation of the 
Northern plume. The changed distribution of 

piezometric levels [m asl] for the D3gj2 aquifer is 
shown 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 4: The SO4 mass [kg] versus time in the D3gj2 
aquifer for the Northern pool plume. No sanitation 

(graph 1); excavation only (graph 2); no excavation, 
cleaning of plume (graph 3); excavation and cleaning 

(graph 4) 
 

If the disposition and pumping rates of the 
remediation system remain fixed then recovery for 
contaminants should decrease versus time. To restore 
the rates, the system of wells should be moved 
upgradient to areas with higher contaminant 
concentrations. 

The factor of reducing the contaminant outflow 
from the pools by blocking their infiltration flows is 1.3 
and 1000 times for the Northern and Southern pools 
correspondingly. The lower part of the Northern pool is 
located into the Q1 subaquifer, and for this reason, 
blocking of infiltration (~ 100 mm/year) has such a 
small effect on the waste dissolution there. The Southern 

pool lays into the aeration zone, and only the infiltration 
flow (~ 400 mm/year) dissolute the waste of the pool.  

However, it is not easy to block the infiltration there 
because the pool is still a open pit filled with the highly 
toxic sludge.  
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5: The SAC mass [kg] versus time in the D3gj2 
aquifer for the Northern pool plume being under 

sanitation. The Northern pool is not (graph 1) and is 
(graph 2) excavated in 2005 

 
It is not difficult to stop infiltration for the Northern 

pool, because it has been filled with a sand. To reduce 
the waste dissolution of the pool, the groundwater table 
here should be lowered, in order to increase the 
thickness of the aer zone, to such an extent that the pool 
losses contact with the Q1 subaquifer. 

Excavation of the waste pools may give only long 
term benefits if no remediation of their plumes is done. 
Then the total SO4 mass of plumes will remain constant 
until they reach the Gauja river. For the Northern pool, 
plume it will happen after ~25 years (Figure 4, graph 2). 

If the discharge and recharge wells are used for 
remediation then excavation of pools may considerably 
improve the sanitation process (Figure 4, graph 4 for 
SO4; Figure 5, graph 2 for SAC). 

In Figure 4, the SO4 mass changes versus time for 
the Northern pool plume are shown. The graphs 1 and 2 
correspond to the no-sanitation and the pool excavation 
cases. It follows from the graph 1 that after the pollutant 
enters the river, increase of the total mass of the plume 
stops. However, no decrease of the SO4 mass can be 
expected.  The graphs 3 and 4 demonstrate effectiveness 
of cleaning the plume if the Northern pool is not and is 
excavated. 

For the SAC fraction, the positive effect of 
excavation is even more impressive. In Figure 5, the 
graphs of the mass change versus time for the Northern 
pool plume being remediated are given if the pool is not 
and is excavated. If the pool is not excavated then the 
total SAC mass decreases twice after 15 years and then 
remains unchanged (graph 1). The SAC mass drops 
faster if the pool has been excavated (graph 2). 
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RESULTS AND RECOMMENDATIONS 

The hydrogeological model of the contaminated 
Incukalns place has been considerably improved and by 
applying the model, the following results have been 
obtained: 

- the current parameters (year 2005) for the 
anion SO4 and the surface active components 
of contamination plumes have been obtained 
(Table 1); 

- the worst case (no sanitation ) is considered; 
- rough parameters of main sanitation methods 

are obtained (Table 2). 
 

The maximal effect may be archived if cleaning of 
polluted groundwater takes place. Blocking of 
infiltration flows may considerably reduce dissolution of 
waste pool bodies. Excavation of pools is effective in 
combination with cleaning of their pollution plumes. 

These results are preliminarily, because more field 
data and economic considerations are needed to use the 
methods examined. However, the model may serve as a 
powerful tool helping to answer many difficult questions 
arising during of sanitation for the Incukalns place. 
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ABSTRACT 

An increased number of vehicle functions 
necessitated by legislation and customer 
expectations have introduced many electronic 
control systems and electrically driven units in 
vehicles. The drastic increase in the non linear 
loads associated with the introduction of new 
technologies, produces distorted voltage and 
current waveforms which introduces harmonics. It 
is in this context of electrical distribution, that the 
K-factor was evolved for distribution transformers 
to compensate for the additional heating effects 
generated by the harmonic currents. This paper 
presents a spectral study of the voltage wave form 
of the claw pole automotive alternator under no 
load, balanced and unbalanced loads to estimate 
the variation of harmonic contents under these 
operating conditions. Theoretical study has been 
conducted using 3D finite element method and is 
supplemented by the experimental work on a 12 
pole claw pole alternator. The K- factor has been 
computed and the design features needed in a highly 
nonlinear environment with K>4 are also suggested for 
the electrical, magnetic and dielectric circuits of the 
claw pole alternator. 
 
INTRODUCTION 

In recent years, the demand for electrical power in 
modern automobiles has constantly been 
increasing. For better fuel economy, many devices 
driven directly by the engine have to be driven 
electrically. Electrical equipments like 
electromechanical valve actuators and active 
suspensions etc. will triple the aggregate power 
demand. The efforts to meet this drastic increase in 
loads and introduction of several electronic control 
systems and electrically driven units for the 
customer satisfaction and safety measures have 
intensified the use of non linear loads such as solid 
state controls, electronic ballasts, high intensity 
lighting, switch mode power supplies and 
microprocessors etc. Greater challenges are 
expected in future. These non linear loads produce 
distorted voltage and current waveforms and are 
the sources of harmonics. The resultant harmonics 

produce increased losses, overheating of windings 
and cables, heating of neutral and nuisance 
operation. 
Several studies have been carried out on 
automotive alternators (Zeisler and Brauer 1985; 
Roisse et al.1998; Henneberger et al. 1996). These 
studies were concerned with different modeling 
methodologies and the optimization of the 
alternator design for maximum output power. Bao 
et al. (2005) has reported a different modeling 
method and an approach to optimization of 
harmonics of output voltage of the alternator using 
this model. Investigations done in connection with 
further enhancement of the performance were 
reported (Ramesohl et al.1996,1999) by taking 
minimization of acoustic noise produced by the 
claw pole alternator as an added design constraint.  

 
As the fraction of the non linear loads has increased, so 
has the anxiety over the effect of these loads. Derating 
the alternator is not a solution, since with increased 
losses it results in poor energy efficiency, defeating the 
very objective of derating. In this context of electrical 
distribution, the K-factor was evolved for distribution 
transformers. IEEE Standard C57-110-1998 as well as 
Underwriter’s Laboratory (UL) Standards UL1561-1994  & 
UL1562-1994   gives  the  K-factor  as follows  

K-factor  =  2
n

2

1n

In∑
∞

=

 

Where In = rms value of the nth harmonic in per unit. 
Hence a spectral study will give a K-factor for altering 
the design features of the claw pole alternator. An effort 
made in this direction of study was reported (Pillai 
K.P.P et al.2005). 
 
In the present paper, NISA software is used for 3D 
modeling and the solver EMAG is used to calculate 
magnetic vector potential, allowing for the non-linearity 
of the B-H curve. The results are compared with the 
frequency spectra of generated voltage obtained from 
experiments on a 3 phase 12 pole claw pole alternator.  
 
ALTERNATOR ON NO-LOAD 

A 12 pole 36 slot claw pole alternator was analyzed for 
an excitation current of 1A and 428 DC field turns. The 
physical model was made using the preprocessing 
module NISA/DISPLAY III and the analysis is done 



using the solver NISA/EMAG. Due to geometry 
periodicity only 1/6th of the machine was studied. 
Meshing was manually done. About 59528 elements of 
NKTP 104 where to be used so as to keep skew, aspect 
ratio etc. within allowable limits. Contour plots of flux 
density distribution obtained on analysis, in the stator 
and rotor and in the air gap at stator surface are given in 
figure 1 to figure 3. The low flux density in figure 2 
occurs across a stator slot opening. The induced voltage 
per phase on no load was calculated for a rotor speed of 
2900 r/min from the flux density values. Its waveform is 
shown in figure 4. 

 
 

Figure 1:  Flux Density Distribution in Stator 
 
 

 
 

Figure 2: Flux Density Distribution in Rotor 
 

 
 
 

Figure 3: Flux Density Distribution in Air Gap 
 

The machine was run at a speed of 2900 r/min by means 
of an induction motor coupled to it and the induced 

stator voltage recorded  is given in figure4 along with 
the waveform obtained theoretically. 

 
Figure 4: Induced Voltage in Stator Winding  

 
ALTERNATOR ON SYMMETRIC LOAD 

The same finite element model of the alternator, used in 
the no load analysis was used here also. Excitation of 
1A dc was given to 428 field turns and a load current of 
5A was maintained in all the three phases for analysis. 
The flux density distribution was obtained during post 
processing and the stator voltage waveform for a speed 
of 2900 r/min was computed and is given in figure 5. 
 

 
 

Figure 5: Stator Voltage Waveform 
(Symmetric load ) 

 
Alternator was run at 2900 r/min and subjected to 
balanced loads ranging from 1A to 5A in steps of 1A, 
each time recording the voltage using a storage 
oscilloscope. The waveform obtained for a load of 5A is 
shown in figure 5 along with the theoretically obtained 
waveform. 
 
ALTERNATOR ON UNBALANCED LOAD 

An extension of the analysis done using NISA/EMAG 
on no load and balanced load is carried out to asses the 
performance under unbalanced load also. The 
unbalance factor ξ can be used as a measure of 
unbalance occurring, and is defined as the ratio of 
negative to positive sequence amplitudes. ξ can be 



varied from 0 to 1. In the present analysis, the extreme 
case of unbalance, i.e.ξ =1 has been chosen, which 
corresponds to single phase operation. The voltage 
waveform obtained theoretically is given in figure 6. 
The voltage waveforms were obtained experimentally 
for single phasing, for loads varying from 2A to 5A and 
the wave form for a load of 5A is given in figure 6. 
 

 
 

Fig 6: Stator Voltage Waveform (Unbalanced load) 
 
DISCUSSION OF RESULTS AND 
CONCLUSION 

The voltage waveforms were analyzed using Discrete 
Fourier transform to find the harmonic components and 
the magnitude of the harmonics as a percentage of the 
fundamental was calculated. Figures 7 and 8 show the 
frequency spectrum of the generated voltage obtained 
on no load by FEM and experimental measurement. A 
comparison of the theoretical and practical methods 
shows that the percentage of even harmonics is 
negligible in the two cases, while the odd harmonics are 
predominant. FEM gave consistently higher values for 
odd harmonics as a percentage of fundamental. As 3D 
mesh generation was not automatic in the FE software 
used, it was manually done and even when care was 
taken to keep the skew,  
 

 
Figure 7: Frequency Spectrum no-load (FEM) 
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Figure8: Frequency Spectrum no-load 
(Experimental) 

 
 

aspect ratio etc. within limits, the interfacing errors 
between hybrid elements were usually present. 
Secondly, the flow of circumferential flux on the outer 
boundary of stator necessitates a difference in magnetic 
potential and hence the circumferential component of 
curl A has a finite value on the outer boundary, unless 
the yoke thickness is taken as semi infinite. However 
the software could not handle such sophistication, hence 
the odd harmonic content of generated voltage 
waveform obtained through FEM was seen consistently 
higher than experimental value. 
 
Kudla and Sikora (2004) have used Mawell 3D to 
analyze the no load characteristics of a 12 pole claw 
pole alternator with various contrasts in the modeling. 
The details of the grid patterns used are not mentioned 
in the paper. The results presented by the authors show 
predominant 7th, 5th and 3rd harmonic components, 
corroborating the present investigation results. 
 
The harmonic spectrum of the generated voltage 
waveform obtained theoretically using FEM for a 
symmetric load of 5A and that obtained experimentally 
for various loads is shown in figures 9 and 10. The 
corresponding harmonic spectrums for the unbalanced 
load condition are portrayed in figures 11 and 12. 
 
Figures. 13 to 16 show the variation of the fundamental 
component, 3rd, 5th and 7th harmonic of the generated 
voltage respectively for both 3-phase symmetrical 
loading and the unsymmetrical loading, the load current 
varying from 2 to 5 A in steps of 1A in each case. This 
variation is independent of load current as along as the 
type of load remains the same. The variation of the 
harmonic components at a given load was also studied 
and due to limitation in space, the curves are not 
included. 
 
 
 
 



 
Figure9: Frequency Spectrum of Generated 

Voltage on Symmetric 5 A Load (FEM) 
 

 
 

 
 
 

 

 
Figure 10: Frequency Spectrum for Symmetrical 

Loading (Experimental Method) 
 

 
Figure 11: Frequency Spectrum for unbalanced 

Loading (FEM) 

 
 

 



 

 
Fig 12: Frequency spectrum for 1-phasing 

(Experimental method). 
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Figure 13:  Harmonic voltage as % of fundamental at    

2 A loads 
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Figure 14:  Harmonic voltage as % of fundamental at 

 3 A load 
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Figure 15:  Harmonic voltage as % of fundamental at 

4 A load 
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Figure 16:  Harmonic voltage as % of fundamental at 
5 A load 

Figure 17 gives the result of a typical NISA analysis at 
5A load for both symmetrical 3-phase and 1-phase 
loading. The harmonic component of voltage as 
percentage of fundamental is plotted in the figure. 
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Figure 17:  Percentage of harmonic voltage vs. order of  

harmonic at 5 A load (NISA analysis). 
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Power electronics in modern automobiles has to deal 
with widely varying system voltages and destructive 
high voltage transients and spikes and hence a study of 
the harmonic spectrum of the alternator voltage is useful 
in developing protective circuits and altering design 
features. The K-factor can be worked out for a typical 
case of NISA analysis (vide figure 17) for single 
phasing as follows 
 
Fundamental                (12)            × 12    =          1.00 
3rd harmonic   4%        (0.04)2   × 32  =  0.014 
5th harmonic   15.7 %  (0.157)2 × 52  =           0.616 
7th harmonic   22 %     (0.22)2   × 72  =           2.372 

K-factor  =  ∑ 2
n

2 In      =           4.002 

The nearest standard K-factor is K-4. However, this is 
obtained with a purely resistive load. In modern 
automobiles with severe non-linear loads the K-factor 
requirement can rise to much higher values and 
accordingly the design requirements should be altered. 
 
The design features at K-factors above 4 should cover 
electrical, magnetic and dielectric circuits. In the 
electrical circuit, as triplen harmonics add up in the 
neutral, the neutral conductor and neutral terminals have 
to be double the size of phase conductor and phase 
terminal respectively, as is being done in distribution 
transformers with K>4.  The large skin effect at higher 
harmonics will necessitate segmented conductors in the 
armature. In the magnetic circuit, stray loss has to be 
reduced by studying the leakage flux path using FEM. 
Non-magnetic material has to be used for core 
clamping.  In general, the flux density in the claw pole 
should also be slightly reduced. In the dielectric circuit, 
higher harmonics and spikes can cause overheating, 
especially at hot spots. Hence class H insulation would 
be necessary to withstand local overheating.  
 
A comparative work can be taken up using Maxwell 3D 
software with automatic mesh generation for the entire 
twelve pole geometry as well as static and dynamic 
excitation capabilities. A direct linking of FE software 
to Simulink would enable development of a control 
strategy directly in Simulink with the FE model 
described in Maxwell. During the computation, 
Maxwell and Simulink can be run in transient co-
simulation. Studies like this are extremely useful to 
facilitate the use of claw pole alternator with its inherent 
manufacturing advantages and infrastructure 
investment, to meet the automotive power requirements 
of the future. 
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Abstract— Atmospheric models represent the state of the

environment including interactions that occur in the atmo-

sphere and are thus useful to predict future temperature dis-

tributions and concentration densities of important species.

A prominent example of an atmospheric model, specialized

for the thermosphere, is the MSIS–86 model developed at

NASA. In this note, we describe transforming this com-

puter program by means of the automatic differentiation

tool ADIFOR to obtain a new computer program capable

of evaluating the derivatives of the output of MSIS–86 with

respect to its input. These sensitivities are quantified and

compared with derivatives approximated by divided differ-

encing, demonstrating the reliability of automatic differen-

tiation.

I. Introduction

The Earth’s atmosphere is a thin layer of air that can
roughly be specified as the region from the surface of the
Earth to about 1000 km altitude around the globe. Within
the atmosphere, very complex chemical, thermodynamic,
and fluid dynamic effects occur. Below 50 km the atmo-
sphere is typically treated as a perfect gas, assuming homo-
geneity. Above 80 km the atmosphere is no longer uniform
since the hydrostatic equilibrium gradually breaks down as
diffusion and vertical transport become important. The
major species in the upper atmosphere are N2, O, O2, H,
and He. Atmospheric reference models predicting temper-
ature and concentration profiles of species were first devel-
oped in the early sixties based on theoretical considerations
and satellite drag data. A prominent example of an atmo-
spheric reference model is a suite of models known as the
Mass Spectrometer Incoherent Scatter (MSIS) models [11]
developed at NASA’s Goddard Space Flight Center.

In this note, we are interested in the sensitivities of at-
mospheric model predictions with respect to model param-
eters. We regard this work as a first step in the direction of
establishing a more realistic strategy to predict the flight
trajectory of a satellite. The satellite model given in [15]
considers celestial gravitation and earth tides while using
a constant air density in its atmospheric drag submodel.
The derivatives of the MSIS model whose generation is de-
scribed in this note will be used in a future work to fit
real-world GPS-data with simulations of the flight trajec-
tory.

Rather than relying on approximations computed by di-
vided differencing, the aim is to obtain sensitivities with-
out truncation error. To this end, a technique commonly
referred to as automatic differentiation (AD) [8], [17] is em-
ployed. More precisely, the AD tool ADIFOR [4] is used to

transform the MSIS–86 model into a new program capable
of computing user-selected sensitivities.

The structure of this note is as follows. In Section II,
the atmospheric model MSIS is sketched. The AD tool
ADIFOR and its underlying technology is briefly described
in Section III. Numerical experiments are carried out in
Section IV.

II. The Atmosphere Models MSIS

The suite of atmosphere models called Mass Spectrome-
ter and Incoherent Scatter (MSIS) are based on directly ap-
plying analytical solutions of simplified diffusion equations
to derive concentration profiles of major species. Origi-
nally developed by Hedin and co-workers in the seventies,
the MSIS models were continuously improved as new mea-
surement data and new analysis results became available:
MSIS–77 [13], MSIS–83 [10], MSIS–86 [11], MSISE–90 [12],
and NRLMSISE–00 [16].

In this note, the MSIS–86 model is used as a model
for the thermosphere, the sheet of air above about 120
km. This version has been extensively used for compar-
ing model predictions with measurements; see [1], [6], [14]
for instance. The MSIS model is based on extensive in-
situ data measurements from numerous rocket probes and
satellites (OGO 6, San Marco 3, AEROS-A, AE-C, AE-D,
AE-E, ESRO 4, and DE 2) as well as ground-based inco-
herent scatter radars (Millstone Hill, St. Santin, Arecibo,
Jicamarca, and Malvern).

As input, the MSIS–86 model expects year, day of year,
Universal Time, altitude (a), geodetic latitude (δ) and lon-
gitude (λ), local apparent solar time (τ), solar F10.7 flux
(for previous day and three-month average), and magnetic
Ap index. As output, MSIS–86 computes densities of He,
O, N2, O2, Ar, H, and N, total mass density as well as
neutral temperature and exospheric temperature (T ). The
source code is written in Fortran 77 and consists of about
800 lines of code.

III. The AD Tool ADIFOR

The term automatic differentiation (AD) comprises a set
of techniques for mechanically transforming a given com-
puter program into a new program for the computation of
derivatives. The transformation process is based on the
standard rules for differentiating elementary mathematical
operations. Combining these elementary derivatives by the
chain rule of differential calculus finally yields the deriva-
tives of the whole program. AD software tools automate
this transformation; see www.autodiff.org for a list of AD



tools for various programming languages. This way, AD re-
quires little human effort and produces derivatives without
truncation error. The reader is referred to the books [8],
[17] and the proceedings of AD workshops [9], [2], [7], [5]
for details on this technique.

Developed in a collaborative project between the Math-
ematics and Computer Science Division at Argonne Na-
tional Laboratory and the Center for Research on Parallel
Computation at Rice University, the ADIFOR system [3],
[4] implements Automatic DIfferentiation of FORtran 77.
ADIFOR provides full Fortran 77 support for first-order
derivatives, e.g., it supports common blocks, complex arith-
metic, arbitrary function and subroutine calling se-
quences as well as common extensions such as include

statements, double complex, and implicit none. Fur-
thermore, ADIFOR reports exceptions such as the differ-
entiation of sqrt(x) when x is zero.

Transforming MSIS–86 using ADIFOR was a straight-
forward process without the need for additional modifica-
tions of the source code. For the numerical experiments
reported in the following section, the number of directional
derivatives was set to four. We used the exception handling
system to check that no elementary function is evaluated
at a point where the function is defined but its deriva-
tive is not. However, for the performance measurements,
we turned off the exception handling by setting ADIFOR’s
option AD EXCEPTION FLAVOR = performance.

IV. Numerical Experiments

In this section, numerical experiments on a Sun-
Fire E2900 with a UltraSparcIV processor (1.2 GHz) and
a total of 48 GB RAM are reported. All experiments are
run under Solaris 9 using the Sun Fortran compiler, version
8.1.

In the experiments, we computed the derivatives of the
ten scalar output variables representing eight densities and
two temperatures with respect to the four input variables
altitude (a), geodetic latitude (δ), and longitude (λ), and
local apparent solar time (τ). These 40 derivatives agree
reasonably well with approximations based on divided dif-
ferences. To give the reader a more detailed picture, we
consider the derivatives of the exospheric temperature, de-
noted by T , with respect to [a, δ, λ, τ ]T .

In a first set of experiments, we are interested in com-
paring the AD-computed derivatives with derivatives ob-
tained from divided differencing (DD). In all experiments,
first order forward differences with a step size h are used.
To demonstrate the difference in accuracy between AD and
DD, we formally define

∆(T, δ, h) :=

∣

∣

∣

∣

∂T (a, δ, λ, τ)

∂δ

−
T (a, δ + h, λ, τ) − T (a, δ, λ, τ)

h

∣

∣

∣

∣

, (1)

where the first term on the right-hand side is the value com-
puted by automatic differentiation and the second term
is the value obtained from divided differences. Hence,
∆(T, δ, h) is a measure of the difference of the numeri-
cal accuracy of the partial derivatives obtained from AD

and DD. The definition (1) is extended to derivatives other
than ∂T/∂δ in a straight forward fashion. Furthermore,
the definition

∆rel(T, δ, h) := ∆(T, δ, h)

/∣

∣

∣

∣

∂T (a, δ, λ, τ)

∂δ

∣

∣

∣

∣

(2)

is used to denote ∆(T, δ, h) relative to the value computed
by AD.

In Figure 1, three derivatives computed via AD are com-
pared with those obtained by DD when varying the step
size h. The derivatives are evaluated at

a = 485.811 km , δ = 66.148◦,
λ = −211.612◦ , τ = −14.196 h.

In particular, the figure shows ∆rel(T, δ, h), ∆rel(T, λ, h)
and ∆rel(T, τ, h). While decreasing the step size from 10−2

to smaller values, the values of ∆rel(T, ·, h) decrease, indi-
cating that the truncation error of DD decreases. When
decreasing the step size further, cancellation error in the
numerator of the DD approximations becomes dominant
and the values of ∆rel(T, ·, h) increase again. According to
these experiments, the “optimal” step size for ∆rel(T, λ, h)
∆rel(T, δ, h) and ∆rel(T, τ, h) are approximately given by
10−5, 10−6 and 10−7, respectively. The derivative ∂T/∂a
is omitted in this figure because it is (exactly) zero.

In the second set of numerical experiments, we are in-
terested in the derivatives of the density of N2, denoted by
c, with respect to [a, δ, λ, τ ]T when varying the four input
variables a, δ, λ, and τ . From the large set of results, we
chose to concentrate on variations of a and τ and note that
the corresponding variations with respect to δ and λ are
all well-behaved.

In Figure 2, these derivatives are plotted for different al-
titudes ranging from 436 km to 536 km. The figure shows
a decrease of the three derivatives ∂c/∂[δ, λ, τ ] with in-
creasing altitude, whereas the derivative ∂c/∂a is increas-
ing with increasing altitude. These four derivatives exhibit
a smooth behavior in the chosen range. Periodic behavior
of the derivatives is depicted in Figure 3, where the same
four derivatives are plotted ranging the local solar time
from −64 h to 36 h. In each of the Figures 2 and 3, one
hundred equidistant points are used on the abscissa.

The performance of the AD-generated model depends on
the number of directional derivatives propagated through
the code. In the experiments reported here, four directional
derivatives are computed. Compared to the original MSIS–
86 model, its AD-generated version uses 2.7 times more
storage and the run time is increased by a factor of about
4.3. Recall that approximations by divided differencing
need at least 5 evaluations of the underlying function.

V. Concluding Remarks

The MSIS–86 atmospheric model provides estimates
of temperature and concentration densities of important
species in the upper atmosphere. By transforming MSIS–
86 using the automatic differentiation tool ADIFOR, we
generate another computer model providing the derivatives
of the outputs of MSIS–86 with respect to its inputs. More
precisely, the derivatives of the densities as well as of the
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neutral temperature and exospheric temperature with re-
spect to altitude, geodetic latitude and longitude, and local
apparent solar time are computed. The crucial issue is that
these derivatives are computed reliably without truncation
error that would be introduced in any approach based on
numerical differentiation. In the present AD-based ap-
proach, the additional cost in terms of storage and com-
puting time is reasonably modest. Future research direc-
tions include the integration of the MSIS–86 model and its
derivatives in a Kalman-filter for data fusion of simulated
trajectory and GPS-data.
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ABSTRACT 

The paper deals with possibilities how to compensate or 
efficiently use variable outdoor conditions, e.g. solar 
radiation and outdoor temperature in order to assure the 
appropriate indoor conditions. This is not studied with 
conventional approaches, e.g. with heating, cooling, 
ventilating, humidifying, etc. but with on line dynamical 
adaptations in the building envelope. Variable wall in-
sulation, movable window insulation, movable shading 
system and rotating object were proposed and studied. 
For efficient experimenting a mathematical model was 
developed. For efficient validation and verification a 
small physical “chamber” was built. 
 
INTRODUCTION 

Modelling and simulation is a very efficient approach  
when designing new technical solutions (Matko et al. 
1992).  When talking about smart or intelligent building 
the studies are more and more oriented into communica-
tions, multimedia, internet etc. but not into the main 
important aspects for pleasant behaviour – temperature, 
humidity, illumination. There are many possibilities for 
modelling and simulation and for control system design  
of such systems with respect to temperature and illumi-
nation (Škrjanc et al. 2001, Trobec-Lah et al. 2005, Zu-
pančič et al. 2001, 2004, 2005). In the papers cited 
above control systems for heating, cooling, ventilating 
and blind positioning were designed. But what is even 
more challengeable is to study, how to compensate vari-
able “environmental disturbances” influences with on 
line adaptations in buildings envelopes. Using appropri-
ate simulation results we propose some solutions: vari-
able wall insulation, variable, movable window insula-
tion, movable shading system and rotating object. We 
are not dealing with practical implementation of these 
ideas from which some still do not have possibilities for 
implementation or the implementation costs are too 
high. However we are sure that intelligent houses of the 
future will also offer such solutions. 
 
In this paper a simulator we developed for our investi-
gations, will be briefly described. For verification and 

validation purposes a real “chamber” was built and will 
also be briefly described. However the emphasise is laid 
to the simulation studies which show the possibilities, 
how to adapt the variable structure envelope to the vari-
able outdoor conditions, e.g. to solar radiation and out-
door temperature “disturbances”. 
 
SIMULATOR DESIGN 

The mathematical modelling of a “chamber” was dealt 
in Škrjanc et al. 2001, in Lampret et al. 2002, in Zupan-
čič et al. 2004, 2005. In the modelling the following 
phenomena were considered: thermal conduction, ther-
mal convection, radiation and long wave radiation. Here 
only the main simulator properties will be briefly de-
scribed. The scheme of the modelled system is depicted 
in Figure 1. 

Changeable properties of envelope

Weather conditions

Indoor parameters

Solar radiation

Outdoor air temperature

Indoor air temperature
Temperature of terrain

Temperature wall nodes

Walls

Electrochromic
Windows

Movable insulation

 
Figure 1: The scheme of modelled  system 

 
The inputs to the simulation model are the outside con-
ditions as well as dynamical parameters of envelope: 
• variable outdoors (weather) conditions: oscilla-

tion of the outdoor air temperature, oscillation of 
the temperature of the terrain, global solar radia-
tion, level of cloudiness, ratio of diffuse/direct ra-
diation 

• changeable properties of the building’s enve-
lope: the opaque elements ; thermal capacity and 
resistance of these elements, the transparent ele-
ments (windows); geometry of openings, optical 
characteristics of glass and resistance of fill be-
tween glass panes, interior properties: absorption, 
emission coefficients of walls and thermal capacity 

 



 

of furnishing, some other characteristic: change-
able orientation 

• additional heating and cooling: the power of 
heater and ventilator 
 

The outputs of the simulation model are: 
• the indoor air temperature and interior heat 

flow 
• the walls, windows and surface temperatures 
 
It is possible to simulate rectangular building with arbi-
trary walls, floor and ceiling composition. The opaque 
elements of the building envelope are floor, ceiling, 
walls and they can be composed of 5 layers, which en-
ables adequate thermal description of different envelope 
structures. In each wall one window of rectangular 
shape could be placed. All windows in the model are 
supposed to be double-glazed and filled with different 
gases. The inner space of the building can contain furni-
ture and equipment. The ratio of furnishing/surface of 
the envelope is flexible, the material properties of furni-
ture are optional. The solar radiation is composed of 
direct radiation and diffuse solar radiation. The ratio 
direct/diffuse radiation in the model is flexible. The 
orientation of the building is optional parameter and it is 
defined by the declination angle between real (geo-
graphic) south and the direction of axes buildings axes. 

 
The simulator was developed in MATLAB-Simulink 
environment. Figure 2 shows the screen outlook on the 
highest hierarchical level. In the block Initialisation all 
the parameters about the materials, geometry of win-
dow, orientation, geographic location and starting simu-
lation time are given. So simulation of the behaviour in 
the case of different materials, orientations, geographic 
location, position and number of windows and period of 
the year can be performed. In the block Outdoor tem-
perature and Solar radiation the measured or prede-
fined values of outdoor temperature, temperature of 
terrain, solar radiation, ratio direct/diffuse radiation and 
level of cloudiness are given in appropriate data files. 
Also the power of the heater and the ventilator are de-
fined in block Ventilating&Heating. Position of the 
roller blind is described or defined in block Geometry 
of openings. In blocks Opaque elements variable 
properties can be defined or generated (thermal capacity 
and resistance), in block Transparent elements prop-
erties of openings (optical prop. and thermal resistance), 
respectively. These blocks represent the input variables 
of the model. The output variable of the model is vector, 
where temperatures and heat-flows are gathered. But the 
simulator can be modified easily in the sense that also 
other variables of the model can be monitored.  
 

 
Figure 2: The simulator in MATLAB-Simulink environment 

 
TEST CHAMBER “KAMRA” 

For the validation and verification of mathematical 
model a real system - test chamber “KAMRA” (see Fig-
ure 2) was built on the roof platform of the Faculty of 
Civil and Geodetic Engineering, University of Ljubljana 

(46.0° latitude, 300m altitude). It has dimensions 1m x 
1m x  

1m and is designed especially for modelling and control 
design purposes. The cell is shifted off the ground and 
the roof is ventilated in order to avoid the overheating 
caused by direct radiation on the roof. Walls, floor and 

 



 

ceiling are built of lightweight brick blocks but also 
other materials were examined. 

 
Figure 2: Physical object – test chamber “KAMRA” 

The south wall is completely glazed with double-
glazing composed of two layers of standard clear glass 
and air fill, and the thickness of wooden frame is 5 cm. 
The alternating geometry of the window is made with 
the automatically moveable roller blind. The roller blind 
is an external PVC blind and its position can be con-
trolled. The measured values are: inside and outside 
temperatures, temperature of the ground, direct and re-
flected solar radiation, indoor illumination and the posi-
tion of the roller blind.  

Our final goal is to achieve the desired indoor tempera-
ture and indoor illumination with appropriate heating, 
ventilation, but also with dynamic changes in the build-
ing envelope e.g. with blind positioning. The emphasize 
was given to the usage of passive energy actions, i.e. to 
adaptations to external “disturbances” with on line 
changes in buildings envelopes to achieve pleasant be-
haviour conditions in the room and to make some en-
ergy savings as well. 

MODEL VALIDATION 

Model validation is  the most important phase in each 
modelling and simulation iterative cyclic procedure. It 
is based on the comparison of experimental and simula-
tion results, when the real and simulation models are 
influenced by the same input signals. It is of course im-
portant to perform several experiments under different 
conditions. The experimental data should be different 
from those used in model development phase. The real 
experiments were performed in winter, spring, summer 
and autumn conditions, with heating and ventilating and 
with roller blind positioning. The real system and the 
simulation model were influenced with several external 
temperatures signals, with solar radiations signals and 
with some variable properties of the envelope of the 
room. It is desired that input signals contain appropriate 
dynamics. With these experiments the model was still 
improved with  final parameter tunings. 
 
The validation experiments can be divided into three 
groups. The first group experiments were performed in 
May. The roller blind was completely opened (position 
0), the walls consisted from dry wall panel (1cm) + 
mineral wool cavity (8cm) + dry wall panel (1cm). The 
orientation of the room was south (window), north. The 

simulation results are presented in Fig. 3. The outdoor 
temperature varies between 3 ºC -15 ºC. The solar ra-
diation was moderate, up to 500 W/m2. The observation 
period was 6 days. The lower diagram shows the indoor 
measured and simulated temperatures. It can be noticed 
that the difference is acceptable. The results are worse 
during the night period.  
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Figure 3: Measured and simulated indoor temperature 
as a result of variable outdoor temperature and solar 

radiation. 
Figure 4  shows an experiment from the second group 
(beginning of June). In this experiment the window 
shading area was also changeable.  The observation 
period is 24 hours, the sampling time is 5 min. The 
roller blind position (0 – completely opened, 1 – com-
pletely shaded), the outdoor temperature (app. 16-31ºC) 
and the global solar radiation (max.  950 W/m2 at 2 pm) 
are shown in the first three diagrams. The lower dia-
gram depicts the measured and simulated indoor tem-
peratures. The error range is acceptable and is probably 
caused by non modelled phenomena such as unexpected 
ventilation heat losses through some cracks in the dry 
wall panels and the influence of wind.  
 
STUDIES WITH VARIABLE ENVELOPE 
PROPERTIES  

The model was above all developed for the studying of 
control strategies where we had in mind heating, cool-
ing and blind positioning. However some experiments, 
which show how variable envelope properties influence 
living conditions, will be presented in the sequel. The 
simulation studies were performed with a “bigger ob-
ject”- 4x3x2.5m and with the south window 3.8x2m. 
Figure 5 shows the influence of the wall structure to the 
indoor temperature in a spring period. Three possibili-

 



 

ties were studied: inner insulation (brick 9cm + polysty-
rene 4cm), outer insulation (polystyrene 4cm + brick 
9cm) and the situation without insulation (only brick 
9cm.)  
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Figure 4: Measured and simulated indoor temperatures 
as a result of variable outdoor temperature, solar radia-
tion and window shading area. 
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Figure 5: The influence of the wall structure to the in-
door temperature. 
 
It is evident that temperature oscillations are much 
lower (app. 5 ºC ) when outer insulation is used. It is 
also very surprising that the wall without insulation 
gives similar results. But this happened because the 

object was in a suitable working regime. The brick wall 
is cooled by external air during the night and later dur-
ing the day it cools the room air.  Of course the role of 
outer insulation is much more important during the win-
ter period.  
 
So we came to an idea of a “moving insulation wall”. 
The simulation was performed in a spring period. The 
total thickness of the insulation layer was 5cm. How-
ever the inner and outer thickness were periodically 
changing from max. 4 cm to min. 1 cm. Two periodical 
control signals were selected for changing implementa-
tion: sinusoidal and pulse. They are shown in Figure 6. 
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Figure 6:  Variable insulation signals 

 
The simulation results are shown in Figure 7.  
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Figure 7: The effects of a variable wall insulation 

 



 

The upper diagram shows indoor temperatures in three 
situations when no additional cooling was implemented. 
Fixed insulation means that initial thickness 2.5 cm on 
both sides of the wall does not change during simula-
tion. We can notice that maximal temperatures during a 
three day observation period are much lower (for 5 ºC). 
The second diagram shows the situation when tempera-
ture was controlled to 22 ºC with additional cooling. 
During the third day the maximal cooling power in the 
case of fixed insulation was not enough and the tem-
perature significantly exceeded 22 ºC. However in the 
case of movable insulation the temperature was satisfac-
tory controlled all three days. The lower diagram de-
picts the cooling energy consumption. We can notice 
the significant difference between the fixed and variable 
insulation. App. 3kWh (15%) of energy can be saved 
with movable insulation. However there is no signifi-
cant difference between sinusoidal and pulse implemen-
tations for movable insulation (pulse regime is slightly 
better). 
 
The variable insulation is effective only in particular 
periods, e.g. during the summer. During the day the 
outer insulation lowers the heat flow from the outdoor 
to the indoor. During the night the inner insulation pre-
vents the cooling of the room, but on the other hand the 
heat energy which was accumulated in walls, can be 
transferred to the environment and the temperature of 
the wall decreases. 
 
Figure 8 shows the results of an experiment in autumn 
period when the heating is already needed.  
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Figure 8: The effects of movable window insulation  

 
In this experiment movable window insulation was im-
plemented. The controlled signal was the same as in the 
case of variable wall insulation (see Figure 6). The up-
per diagram shows the indoor temperatures when no 
additional heating was implemented. We can notice that 
in cases of movable insulation the night temperatures 
are app. 3 ºC higher. The second diagram shows the 
temperatures when the system is controlled to 20 ºC 
with additional heating. This is the reason why all three 
curves overlap. However the heating energy can be sig-
nificantly reduced with movable insulation what shows 
the lower diagram. The saving is more that 10 KWh in 
the case of pulse control signal in four days. 
 
The next experiment describes the influence of the mov-
able shading system in the window in spring-summer 
period. It is reasonable to prevent the overheating due to 
strong solar radiation. Again the control signal for shad-
ing system was the same as presented in Figure 6. The 
results for three day observation period are presented in 
Figure 9. 
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Figure 9: The effects of movable shading system 
 
The 1 kW cooling system controlled the temperature to 
22 ºC. If the shade was not used the temperature ex-
ceeded the reference temperature for app. 2 ºC during 
the third day. This did not happen when movable shad-
ing system was used. The energy saving for cooling was 
significant - app. 14 KWh in three days. 
 
The last experiment was devoted to a very sophisticated 
idea of rotating object which is interesting in autumn-
winter period. The object rotates so that the south win-
dow position is coordinated with the position of sun. 
The angle of rotation is 360º per day. Simulation results 
show that the maximal indoor temperature is app. 5 ºC 
higher in comparison with the fixed object. The indoor 
temperatures are shown in Figure 10. 
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Figure 10: An experiment with rotating object 

 
CONCLUSIONS 

The developed “chamber simulator” was efficiently 
used for studying of radiation and thermal dynamics 
flows. It was mainly intended for control system design. 
The control systems for heating, cooling and roller blind 
positioning were developed in the past. However this 
paper describes, how dynamic on line adaptations of 
envelope structure properties can be efficiently used. 
We studied the effects of the position of the insulation 
in the wall structure, the effects of variable wall insula-
tion, movable window insulation, movable shading sys-
tem and the effects of rotating object. Currently there 
are perhaps no practical solutions for some proposed 
implementations but future will probably give also an-
swers to some proposals. Although only so called feed-
forward studies were shown in this paper, when the 
control signal was chosen in advance, it is also possible 
to improve our solutions with feedback control, when 
dynamic changes in the envelope would be imple-
mented on the basis of temperatures, radiations and 
other environmental changes.  
 
Although this paper deals only with the effects to the 
inside temperature our investigations have already been 
focused to the indoor illumination features caused by 
solar radiant flows. Up to now many real experiments 
have been performed and they give us a good basis to 
include also the illumination part in the described simu-
lator. The problem is that solar radiation influences si-
multaneously the indoor temperature and illumination – 
two processes with very different (slow and fast) system 
dynamics, so the controller design procedures can also 
be very different. It is questionable weather it is reason-
able to include both phenomena into simulator as it 
leads also to numerical problems with stiff systems. 
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ABSTRACT 

Exponential growth in number of possible strategies 
with the increase in number of relations in a query has 
been identified as a major problem in the field of query 
optimization of relational databases. Present database 
systems use exhaustive search to find the best possible 
strategy. But as the size of a query grows, exhaustive 
search method itself becomes quite expensive.  Other 
algorithms like A* algorithm, Simulated Annealing etc. 
have been suggested as a solution. However, all these 
algorithms fail to produce the best results; necessarily 
required for query execution. We did some 
modifications to the A* algorithm to produce a 
randomized form of the algorithm and compared it with 
the original A* algorithm and exhaustive search. The 
comparison results have shown improved A* algorithm 
to be almost equivalent in output quality along with a 
colossal decrease in search space in comparison to 
exhaustive search method.   

I. INTRODUCTION 

The process of query optimization in relational 
databases is considered to be an expensive job when it 
comes to queries involving large number of relations. 
The number of possible ways to execute a query 
increases exponentially as the number of relations 
increases in the query. Finding the best way in 
reasonable time is absolutely compulsory in a database 
system since an improper strategy could lead to increase 
in actual execution time of the query. As the complexity 
of databases increase, it becomes necessary for the 
future query optimizers to adopt a low cost (in terms of 
time) algorithm instead of the traditional exhaustive 
search methods.   
 Previous attempts to solve the problem revolve 
around various search strategies like deterministic, 
randomized and heuristic. Many algorithms have been 
proposed in the literature which takes advantage of one 
or other of the search strategies. Simulated Annealing 
(SA), Iterative Improvement (II), Two Phase 

Optimization (2PO) and Genetic Algorithms [D.E. 
Goldberg 1989] form a class of generic randomized 
optimization algorithms that have been applied to query 
optimization. Genetic randomized algorithms simulate a 
biological phenomenon. Simulated Annealing (SA) 
performs a continuous random walk accepting downhill 
moves always and uphill moves with some probability, 
trying to avoid being caught in a high cost local 
minimum [Y. Ionnidis E. Wong 1987; S. kikpatrick, 
Gelatt and Vecchi]. Iterative Improvement (II) [A. 
Swami 1989] performs a large number of local 
optimizations. Each one starts at a random node and 
repeatedly accepts random downhill moves until it 
reaches a local minimum. The Two Phase Optimization 
(2PO) [Y. Ionnidis and Y. Kang 1987] algorithm is a 
combination of II and SA. 

One major heuristic algorithm proposed for 
query optimization is A star (A*) algorithm. This 
algorithm is useful for queries with few relations [4]. It 
normally gets stuck with some local minima if the 
numbers of relations are substantially increased, 
producing an output sub standard to the exhaustive 
search. Heuristic algorithms have helped in reducing the 
time of optimization process at the cost of quality of 
output. 

In this paper, we make certain improvements to 
the original A* algorithm by taking advantage of the 
fact that execution of original A* algorithm creates a 
linked list of promising nodes i.e., the nodes that are 
most probably leading to the best path. The improved 
A* algorithm, when used for query optimization, gives 
output comparable to exhaustive search in minimal 
amount of search space. Since execution time of a 
particular algorithm will depend on the search space it 
requires during execution. Furthermore, query 
optimization results in the formation of Join processing 
tree, we have to apply all the possible operators to a 
node in the tree to create its successors. Node creation in 
itself is a time consuming process. Thus, we also give a 
comparative study of the total number of nodes required 
by exhaustive search, original A* algorithm and our 
modified A* algorithm for a particular query 
optimization problem. 
 This paper is organized as follows: In Section 
2, we discuss the basic features of randomized 
algorithms and the working of original A* algorithm. 
Our modified version of A* algorithm is introduced in 
Section 3. Section 4 defines the problem specific 



parameters to be used while applying our improved A*
algorithm. The experimental results, definition of
parameters and analysis of results are dealt in Section 5.
Section 6 concludes the paper.

II. ORIGINAL A* ALGORITHM

For optimizing a query, various possible paths to
execute the query are considered and each path can be
thought of as a strategy to get the final result. Each
strategy forms a Join processing tree. The various Join
processing trees can be grouped and represented in the
form of a tree which we have named as - strategy tree.
The units constituting a strategy are known as states i.e.,

nodes of the strategy tree. One can estimate the total 
cost of each strategy or a path in the strategy tree. Less
is the cost of a particular path; less will be the execution
time of a query – the ultimate aim of query optimization.
Randomized algorithms move in random directions
among the possible paths in search of a better path.

Simulated Annealing, 2PO are examples of few
randomized algorithms.

The original A* algorithm can be explained as
follows. Each state in the query optimization can be
considered to be a node in the strategy tree. Each node
contains, in addition to a description of the problem
state it represents, an indication of the cost it takes to
reach from its parent to the node.

The list of data structures, variables and
functions used in original A* algorithm and improved
A* algorithm are given in Table 1.The original A*
algorithm is shown in Figure 1. The basic steps involved
in original A* algorithm are [Rich and Knight et al. 
1983]:-
1. Start with open containing just the initial state. 
2. Until a goal is reached or there are no nodes left in
open do:TABLE 1

List of Data Structure, Variables and Functions 
open,
opentemp

Nodes that have been generated
and the heuristic function applied
to them but which have yet not
been examined (i.e. had their 
successors generated). It is actually 
a priority queue in which the
elements with the highest priority
are those whose cost is lowest.

node0 Root node of the strategy tree.

node(x).cost The cost involved in reaching the
node(x) from its parent node.

goal node Leaf nodes of the strategy tree.

length(open) Total number of nodes present in
linked list open.

min(open) Returns the node with lowest cost 
from all the nodes present in open.

totalcost(node(
x),node(y))

The cost involved in reaching from
node(x) to node(y).

generateallthes
uccesor(node(
x))

Applies all the possible
transformation rules and generates
the successors of node(x),
information about each child is 
also added to node(x).

add(x,y) Concatenates the nodes present in
linked list x to y i.e. finally x
contains nodes of x as well as y 
while y gets empty.

remove(x,y) Deletes the node(x) from the 
linked list y. 

(a) Pick the best node in open.
(b) Generate its successors. 
(c) For each successor do: 

(i) Evaluate it and add it to open.
Procedure A*(node0,open) {     //uses linked list
open

   //and node0 as root
open  node0
prnode node0
//starting node of the graph is node0

   costinit  node0.cost
While((prnode!= goal node)or(length (open)!=

0))
   { 

x  min(open)
// x is assigned the lowest cost node available in
open

remove(x, open)
prnode  x 
 costinit  totalcost(node0,prnode)
 generateallthesuccessors(prnode)
 for each successor { 

 Evaluate it, add it to open and record
its

 parent
}

   } 
return costinit
}

Figure1. Original A* Algorithm

This algorithm proves good for low depth trees but
when the depth increases it gets stuck with some local
minima giving a poor result.

III. IMPROVED A* ALGORITHM

Original A* algorithm is considered to be successful
with smaller queries. It gets stuck in some local minima
when the number of relations in the query is large or the
depth of a strategy tree becomes more than the normal



depth. The presence of local minima deviates original
A* from the best path. The algorithm generates a linked
list during its execution. The linked list contains those
nodes that have been considered for the best paths but 
their children were not generated. A particular node in
the linked list is not considered because it may be a
costly node but it is quite possible that the subsequent
nodes generated from this particular node may be of
cheaper cost.

Since original A* algorithm considers only the
local costs rather than the global costs and results in 
some substandard results, we may assume that it has
erroneously moved in the wrong direction. Further
examination of nodes, existing in the linked list, by
generating their children or the subsequent nodes could
provide greater information regarding the cost and may
lead to the best strategy for query optimization.

Our improved A* algorithm utilizes this
additional information to find out the best strategy for
query optimization. Improved A* algorithm uses two
linked lists instead of one used in original A* algorithm.
The use of variables, functions and data structures can
be referred from Table1. The pseudo code for algorithm
is given in Figure 2. The algorithm can be explained as
follows:
1. Firstly, original A* algorithm is executed and the cost
of the best path calculated by it is stored as Total_Cost.
The algorithm also generates the linked list open.
2. A random number in the range 0 and 1 is generated
and a probability function is decided upon. The chances
of the algorithm to execute the following code is 
decided by the initial function value We continuously
decrement the initial value according to the decided
function to make the algorithm reach to a definite end. If 
the random number is within the range of probabilities,
we continue executing the following code otherwise the
algorithm quits.

(a) The node with the lowest cost is selected from
the linked list open.
(b) Calculate the total cost from the root to the

selected node. If the cost is greater than the 
Total_Cost calculated by original A* algorithm in
Step 1, the selected node is discarded and 
removed from the linked list open, and algorithm
moves to Step 2 else the algorithm moves to Step 
2(c).
(c) Apply the original A* algorithm to the
selected node in Step 2(b) with an additional
condition that if at any step the cost goes higher
than the Total_Cost the algorithm stops and the 
probability value is reduced by .1 and the
corresponding node is removed from open; the
algorithm moves to Step 2 else the algorithm
continues. The subsequent nodes generated by
original A* for the selected node are stored in
linked list opentemp instead of open.
(d) Once the Step 2(c) is finished, the selected
node is removed from the linked list open
(e) If the algorithm succeeds in reaching to the
goal state, the probability is reduced by.25 and 

the nodes in the linked list opentemp are shifted 
to open, else opentemp is made empty and the
algorithm again starts from Step 2

. Figure2. Improved A* Algorithm

Segment1
Procedure IMA*{
Procedure OA*(node0,open){ //using linked list

   // open and node0 as root
 open  node0
 prnode  node0
 costinit  node0.cost
 Total_Cost := 0 
 while ((prnode != goal node) and (Total_Cost

<= costinit))or (length (open) != 0) {
 x  min(open)

 // x is assigned the lowest cost node available in
open

 remove(x, open)
 prnode  x 
 costinit  totalcost(node0,prnode)
generateallthesuccessors(prnode)
 for each successor { 

Evaluate it, add it to open and record
its

parent
 } 

}
}
y  min(open)

Segment2
rand  random between 0 and 1 
probability .9 + depth/500
// probability function defined and initialized; depth
//is equal to height of tree 
while rand <= probability {

prnode   min(open)
remove(y,open)

  Total_Cost  totalcost(node0, prnode)
  if Total_Cost <= costinit{

procedure A*(prnode,opentemp)
   } 
  if (prnode = goal node)  { 

 add (open,opentemp)
 probability  probability - .25

//probability function value decreased by a high
value

 } 
   else{ 

 probability probability - .1 //probability
//function decreased by a low value after each cycle 

  } 
 rand  random between 0 and 1

    } 
return Total_Cost
}

.
In this algorithm, firstly, original A* is executed. Here,
we get the promising nodes accumulated in the linked
list open generated during the execution. With some



probability, node with the lowest cost is picked from the
list. Total cost to reach from root to that node is 
calculated and if found smaller than the Total_Cost as 
calculated by original A*, the selected node is given a 
chance to prove its capability. Original A* algorithm is
applied with the selected node as the starting node. The
probability of picking a node from open reduces in each
cycle.

IV. PROBLEM SPECIFIC PARAMETERS 

The application of above mentioned algorithm for query
optimization involves specification of certain parameters
like state space, cost functions and transformation rules.

A. State Space

Each state in query optimization corresponds to an
access plan (strategy) of the query to be optimized. 
Using the general rules of optimization, selection and 
projections are performed first and excluding
unnecessary Cartesian products, thus reducing various
bad strategies [M. Jarke and G. Koch 1984]. The final
problem settles down to finding the best order of
relations that gives us the minimum cost. We can
represent each strategy in form of a tree known as Join
processing tree. All the Join processing trees can be
combined and shown in the form of trees; we call it a 
strategy tree. The strategy tree is formed in a way such
that the leaves represent the final order of relations
(present in the query). The nodes represent the
intermediate relation order, the results from the nodes
are passed down in the tree and the edges indicate the
flow of data from top to bottom i.e. from root to leaves.
Leaves are the operations producing the final query
result. The best path found will just be a strategy or a 
Join processing tree giving the optimal way to execute

3(c)
 Figure 3. Strategy Tree for Query

Involving Three Relations

the query.  An example of strategy trees is shown in 
figure 3. 

B. Transformation Rules

  Children of a node in a strategy tree are generated by
adding one more relation to the existing set of relations
present with the node; for example, if we are having the
present node as (rel1  rel2  rel3) then one of the
children can be (rel1  rel2  rel3 x), where x
can be any other relation except rel1, rel2 and rel3.
Finally, when all the relations are exhausted we are able 
to get all the possible combinations of relations i.e. all 
the query execution plans. For example in a query
involving three relations we get the possible plans as 
(rel1  rel2  rel3), (rel1  rel3  rel2), (rel2
rel1  rel3), (rel2  rel3  rel1) and (rel3  rel1

 rel2), (rel3  rel2  rel1) which are equivalent
in results (except in their costs), since following
transformation rules hold [Ramakrisnan Gehrke 2003 et. 
al.].
(a) A  B  B  A 
(b) (A  B) C  A  (B  C) 
(c) (A B) C  (A C) B
(d) A  (B  C)  B  (A C)
The strategy trees possible for the example are shown in 
Figure. 3 

3(a)

C. Cost Functions

Cost means the processing time involved in moving a 
downward step in a strategy tree. The cost function
which estimates the costs of nodes in the strategy tree
can be fixed as per the requirement of a database
management system. For example in a select- project-
join query the cost function can include the effects of (a)
the size of tuple (in case of projections) (b) number of
tuples to be processed. This function f(x) can be as

3(b)

ƒ(x) = ƒ(a, b, size of a tuple, number of tuples)  (1)

where a and b are some constants that can be set to some
value so as to prefer projection over selection and join
or as per the requirements. In a distributed database, the
cost function can be the time taken by data to come from
different sites [Bernstein, Goodman, Wong, Reve and
Rothnie 1981].



V. TESTING RESULTS

The following section deals with the initialization values
and parameters taken by us while simulating the
algorithms.

A. Testing Related Values

In this section, we provide with the values and
conditions provided during comparison of original A*
algorithm, exhaustive search and the improved A*
algorithm. We conducted tests for queries containing 5
to 11 relations. In real situations all the tables will
(mostly) have different number of tuples. The number of
tuples was given a random integer value from the set
[1000, 10000] for each table. For example, a query
involving four tables i.e. four relations can have the
number of tuples as (2000, 3701, 7700, 9000).

We implemented all the algorithms in
MATLAB. For simplicity, we provided the strategy tree
initially in the form of adjacency matrices. The number
of relations were varied, comparison of the cost
involved and the number of nodes required in each case 
(in real situations graph will be created dynamically so
less the number of nodes required by some algorithm i.e.
less is the search space requirements; less time will be
taken by that algorithm) was recorded. We also plotted
the comparative graphs for the costs and the number of
nodes required by all the three algorithms.

B. Cost Calculation

For simplicity, we assume that the tuples in all the tables
are of same length and the tables can have any kind of
relationship. Thus, the number of output tuples of
rel1  rel2 can be any random number between the
number of tuples of rel1 and rel2. Moreover, we assume
that a join operation is implemented by nested-loop join
method, so the total processing cost of a join equals: no.
of tuples (rel1) × no. of tuples (rel2), since for each
tuple in rel1 a relation has to scan all the tuples in rel2.

C. Probability Function

The probability function has been initialized in such a 
way that the segment 2 of improved A* algorithm (in
comparison to original A*) is executed at least once for
queries having relations larger than 6. If we find a better
path, the probability is reduced drastically so that we do
not get stuck in the segment2. Moreover, our experiment
reveals high chances of detecting the best path just after
the first execution of segment2.  The probability
function used in our experiment is

p = .9 + n/500                        (2)      
     
Where n is the number of relations in a query and p is
the probability to enter segment2. The detection of a 
good path results in decrease of probability value by .25

p = p - .25 (3)   
else, we decrease probability by .1 after each cycle. 

D. Other Assumptions 

Other assumptions are as follows:
1. node0 is always taken as rel1 i.e. the strategy tree is 
always assumed to have its root as rel1.
2. All joins are handled in a single way i.e. nested-loop
join method.

VI. RESULTS

For queries involving few relations i.e. less than six,
there was almost no difference in all the three
algorithms in terms of output quality and number of
nodes to be visited. The results are compared with 
respect to the following attributes:

A. Output Quality

By output quality we mean the total cost of the best path
found by a certain algorithm. The output quality of the
improved A* algorithm is almost equivalent to
exhaustive search i.e. most of the times we are able to 
find the shortest path (since exhaustive search is sure to
find the shortest path). When compared with original
A*, modified A* gave better performance.

B. Nodes to be Visited 

In real situations, since the strategy tree will always be
generated during the execution process itself; more the
number of nodes required to be visited during execution
of a certain algorithm, greater will be the search space
and more will be the time taken to execute the
algorithm, as node creation itself is a time consuming
process. Thus, lesser number of nodes visited during
execution of an algorithm indicates smaller run time.
The results show that the improved A* algorithm
requires lesser number of nodes as compared to 
exhaustive search and this gap increases tremendously
as the number of relations increases. On an average, the
total search space was reduced just to two percent in
comparison to exhaustive search. It was slightly greater 
than the nodes required by original A* algorithm. With
a small increase in search space of about .001 
percentages as compared to original A* algorithm, we
are able to achieve very good results in output quality.

C. Time of Execution 

The execution time of improved A* algorithm was
found to be much less than the execution time of
exhaustive search and almost equivalent to that of
original A* algorithm on the higher side.

VII. EXPLANATION OF THE OBSEVED 
BEHAVIORS

The output quality of the improved A* algorithm is
found to be almost equivalent to the exhaustive search.



This is because of the generation of linked list name
open containing the most promising nodes (those nodes
that were considered in the best path search but there
children were not generated) during the execution of
original A*. Original A* algorithm fails because at some
point of time it gets stuck in a local minima and deviates
from the best path, ultimately leading to a substandard
result. Improved A* algorithm utilizes this fact and the
search for better path starts from the nodes in linked list 
only. Thus, without much increase in search space, in 
comparison to original A* algorithm, it is able to find
results almost equivalent to exhaustive search. The
execution of improved A* is equivalent to 2-3 times
execution of original A* on trees of reduced height,
resulting in an acceptable execution time.

Moreover, we are decreasing the probability
function value (by a large value) only when we are able
to find a complete alternate path. This helps to ensure
that we are able to find the best possible path; since a 
complete alternative path is acceptable only when its 
total cost is lower than the cost of previously found
complete paths. However, to make sure that the
algorithm reached a definite end, we reduce the
probability function value by a small amount in each 
cycle of the execution.

Figure5. Average Number of Nodes Required by Each
Algorithm

Figure4.  Shortest Path Cost Calculated by Each
Algorithm

IX. CONCLUSION

The algorithm can be used for all the queries involving
any number of relations. There is always a tradeoff 
between the time requirements and the output quality
which can be controlled by the probability function as 
per the requirements. The cost function can be modified
to incorporate the various features that may affect the 
cost. Future works can be directed towards finding the
optimal probability value and the cost functions.
Original A* algorithm is suitable for a query having
number of relations up to five. Thus, the probability
value can be adjusted in a manner that for queries with
relations up to five doesn’t need to enter the segment2
of Improved A* algorithm. The algorithm can also be 
tested to find the shortest path in a tree or a graph.
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ABSTRACT 

Simulation is very important and popular tool 
nowadays, when computation speed of computers 
increases exponentially every day. Simulations on 
mathematical models has several advantages over the 
experiment on a real model or system. It is save, 
cheaper and less time demanging. This paper delas with 
basic simulation studies on of the common used devices 
in chemical industry – Continuous Stirred Tank Reactor 
(CSTR). The mathematical model is developed from 
material balances. Numerical mathematics is used for 
steady-state analysis and dynamic analysis. Simulation 
results are used for choosing of an optimal working 
point and an external linear model of this nonlinear 
plant. 
 
INTRODUCTION 

There are several types of stirred reactors used in 
chemical or biochemical industry. Continuous Stirred 
Tank Reactors (CSTR) are common used because of 
their technological paramers. Reaction inside flows 
continuously and we can control this reaction by for 
example volumetric flow rate of the reactant (Ingham et 
al. 2000).  
The first step is introducing of the mathematical model 
which describes relations between state variables in the 
mathematical way. This mathematical model comes 
from material or heat balances inside the reactor. In our 
case of isothermal reactor with complex reaction 
(Russell and Denn 1972) is mathematical model the set 
of ordinary differential equations (ODE). 
Simulation usually consist of steady-state analysis 
which observes behaviour of the system in steady-state 
and dynamic analysis which shows dynamic behaviour 
after the step change of the input quantity (Ingham et al. 
2000, Luyben 1989).  
This paper deals with simulation experiments on one 
type of nonlinear systems, CSTR reactor. This 
simulations results in optimal working point, external 
linear model and they will be later used for choosing of 
an optimal working point and mainly for control 
purpose.  

MODEL OF THE REACTOR 

Reactor under the consideration is Isothermal reactor 
with complex reaction (Ingham et al. 2000). Reactions 
inside the reactor can be described by following 
reactions: 
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A + B X

B + X Y

B + Y Z

⎯⎯→

⎯⎯→
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 (1) 

This reaction has sequential (A  X  Y  Z) as well 
as parallel characteristics (B  X, B  Y, B  Z). 
Mathematical description of all variables is of course 
very complicated. Therefore there must be introduced 
some simplifications before we start to build the 
mathematical model of the plant. We expect, that 
reactant inside the tank is perfectly mixed and volume 
of the reactant is constant during the reaction. The 
mathematical model of the system is then derived from 
the material balances insde the reactor: 

 ( )0 1
A

A A A B
dc q c c k c c
dt V

= − − ⋅ ⋅  (2) 

 ( )0 1
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B B A B
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 ( )0 1 2
X

X X A B B X
dc q c c k c c k c c
dt V

= − + ⋅ ⋅ − ⋅ ⋅  (4) 

 ( )0 2 3
Y

Y Y B X B Y
dc q c c k c c k c c
dt V

= − + ⋅ ⋅ − ⋅ ⋅  (5) 

 ( )0 3
Z

Z Z B Y
dc q c c k c c
dt V

= − + ⋅ ⋅  (6) 

This set of nonlinear ODE describes behaviour of the 
state variables which are in this case concentrations of 
components A, B, X, Y and Z – cA, cB, cX, cY and cZ in 
time t. We can say, that this CSTR belongs to the class 
of nonlinear lumped-parameters systems. In the set (2) 
– (6) q denotes volumetric flow rate, V is volume of the 
tank, k means rate constants and c are concentrations. 
Numerical subscripts 1, 2 and 3 represent reaction steps. 
Some technological parameters and conctans are shown 
in Table 1. 
 



 

 

Table 1: Parameters of the reactor 
 

k1 = 5×10-4 m3.kmol-1.s-1 
k3 = 2×10-2 m3.kmol-1.s-1 
cA0 = 0.4 kmol.m-3 
cX0 = 0 kmol.m-3 
cZ0 = 0 kmol.m-3 

k2 = 5×10-2 m3.kmol-1.s-1 
V = 1 m3 
cB0 = 0.6 kmol.m-3 
cY0 = 0 kmol.m-3 
q = 0.1 m3.s-1 

 
SIMULATION RESULTS 

There were done two basic simulation studies – steady-
state analysis and dynamic analysis. Boths analyses use 
numerical methods for computation. 
 
Steady-state analysis  
Steady-state analysis means computation of the state 
variables in time t  ∞, where we expect that the value 
of this quantity is stable. From the computation point of 
view it means, that all derivatives with respect to time 
are equal to zero, i.e. d(·)/dt = 0. 
The set of ODE (2) – (6) are then rewritten in the form 

 0

1

s A
A
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q c
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q V k c
⋅

=
+ ⋅ ⋅

 (7) 
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 0 2
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s Y B X
Y

B
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c

q V k c
⋅ + ⋅ ⋅ ⋅
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 0 3s Z B Y
Z

q c k c c
c

q
⋅ + ⋅ ⋅

=  (11) 

There were used well known Simple iteration method 
for solving of this problem. The only one quantity 
which can be easily changed is in this case volumetric 
flow rate of the reactant, q. This flow rate is usually 
expressed by the twist of the valve in the technical 
praxis.  
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Figure 1: Values of the computed steady-state values of 
the concentrations cA

s, cB
s and cZ

s for iterations i 
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Figure 2: Values of the computed steady-state values of 
the concentrations cX

s and cY
s for iterations i 

 
The first two Figures 1 and 2 represent course of the 
computed steady-state values of the state variables. As it 
can been seen, value is computed value is stable nearly 
around the tenth iteration.  

 
Table 2: Maximum values of steady-state 

concentrations 
 

 q [m3.s-1] c-
s [kmol.m-3] 

cA
s 0.0100 0.3888 

cB
s 0.0100 0.5760 

cX
s 0.0025 0.0033 

cY
s 0.0011 0.0071 

cZ
s 0.0000 0.1896 

 
The second analysis were done for various flow rate in 
the range q = <0; 0.01> m3.s-1. Both figures 3 and 4 
show nonlinear properties of the plant. The main goal of 
the static analysis is to find optimal volumetric flow 
rate. Optimal in this case means point where product’s 
concentration is maximal. Only concentrations cX

s and 
cY

s has maximum in this case, concentration cZ
s has 

decreasing progress which is not very relevant for us. 
Maximum values of all concentrations and appropriate 
volumetric flow rate q are shown in Table 2. 
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Figure 3: Steady-state values of the concentrations cA
s, 

cB
s and cZ

s for different volumetric flow rate q 
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Figure 4: Steady-state values of the concentrations cX
s 

and cY
s for different volumetric flow rate q 

 
Figure 4 and Table 2 shows, that optimal working point 
is for volumetric flow rate of the reactant  
q = 0.001 m3.s-1. This flow rate is used lately for the 
dynamic analysis. Steady-state values of the state 
variables [kmol.m-3] in this working point are: 
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Dynamic analysis 
The next step after the steady-state analysis is usually 
dynamic analysis which observes behaviour of the 
system after the step change of the input variable. In 
this case is input variable step change of the volumetric 
flow rate ∆q. Mathematicly dynamic analysis means 
numerical solving of the set of ODE with some 
convenient method. Runge Kutta’s standard method 
was used for solving of this problem (Shampire 1994). 
This method belongs to the class of the high-order, it is 
self-started and should be used both for computing of 
initial assessments and final solutions too. Despite the 
fact, that in Matlab, which is used for solving, is Runge-
Kutta’s method build-in function – ode23, ode45 etc., 
computation was done with the general description of 
Runge-Kutta’s standard method. This method uses first 
four parts of Taylor series 

 ( ) ( ) ( )1 2 3 4
11 2 2
6

y k y k g g g g+ = + ⋅ + + +  (13) 

where coefficients g1-4 are computed via 
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where h in equation (14) denotes integration step which 
can is in this case fixed. In the case of build-in Matlab 
fuction is this step recomputed in each computation step 
from the actual error. 
Simulation took time t = <0; 20 000> s and integration 
step was h = 10 s. Steady-state values of the state 
variables cA

s, cB
s, cX

s, cY
s and cZ

s computed from the 
previous steady-state analysis for this concreat working 
point were used as initial conditions. There were done 
four step changes of the input variable – volumetric 
flow rate of the reactant, q,  -50% of its steady-state 
value (i.e. -0.0005 m3.s-1); -25% (-0.00025 m3.s-1); 25%  
(-0.00025 m3.s-1) and  50% (-0.0005 m3.s-1). 
Outputs y1-3 in Figures 5-6 illustrates difference 
between actual value of the output and its initial value: 
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This difference is made only because of better display 
of outputs – they started in zero point. 
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Figure 5: Time response of the output y1 for various ster 

changes of the input volumetric flow rate q 
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Figure 6: Time response of the output y2 for various ster 

changes of the input volumetric flow rate q 
 

Both outputs y1 and y2 in Figure 5 and 6 has non-
minimum phase behaviour which is one of negative 
properties from the control point of view. As it can been 
seen, both outputs has big time concstants too which 



 

 

can be seen at time axis, where the the output variable 
approaches to the final value nearly at 15000 s, which is 
about 4 h and 10 min. Transfer function in continuous 
time G(s) for the non-minimum phase systems can be 
compiled as 
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where s is complex variable, a0,1,2 and b1,0 are 
coefficients and b0, b1 differs in sign for non-minimum 
phase systems. Relative order of the G(s) (16) is 
 ( ) ( )deg deg 2 1 1a s b s− = − =  (17) 
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Figure 7: Time response of the output y3 for various ster 

changes of the input volumetric flow rate q 
 
On the other hand, course of the output variable y3 in 
Figure 7 can be expressed by the first or second order 
transfer function with relative order for example in 
form: 
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 (18) 

Which implies that relative order is equal to one for first 
order G(s) and equal to two for second order G(s). 
All transfer functions in equations (17) and (18) will be 
later used as External Linear Model of this nonlinear 
system for choosing of a control strategy and designing 
of the controller, similar as e.g. in (Vojtesek and Dostal 
2005). 
 
CONCLUSION 

Paper deals with simulation of the CSTR which is 
typical nonlinear system with lumped parameters. 
Mathematical model of the plant comes from material 
balances inside the reactor which results in the set of 
nonlinear ODE. Simple iteration method was used for 
solving of a steady-state. The steady-state analysis for 
different value of input volumentric flow rate shows 
nonlinear properties of the system and the optimal 
working point is for volumetric flow rate  
q = 0.001 m3.s-1 where the concentration of the product 

Y has its maximum. The second, dynamic, analysis 
results in two different external linear models of this 
nonlinear system – second order transfer function with 
relative order one for outputs y1 and y2 which has non-
mimum phase behaviour and first or second order 
transfer function with relative order one or two for 
output y3. All simulation results will be lately used for 
control purpose. 
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ABSTRACT

When designing specification of on-board algorithms
(algorithms realized on on-board digital computing
machine, and algorithms of crew activity) it is
necessary to estimate their realizability. Presented
computer system allows to value time expenses of the
operator for decision making processes, their
realizability, tracking process.
INTRODUCTION

During system designing of anthropocentric object
onboard intelligence algorithms specifications,
designers face with necessity of defined algorithms
structure realization opportunity check. The algorithms
of onboard intelligence intended for realization through
algorithms of a crew member activity (CAA – crew
activity algorithms) are estimated through their
performance time interdictions. Correlation of the
defined expenses with ones allowable on external
conditions of projected anthropocentric object will
function, allows determining the realizability of CCA
designed structure. During system designing of onboard
intelligence algorithms, operator activity algorithms
are represented as the earl (ODE – operator decisions
earl), which apexes are decisions accepted by the
operator, the beginning and the end of tracking stages,
and arcs – causal relation of apexes (Fedunov. 2002).
Computer system «GRO-otsenka» (ODE-Estimation) is
developed for automation of CAA structure estimation
process. It is intended for use in designing system of
anthropocentric object onboard algorithms of system-
forming kernel specifications at a stage of development
of their specification.
The technology onboard algorithms specifications
development includes the following stages (Fedunov.
1998):
A) Development of naturally language technical
document: «crew – the onboard equipment» system
logic. The text of the document is usually structured on
typical situations (TS) of functioning of projected
anthropocentric object and their problem sub situations.
B) Onboard algorithms specifications development,
including the algorithms intended for realization on

onboard digital computers (ODCA), and algorithms of
crew activity (CAA). The design stage is supported by
computer system "Bort";
C) An estimation of onboard algorithms designed
specification realizability of ODCA by the onboard
digital computing system and CAA by crew.
This stage is supported with «GRO-otsenka» computer
system.
D) Estimation of onboard algorithms developed
specification efficiency.
The stage is provided with system of computer-
imitating mathematical models of anthropocentric
objects functioning typical situations (see for example)
and imitating mathematical model of algorithms of aim
prediction operative level in which the crew is
necessarily involved.
Described computer system «GRO-otsenka» works in
coordination with the mentioned above computer
systems. It receives the information from computer
system "Bort" in the coordinated format and prepares
the initial data for designed CAA interpretation in the
computer-imitating mathematical models of
anthropocentric objects functioning typical situations.
«GRO-otsenka» system represents the computer
integrated environment of an estimation operators
decisions earl, containing the interface of the
designer, dialogue procedures for an estimation,
completeness check procedures and a coordination of
the data, procedures of an realizability estimation,
estimation process support procedures.

ACTIVITY STRUCTURE OF AN OPERATOR OF
A TECHNICAL ANTHROPOCENTRIC OBJECT

In the anthropocentric object the operator makes
decisions by the operationally appearing problem, it
realizes the decisions accepted and participates in
different operations of tracking. All decisions of
operator are classified as the -decisions (perceptive-
identification), the -decisions (speech-thought) and the

- -decisions (heuristic). The class of the -decisions is
characterized only by search time, perception (quantity
of operational units of perception (OUP)) and
comprehension by the operator of necessary
information. The process of decision making occurs
instantly. Each -decision with the design of the activity
of operator is described through the composition of



information, on the basis of which the operator must
make this decision, also, through the algorithm of
decision making. Each decision is described by:
a) the input information: the composition of
information in the information-control field of cab, on
which the operator must make this decision;
composition and the duration of voice communication,
which is transferred to operator by cabin vocal
informant and which is used with making of this
decision;
b) the decision structure: a quantity of operational units
of perception (OUP), composition and the sequence of
the elementary acts of decisions working out,
represented by the indicative symbolism on the
personnel cabin indicators;
c) the output information: by composition and by the
sequence of manual operations, necessary for the
realization of the accepted decision.
With the fulfillment of the operations of tracking it is
assumed, what operator works in discretely -
continuous regime, being distracted from the operation
of tracking to the period of adoption and realization of
the decision (decisions). After abstraction the operator
again returns to the process of tracking. In this case the
composition and the description of dynamic is sectional
this servo system in the stage of design in question they
are absent.
There is only an idea about the dependence of the time
of finalizing by the operator of that accumulating in the
time of its abstraction of following error. According to
the developed requirements each apex of ODE
represented for the estimation can belong to one of the
established types:

Rectangles indicate the
algorithms of decision making
with the indication of the type of

decision (the -decision, the -decision, - -the
decision). Each CAA-decision is always accompanied
by the fragment of sequence information on the control
indicators (it is possible vocal information, on which
decision is chosen).

The apex (with the appropriate
number), designating the
accepted decision algorithms of

realization by the operator. Each CAA-realization is
compulsorily accompanied by indication of the utilized
elements of control and their arrangement or by
indication of their generalized description.

Place of the change of the
conceptual model of the operator
behavior

Types of apexes are given below do not contribute time
expenditures, in the general time estimation.

Apexes designate branching in
ODE. It contains logical

conditions for the actions of operator. It has two
outputs: truth and lie.

Apexes designate algorithms
participations of operator in the
work of tracking system,

accordingly beginning and the end of the tracking.
Marker is placed on the arcs of
earl in those places, where in the
opinion of the earl developer,

operator can be distracted to the realization of the
operation of tracking.
“+” marker is placed on the arcs of earl in those places,
where in the opinion of the developer of earl, operator
can be distracted to the realization of the operation of
tracking.
The apexes of earl CAA-decision and CAA-realization
are characterized by time, operator spent for perception,
comprehension, the production of decisions and
fulfillment of manual operations. Apex, corresponding
to the replacement of the conceptual model of the
operator behavior, is characterized by the time of the
replacement of this model. Between the apexes there
are causal relationships (on the earl depicted as arcs).
The beginning of the operator actions must be an
operation of tracking, located in the root of earl; the
activity of operator is turned from the root apex to the
final (operation of tracking). The earl is represented
with the treelike structure (one beginning, many ends).
The ODE "+" marker indicates the places of the
possible (on semantics) distraction of operator to the
process of tracking.
All apexes of the CAA type must be accompanied by
information, on which with the aid of the experimental
data, existing in the system «GRO-otsenka», the time
of apex is determined. It is necessary to afford screen of
control indicators. On the basis of which data,
necessary for the description CAA will be compiled.
Apex, designating the beginning of tracking, must be
accompanied by table or earl of the dependence of the
correction time on the distraction time

SYSTEM CHARACTERISTICS

«GRO-otsenka» system is intended for the automation
of the evaluation process of the operator decisions earl
realization. On the basis of data, entered manually by
design engineer or exported from the system "Bort",
«GRO-otsenka» system calculates ODE in the dialogue
with design engineer:
a) the time, which operator will expend on decision
making (CAA apexes), on its realization (CAA-R
apexes), the replacement of the conceptual model of
behavior;
b) the arrangement (among the permissible points) of
the points of the operator optimum switch to the
tracking regime.
According to this information «GRO-otsenka» system

calculates time (of each branch of the introduced
operator decisions earl) spent by operator on all forms
of its activity, indicated on this branch, and the mean-

-

-



square deviation of this time. Such calculations are
done for each branch of earl and on any selected
sections inside any branch.
System automatically determines the ODE bottlenecks
and exports the estimation results of the introduced earl
for further processing in other programs.

REGIMES OF THE DESIGN ENGINEER WORK
IN THE «GRO-OTSENKA» SYSTEM

After the entering ODE into «GRO-otsenka» system
the design and planning engineer fixes his attention in
the concrete apex of ODE and selects the type of this
apex from the following:
«CAA» – this type of apex is used for indication of the
of crew activity algorithm.
«Tracking beginning» - this type of apex is used for the
indication of the beginning of the tracking operation.
«Tracking end» - this type of apex is used for the
indication of the ending of the tracking operation.
«Branching» - this type of apex is used for indication of
branching.
«New conceptual model» - this type of apex is used for

the indication of a conceptual model change.
«CAA-R» - this type of apex is used for the indication
of manual actions realization of the crew CAA-R.
Depending on the type of the selected apex, the
corresponding supplementary sheet with its parameters
is opened. There are parameters common for all types
of earl apexes: name of the apex, notes for this apex
edit fields and the "place of probable correction"
checkbox, which is placed in such a case of finalizing
the deviation of the tracking parameters is possible
after current of apex.

«CAA» apexes type

If «CAA» apex is selected, design engineer should
select the type of the solution is used in this case. There
are three accessible types: " - decision", " - decision"
and " - decision ".

Figures 2: Properties window of earl apexes

When -decision is selected, the edit fields for the data
being entered according the estimation procedure of
operator time expenditures are available.
When -decision is selected, the edit fields for the data
being entered according the estimation procedure of
operator time expenditures are available.

Figures 1: Estimation of CAA -decision

"Elementary reports of working out decisions" data
sheet is also available for edit.

«Tracking beginning» apexes type

When this type of apex is selected, the edit table for
entering the dependence of the finalizing time on the
time of abstraction for the tracking is available.

Figures 3: The beginning of the tracking operation

«Tracking end» apexes type

This type of apex indicates that the tracking is finished.
This type of ODE apex is logical and influences only
the calculation of branches, without making changes in
the results of time expenditures calculations.

«Branching» apexes type

This type of apex indicates branching of the earl. This
type of ODE apex is logical and influences only the



calculation of branches, without making changes in the
results of time expenditures calculations.

«New conceptual model» apexes type

This type of apex indicates the change of conceptual
model. This type of apex does not have parameters
influencing the calculating results. The time of the
change of conceptual model of operator behavior is
equal of 1.2sec by default.

«CAA-R» apexes type

This apex indicates realization of the accepted decision.
Design engineer should manually fulfill the
corresponding table (name of each manual operation
and the time needed for it).

Calculation of the earl parameters

Figures 4: Earl example.

It is necessary to be convinced that the earl is built
correctly. This checking is produced by looking
through entered ODE with visual monitoring of the
following positions: The first apex of earl must have a
type "Tracking beginning". All apexes with the type
"Tracking beginning" must have the filled table of
tracking. The last apex of earl must have a type
"Tracking end". Cycles are not admitted in the earl -
they must be opened to corresponding branches.
If the apex of graph is branching off and does not have
the «Branching» type all apexes on the branch "no"
they would not be considered in the calculations.
If the apex of graph has the «Branching» type and does
not have the appropriate branches, only existing
branches ODE would be considered in the calculations.
If some of requirements for the earl are not fulfilled the
system will give out the corresponding warning. For
calculating of the earl parameters the «Calculate
branches» button should be pressed. ODE branches will
be calculated with the time needed for their fulfillment
(including the time spent on finalizing of tracking) and
its mean-square deviation. System also provides the

verification of the assigned time limitations in the
section of ODE branch.

CONCLUSION

The "GRO-otsenka" computer system allows solving
the problems of the realizability evaluating of
designed ODE in the early stage of the onboard
algorithms design. It significantly facilitates the task
of ODE realizability evaluating; it makes it possible to
obtain the result of estimation and the corresponding
information immediately. The "GRO-otsenka" system
has comfortable interface and sufficient execution
speed (for the solution of the problems of this level).
It is oriented as to manual input of initial data, so to
obtaining of them directly from the "Bort" system.
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ABSTRACT 

In recent years, micromagnetic simulation has evolved 
into a vital tool for understanding and optimizing the 
electronic and dynamic properties of magnetic struc-
tures on the nanometer scale. We have enhanced a 
micromagnetic simulation tool and developed a 
package called SpinWaveAnalyzer for the computation 
of the spin-wave spectra for arbitrary excitation pat-
terns. We find that the spin-wave eigenmodes sensi-
tively depend on the spatial symmetry of their exci-
tations and that for decreasing lateral extensions, the 
oscillatory behaviour of nanosized multilayers shifts 
from standing spin waves with higher harmonics along 
and perpendicular to the static magnetization to dipolar 
modes with higher harmonics situated on the edge of a 
structure. These simulations can help to find the opti-
mal frequency with which to switch the magnetization 
of real-life magnetic storage cells, thus enabling the 
creation of faster, non-volatile, low-power storage con-
cepts that could revolutionize computer architectures. 
 
INTRODUCTION 

Magnetic storage systems have become indispensable 
due to their storage density, availability, reliability, and 
their low costs. The increase in information that can be 
stored on a unit area of magnetic storage surface has 
largely followed an exponential behaviour called 
Kryder’s law, similar to the famous Moore’s law for 
the number of transistors on a chip, but with larger 
exponent. Individual information bits are stored in 
regions of ferromagnetic grains of the same 
magnetization. Fundamentally limiting a continued 
exponential increase is the so-called superparamagnetic 
effect in which thermal fluctuations increasingly 
disturb the magnetization with decreasing size of the 

magnetic regions. An analytical model (Stoner and 
Wohlfarth 1948) can estimate the thermal stability of a 
region. The speed with which magnetic particles can 
switch their magnetization state is determined by the 
eigenfrequencies of the magnetic systems. Changes in 
the magnetization permeate through the system via 
discrete oscillations, called spin-waves, which can be 
attributed with a frequency and a wave vector. 
Predicting the eigenfrequencies of a given system with 
the help of micromagnetic simulations and subsequent 
spin-wave spectra can help to create faster, more 
reliable magnetic storage systems. 
 
MICROMAGNETIC MODEL 

The micromagnetic model approximates the atomistic 
quantummechanical behaviour of ferromagnetic 
particles of nano- and micrometer sizes by assuming 
the magnetization of the material to be a continuous 
function over space. This holds true in most cases as 
the interaction between the spins of electrons of 
neighbouring atoms in a lattice interact strongly and 
seek to align each other in parallel position (in the case 
of ferromagnetism, anti-parallel in the case of antiferro-
magnetism). Thus changes in the magnetization can 
occur only over a large number of lattice cells. In equi-

librium, the local magnetization M
�

 will align in the 

direction of the effective magnetic field effH
�

, i.e., the 

torque vanishes 

0=× effHM
��

. (1) 
Here 

demagZeemananisoexcheff HHHHH
�����

+++= , (2) 
where the four terms derive from the exchange energy, 
anisotropic energy, Zeeman energy, and the de- or 
selfmagnetization energy, respectively (Aharoni 1996). 
The details to the individual energy terms have been 
explained at an earlier conference (Bolte et al. 2004) 
and are discussed comprehensively in works of Brown 
(Brown 1963) and Hubert and Schäfer (Hubert and 
Schäfer 1999), among many others. 



From fundamental thermodynamic considerations, 
namely, the minimization of a system’s magnetic 
energy and the maximization of entropy, as well as the 
invariance of the strength of the magnetization the 
equation of motion for the local magnetization (Lan-
dau-Lifshitz-Gilbert-equation) out of its equilibrium 
can be deduced  

It describes the change of a magnetization vector over 
time as a function of the effective magnetic field 

effH
�

at the location of the vector and some parameters 

inherent in a magnetic system, i.e., the saturation 
magnetization MS, the gyromagnetic constant γ and the 
damping constant α (Landau and Lifshitz 1935; Gilbert 
1955; Brown 1963). 
 
THEORY OF SPIN-WAVES 

The magnetization precesses around the direction of 
the effective field, and its precession frequency 
depends on the strength of the field. A strong external 
(Zeeman) field in z-direction will cause a precession in 
the xy-plane (here assuming small damping and 
neglecting the anisotropy and exchange terms)  

The Ns are the demagnetization factors (Newell et al. 
1993). A time-dependent solution to this set of 
differential equations exists if the determinant of the 
secular equation is zero. The so-called ferromagnetic 
resonance frequency (Griffiths 1946, Kittel 1958) as a 
function of the external field strength is then  

This relation can be generalized for systems with 
exchange energy and spatially changing parameters. 
Then a transition of momentum occurs in the form of 
moving oscillations in the magnetization, or spin 
waves. In finite systems, the frequency of spin waves is 
quantized. Also, if the strength of direction of the 
effective field is inhomogeneous, eqn. (5) leads to a 
localization of spin-wave modes.  
For structures of certain symmetry, such as spheres, 
cubes, rings, infinitely long stripes, etc. the spin-wave 
eigenmodes can be derived analytically (Buess et al. 
2005, Bayer et al. 2005; Kalinikos and Slavin 1986). 
For more complex or irregular structures, the spin-
wave eigenmodes and their spatial distribution have to 
be computed numerically as shown in the next para-
graphs. 
 

COMPUTATIONS OF SPIN-WAVE SPECTRA 

A standard micromagnetic simulation tool (OOMMF, 
Donahue and McMichael 1999) was enhanced by a 
faster numerical integration algorithm as explained in 
an earlier publication (Bolte et al 2005). Also, a tool 
dubbed SpinWaveAnalyzer, was implemented in 
MATLABTM to compute the spin wave spectra for 
micromagnetic problems. MATLAB was selected 
because it allows quick implementation of functioning 
code and its large libraries of solutions to standard 
problems of many aspects related to this topic, from 
linear algebra to signal processing, plotting functions, 
etc. Release 14 also allows for a rapid input of binary 
and text data, which was important to create a fast 
interface between the simulation tool and the 
SpinWaveAnalyzer. 
With the simulation tool the time evolution of the 
magnetization was computed by step wise integration 
of the Landau-Lifshitz-Gilbert equation. For the simu-
lation, Permalloy parameters were used, i.e., an ex-
change constant of A= 1.3 × 10-11 J/m, a saturation ma-
gnetization of Ms = 8 × 105 A/m, a uniaxial anisotropy 
K1 = 100 J/m³, and a damping constant of α =0.008. 
The initial states were determined for every problem 
separately. The simulation was thus as to excite the 
magnetization by out- of-plane field pulses with full-
widths-at-half-maximum (FWHM) of 2.5 ps and a peak 
amplitude of 20 mT and exponentially rising and fall-
ing edges to account for a gradual change in the simu-
lation’s time step. This was done so that the frequency 
response of the excitation is virtually constant between 
zero and well over 100 GHz, the range in which reso-
nance modes are to be expected. The pulses lengths 
and heights were chosen small enough to ensure that all 
spin-wave modes are in the linear regime. The external 
field pulses are simulated to be in the out-of-plane 
direction to prevent unwanted domain wall or vortex 
motion.  
The problem was then simulated and the magnetization 
response to the excitation recorded for simulation times 
T between 20 ns and 45 ns, long enough to achieve the 
frequency resolution Tf 1=∆∆∆∆  necessary to resolve 

adjacent modes in the spectra. The storage intervals 
were so that the Nyquist frequency fNy = ½ fSam was 
above the highest resolvable eigenmodes. This meant a 
sampling frequency of ca. 50 GHz. The stored data for 

the magnetization ( )itM
�

 for times { }nitit ,...,1, ∈⋅= ∆∆∆∆  

was read into matrix format to allow for MATLAB’s 
matrix formalism to be used. The magnetization was 
then locally Fourier transformed for every simulation 
cell. Then the local power density, i.e., the squared 
amplitude for every pixel was integrated over the 
whole geometry to yield the global power density. 
Also, the local power densities were mapped for each 
frequency to show the inhomogeneous distribution of 
the power density for the corresponding frequency. The 
same was done for the phases, so that the complete 
information of the magnetization oscillation was  
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Figure 1: Flow chart of the SpinWaveAnalyzer. First the 
temporal evolution of the magnetization is derived by solving 
the Landau-Lifshitz-Gilbert-equation numerically via an 
enhanced micromagnetic simulation tool and the data is 
stored for N time steps. Then the data is Fourier-transformed 
for every pixel separately. Finally, the squared amplitude is 
integrated for all pixels for every frequency step so that even 
eigenmodes do not cancel out (see Fig. 2). Intensity images 
for the squared amplitude are plotted (see Fig. 3). The same 
procedure is followed for the phases. 
 
preserved by the Fourier transformation. A flow chart 
of the SpinWaveAnalyzer is shown in Fig. 1. 
 
RESULTS 

As a first test case, small squares of lateral sizes 
between 750 nm and 4 µm and a thickness of 16 nm 
(lateral cell sizes 5 nm except for the 4 µm square 
where it was 10 nm) were simulated to compute the 
eigenmodes of such systems when exciting them with 
field pulses of different spatial symmetry. Squares are 
interesting because they contain all fundamental static 
magnetization configurations, i.e., vortices, domain 
walls, and domains. This was done to verify and under-
stand experimental results by notable research groups 
that have shown some eigenmodes but differ in details 
( Park et al 2002; Perzlmaier et al. 2005; Quitmann et 
al. 2005). Our claim is that even small spatial asymme-
tries in the exciting field pulses can evoke different 
mode patterns and that properly chosen spatial symme-
tries of the pulses give access to the rich set of eigen-

modes in ferromagnetic micro- and nanostructures. The 
pulse was spatially modulated to locally invert its 
direction and thus to allow the excitation of spin-wave 
eigenmodes of distinct symmetries. By using spatially 
inhomogeneous field pulses, we excite different modes 
and show that they reflect the symmetry of the exciting 
torque. For simplification, the discussion of the eigen-
modes was restricted to modes with their main power 
within the four domains. Some results were published 
recently (Bolte et al. 2006a), while others are in the 
process of publication (Bolte et al. 2006b). Exemplary 
results are shown in Fig. 2. The increase in power at 
certain frequencies of over 15 dB as well as their small 
full width at half maximum is clearly seen in all graphs 
(a) to (d). In Fig. 2(a) is shown the spin-wave spectrum 
(frequency response) of a relaxation from an artificial 
initial state in which the out-of-plane components of 
the magnetization vectors were set to zero. Figure 2(b) 
shows an excitation with a π/2 rotational symmetric 
field pulse as shown in the inset. The same frequencies 
are excited even though the peaks are wider and not as 
high as in (a). Also, additional, smaller peaks are 
visible. In Fig. (c) and (d), the same structure was 
excited, but with π-rotationally symmetric and uniform 
field pulses, respectively. It is obvious that all three 
excitations create completely different spin-wave 
modes. A deeper understanding is gained by looking at 
the local power distribution of the peaks of the 
different excitations. Figure 3 shows exemplary plots. 
 
 

 
Figure 2: Simulated and computed spin-wave spectra of a 
16nm thick, 1x1 µm² large Permalloy square for four 
different excitations. (a) relaxation of the magnetization from 
an artificial initial state, (b) –(d) excitation with a 20 mT 
strong 2.5 ps short magnetic field pulses with the local 
direction of the pulses as shown in the upper right insets 
(From Bolte et al. 2006a). 



 
Figure 3: Spatial power density distribution of a 1x1 µm² large, 16 nm thick Permalloy square excited with an out-of-plane field 
pulse of 20 mT strength and various spatial symmetries, corresponding to the excitations of Figs. 2(b)-(d). Top images represent the 
local power density, bottom images the phases with the colour coding as explained on the right of each line. (a) Excitation with a π/2-
rotationally symmetric pulse as shown in the inset of Fig. 2(b). Only even numbers of maxima exist in each domain. (b) Excitation 
with a π-rotationally symmetric pulse as shown in the inset of Fig. 2(c). Only odd modes exist. (c) Excitation with a spatially uniform 
pulse as shown in the inset of Fig. 2(d). Unlike in Fig. 3(a)-(b), the modes exist also within the domain walls, and higher modes 
perpendicular to the direction of the static magnetization are visible. (From Bolte et al. 2006b). 

 
It is obvious that an even number of modes along the 
magnetization of a domain are excited by π/2-rota-
tionally symmetric pulses and an odd number of modes 
are excited by π-rotationally symmetric pulses. This is 
because with π/2-rotationally symmetric pulses, there 
is an uncompensated net torque acting on the magneti-
zation of each domain. That means that the oscillations 
also have a nonzero overall component. The phase 
images show that neighbouring oscillations are always 
exactly out-of-phase. It is intriguing that the uniform 
excitation has a different mode pattern, with their main 
power density being in the domain walls and not only 
within the domains. It is not entirely clear why the 
spin-wave eigenmodes would prefer the domain walls. 
One possible reason is that due to the lower total 
energy within the domain walls a potential well is 
formed that captures the spin waves. It is clear that 
because of the symmetry of the exciting pulses, the 
resulting positions of nodal lines prohibit excitation of 
spin waves in these positions. These findings and other 
symmetries are discussed in detail in a forthcoming 
publication (Bolte et al. 2006b). 
The insights gained in these simulations were used to 
study more complex structures such as those likely to 

be used for magnetic storage systems. In magnetic 
random access memory (MRAM) cells, a combination 
of soft magnetic layers and hard magnetic layers with a 
nonmagnetic spacer layer comprises a so-called magne-
tic tunnel junction (MTJ). When leading an electric 
current vertically through such an MTJ trilayer system, 
the relative orientation of the two magnetic layers will 
determine the electric resistance of the current. Decrea-
sing the lateral sizes of such cells lead to higher storage 
densities potentially higher switching speeds, thus 
testing the cells’ sizes for their spin-wave eigenmodes 
is a suitable problem for the present simulation tool and 
the SpinWaveAnalyzer. 
In Fig. 4 exemplary eigenmode spectra of MTJ tri-
layers as well as their main modes are shown. For 
small cells (around 64 nm, see Fig. 4(a)), there are only 
two major modes, while for larger cells (Fig. 4(c)), 
there exists a multitude of different peaks correspon-
ding to higher harmonics of two basic modes, the dipo-
lar driven edge mode and the exchange driven centre or 
uniform precession mode (Stiles and McMichael 
2005). The higher harmonics agree well with the theo-
retical model for infinite thin films that was also used  



 
Figure 4: Spin-wave spectra of magnetic multilayers for magnetic data storage of different lateral sizes. Shown are the frequency 
response (centre) and the local power density of two major spin-wave eigenmodes (right) for three exemplary sizes.  Top: 64 nm 
small storage cell. Only two modes. Middle: 220 nm cell. Several modes exist. Bottom: 630 nm cell. Many modes, two basic modes 
with higher harmonics can be seen in the spectrum. 

 
to describe the eigenmodes in the Permalloy squares of 
(Bolte et al. 2006a). This seems quite astonishing, as 
630nm large structures can hardly be called infinitely 
large films. But because the exchange length, the range 
in which the exchange interaction dominates the 
magnetic behaviour is only a few nanometres long, the 
dynamic dipolar interaction of spin-wave oscillations 
dominates, and regions that oscillate out of phase to 
each other reduce the total energy of the system. For 
sizes between 64 nm and 630 nm, there is a crossover 
between dipolar dominated and exchange dominated 
mode excitation (Kruglyak et al. 2005). 
 
CONCLUSIONS 

We have enhanced a standard micromagnetic simula-
tion tool and have developed a package for the com-
putation of the spin-wave spectra for arbitrary excita-
tion patterns. With the tool and the package, we can 
determine the magnetic eigenmodes of nano- and 
microstructured ferromagnets for magnetic storage 
elements. We find for example that the spin-wave 
eigenmodes sensitively depend on the spatial symmetry 
of their excitations and that for decreasing lateral 
extensions, the oscillatory behaviour of nanosized 
multilayers shifts from standing spin waves with higher 
harmonics along and perpendicular to the static magne-
tization to dipolar modes with higher harmonics situa-
ted on the edge of a structure. These simulations can 
help to find the optimal frequency with which to switch 

the magnetization of real-life magnetic storage cells, 
thus enabling the creation of faster, non-volatile, low-
power storage concepts that could revolutionize 
computer architectures. 
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Abstract— In this paper we report some investigations
on the problem of controlling isomerization for small poly-
atomic non–rigid molecules, using the LiNC/LiCN system
as an example. Two methods of control in the classical en-
semble of LiNC/LiCN system are described and analyzed
by performing computer simulations for the corresponding
canonical ensemble. The first method is based on control-
ling the total energy. The second one is based on changing
the minimum energy path profile, and the potential energy
surface for a certain “representative” configurations of the
molecule. The algorithm used in both cases is based on the
speed–gradient principle. The control function obtained in
the classical mechanical study, with the total energy con-
trol algorithm, is subsequently applied to the quantum me-
chanical ensemble of LiNC/LiCN molecules. The quantum
mechanical calculations are carried out within a finite basis
approximation, consisting of 14 energy levels and the corre-
sponding eigenfunctions. A comparison between the simu-
lation results for the classical and quantum models shows a
reasonable similarity in the performance on the control.

I. Introduction

The control of molecular systems has attracted a growing
interest since the beginning of the 1990’s due to the devel-
opment of femtosecond lasers, which constitute a practi-

This work was partially financially supported by Complex Program
of the Presidium of RAS No 19 “Control of mechanical systems”.
The last author was supported by the Ramón and Cajal Programme
(2002), the FEDER and the MEC Grant MTM2005-08350-C03-01
(Spain).

cal tool for the realization of such control. Various meth-
ods, aimed at changing the natural course of a chemi-
cal reaction and creating new chemical technologies has
been investigated by different authors (Brown and Rab-
itz, 2002; Butkovsky and Samoilenko, 1980).

It is well known that the topology of the potential en-
ergy surface (PES) contains essential information for the
dynamics of the corresponding molecular system. The exis-
tence of several minima at the PES implies the existence of
different stable configurations, having specific geometrical
characteristics and chemical properties. At the thermody-
namical equilibrium and in the absence of external fields,
the percentage of molecules having any given configuration
is determined by the depth of corresponding potential well.
In this respect, it is interesting to consider the problem of
changing at will the isomer concentration in the ensemble
by applying an external electromagnetic (laser) field –i.e.
the problem of controlling the isomerization reaction.

In the present work we apply some methods from the
modern theory of nonlinear control to a model problem for
the controlled isomerization of LiNC/LiCN, by presenting a
synthesis with the study of the dynamics of the controlled
ensemble. The LiNC/LiCN system has been extensively
studied, specially in connection with the problem of quan-
tum chaos (Borondo and Benito, 2005), as representative
of a large class of molecules, and the corresponding dy-
namics thoroughly investigated (see (Benito at al, 1989),
(Tarquis at al, 2001) and references therein). For example,
these studies have explained why the fraction of less stable
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isomers HCN is greater than the fraction of more stable
HNC in the atmosphere of some carbon stars (Harris at
al, 1982).

The control algorithms, based on controlling the total
energy of the system and on changing the form of a mini-
mum energy path (MEP) and PES (the so called potential
shaping) has been described elsewhere (Efimov et al, 2006).
The performance of the algorithms is analyzed by computer
modelling an ensemble consisting of 1000 molecules. Note
that the thermal motion of the whole ensemble is complex
and may be even chaotic, while the behavior of any sin-
gle molecule is described by the Hamiltonian model. The
control function is designed by means of a classical model
and then used for the corresponding quantum mechanical
ensemble of LiNC/LiCN molecules. Quantum mechanical
calculations are performed in a finite–basis approximation
consisting of 14 energy levels. The comparison of simula-
tion results for classical and quantum mechanical models
shows a reasonable agreement of the control performance
in both cases.

This paper is the continuation of the paper (Efimov et
al, 2006), where only the control of isomerization, based on
classical model was considered.

II. Classical Model for the Controlled System

The molecular system LiNC/LiCN is nonrigid with a
very floppy motion in the angular coordinate, and its dy-
namics can be rather complex. At moderately small values
of the energy, the system can pass between the two sta-
ble configurations corresponding to the isomers LiCN and
LiNC, generating a chaotic dynamics. This is due to the
possibility of relatively free motion of atom Li around the
CN fragment, whose oscillations are practically uncoupled
to the dynamics of the other molecular motions. Accord-
ingly the dimensionality of the system can be reduced to
two degrees of freedom (Benito at al, 1989), (Tarquis at
al, 2001). The classical Hamiltonian of the system without
control is given by

H0 =
P 2

R

2µLi−CN
+

1
2

(
1

µLi−CNR2
+

1
µC−Nr2

e

)
P 2

θ +V (R, θ)

(1)
where R is the distance from the Li atom to the center
of mass of the CN fragment, θ is the angle between the
N–C and R vectors, and PR and Pθ are the corresponding
conjugate momenta. Throughout the paper atomic units
are used unless otherwise stated. The C-N distance is held
frozen at its equilibrium value of re = 2.186 The reduced
masses are µLi−CN = 10053 and µC−N = 11778, respec-
tively. The potential energy surface (PES) V (R, θ) is given
by a 10 terms expansion in Legendre polynomials:

V (R, θ) =
9∑

k=0

Vk(R)Pk(cos(θ)) (2)

fitted to quantum calculations and experimental data
(Essers at al, 1982). As discussed in the Introduction, this
PES has two potential wells corresponding to the stable
linear isomers: Li-NC (θ = 180◦, V = 0) and the less sta-

ble Li-CN (θ = 0◦, V ≈ 0.0104). They are separated by a
barrier of approximately 0.0157 located at θsaddle ≈ 60.1◦.

In order to control the dynamics of this molecular sys-
tem we use an external electromagnetic (laser) field, which
introduces a external force in the system dynamics. In this
respect the molecule LiNC/LiCN can be approximately
considered as a dipole with unit charges, placed at the Li
and center of mass of CN fragment, respectively. Thus,
the full Hamiltonian of the controlled system is a sum of
Hamiltonian H0 with the dipole–external field interaction,
H1:

H1 = −qRE cos(θ − φ). (3)

Here q = 1 is the dipole charge, E is the intensity of exter-
nal field, and φ is the angle between the vector of external
field and the N–C direction. Thus, the Hamiltonian of the
molecular system LiNC/LiCN in an external electromag-
netic field takes the form:

H =
P 2

R

2µLi−CN
+

1
2

(
1

µLi−CNR2
+

1
µC−Nr2

e

)
P 2

θ +

V (R, θ)−R cos(θ − φ)U (4)

where U is the control function.
The substitution of (4) into the Hamilton equations:

dR

dt
=

∂H

∂PR
,

dθ

dt
=

∂H

∂Pθ
(5)

dPR

dt
= −∂H

∂R
,

dPθ

dt
= −∂H

∂θ
(6)

yields the equations of controlled molecular motion:

Ṙ =
1

µLi−CN
PR, θ̇ =

(
1

µLi−CNR2
+

1
µC−Nr2

e

)
Pθ (7)

ṖR =
P 2

θ

µLi−CNR3
− ∂V (R, θ)

∂R
+ cos(θ − φ)U (8)

Ṗθ = −∂V (R, θ)
∂θ

−R sin(θ − φ)U (9)

These equations of motion are essentially nonlinear, with
the different degrees of freedom coupled both kinetically
and potentially. The corresponding integration was car-
ried out by adapting in MATLAB a 2–nd order central
differences method. The time step used is 3.074 (200 times
smaller than the corresponding characteristic vibrational
symmetric stretch frequency in LiCN isomer.

III. Synthesis of Isomerization Control

The main goal of control for the molecular ensemble un-
der consideration is to increase the fraction of less stable
isomer LiCN present in it. One of the possible approaches
to achieve control for the molecular ensemble consists in
the realization of the following three stages:
1. A choice of an element of the ensemble, which ade-
quately represents it (in a certain sense) – “the represen-
tative molecule”.
2. The control of this “representative molecule”. In our
case this means the stabilization of the system fluctuations
around the less stable configuration LiCN.
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3. The implementation of the synthesized control function
for the molecular ensemble as a function of time by using
impulses of duration T1 through time intervals T2.
The main idea is that if the control algorithm is robust
enough, it should also work for molecules with configu-
rations slightly different from that of the “representative
molecule”. Thus, as one of necessary stages of the isomer-
ization control for molecular ensemble it is necessary to
achieve control for one molecule.

In order to design the control of one molecule, we have
to define the control goal. It is obvious that the LiCN
molecule possesses appropriate dynamics, if the value of
the variable θ is close to 0◦ during the major part of time.
For sufficiently high energies, an analytical determination
of such situation is rather complicated because of possibil-
ity for molecules with close initial data to reveal different
dynamics. But if the value of θ is variable and the sys-
tem energy corresponds to the wanted potential well, the
molecule stays in this well due to the lack of energy to over-
come the potential barrier, and the molecule reveals the
appropriate dynamics constantly. Thus we can define the
control goal for one molecule as reaching of the potential
well of LiCN minimum with system energy less than the en-
ergy of potential barrier, which will imply the stabilization
of oscillations around the appropriate configuration.

First Algorithm: Control of System Full Energy

According to the model, the PES of our molecular sys-
tem has two potential wells separated by an energy barrier.
The goal of the control consists, actually, in moving the
system to the LiCN potential well from that correspond-
ing to LiNC, which is the deepest one. For this purpose
it is necessary that the molecule cross the potential bar-
rier. Thus, if initially the molecule is close to the bottom
of the deepest potential well, it is necessary to increase its
energy. However it is not enough, since in addition the
stabilization of oscillations in the less deep potential well
is also required. We then propose to decrease energy of
the system after the representative molecule overcomes the
isomerization barrier. We use the speed–gradient method
to achieve this energy control.

Below, a brief description of the speed–gradient method
is given to make the paper self–contained. More details
can be found in (Fradkov at al, 1999). Let the controlled
system be modelled as:

ẋ = F (x, u) (10)

where x ∈ Rn is the state and u ∈ Rm is the input (con-
trol). Let the goal of control be expressed as the limit
relation:

Q(x(t)) → 0 when t →∞. (11)

In order to achieve the goal (11) we can apply the SG-
algorithm in the finite form:

u = −Ψ(∇uQ̇(x, u)) (12)

where Q̇ = (∂Q/∂x)F (x, u) is the speed of change of
Q(x(t)) along the trajectories of (10), and the vector Ψ(z)

forms an acute angle with the vector z, i.e. Ψ(z)T z > 0 for
z 6= 0 (the superscript “T” stands for transpose).

In our case, the control goal of control is either to increase
or to decrease the system full energy (i.e. the Hamiltonian
function H0). Thus a possible control goal can be written
as:

Q = (H0 −H∗
0 )2 → 0, when t →∞ (13)

where the constant H∗
0 is sufficiently large for energy in-

creasing and sufficiently small for energy decreasing. After
some algebra (using control in form (12)), we arrive at fol-
lowing control algorithm:

U = −γ∇u((H0 −H∗
0 )Ḣ0) (14)

In order to simplify this expression, we take into account
that Ḣ0 = −ḢUU , where HU = −R cos(θ − φ) and elim-
inate energy (e.g. assuming that the system energy H0

does not exceed the value H∗
0 in case of energy increasing,

and conversely in case of energy decreasing) in (14), finally
arriving to the following energy control algorithm:

U =
{

U0
1 · (Ṙ cos(θ − φ)−R sin(θ − φ)θ̇), 0 ≤ t ≤ T ∗1
−U0

2 · (Ṙ cos(θ − φ)−R sin(θ − φ)θ̇), T ∗1 ≤ t ≤ T1

(15)
where the algorithm parameters are the relative intensi-
ties, U0

1 and U0
2 , for energy increasing and decreasing, and

the total control time, T1 (impulse duration), and time of
control switching, T ∗1 , (switching moment can be assigned
initially or determined by some conditions).

Second algorithm: Changing of a Minimum Energy Path
Profile and Potential Energy Surface Form

The basic idea of this approach consists in changing the
PES form by means of the control, so that the new PES
has only one stable minimum, corresponding to the LiCN
isomer in our case. This can be done by introducing ad-
ditional external forces into the system dynamics. If we
additionally stabilize this new minimum by decreasing the
oscillation energy, such combined actions will achieve the
control goal, namely, the stabilization of the less stable
configuration.

The modification of the system PES was carried out
in such a way that the minimum energy path (MEP)
Vmin(θ) = minR V (R, θ) for the modified PES is a
monotonously increasing function of θ with a single mini-
mum at θ = 0. This change is realized by substituting the
appropriate control function in Hamiltonian (4), so that
the new Hamiltonian potential energy function will be the
sum of V (R, θ) and this new contribution. Note that if we
add a function of θ to the potential function V (R, θ), then
the new MEP will be the sum of old MEP and this func-
tion. Thus, setting a desired MEP profile satisfying this
conditions, V new

min (θ), we obtain the following expression for
the first component of control:

U1 =
V new

min (θ)− Vmin(θ)
HU (R, θ)

(16)

Moreover, we choose the new MEP V new
min so that when

θ = θcrit = (φ+π/2) mod π (i.e. when HU (R, θ) = 0), the
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condition V new
min (θcrit) = Vmin(θcrit) holds, in order to avoid

singularities in the above expression. Thus, the value of the
control can be determined as the ratio of corresponding
derivatives when θ = θcrit.

The stabilization of the single minimum of the new PES
is achieved by decreasing the system energy in away anal-
ogous to the previous subsection. The combined control
is the sum of the two components obtained. The inten-
sity of energy decreasing and the total control time are the
parameters of the algorithm.

IV. Isomerization Control for a Classical
Ensemble of the LiNC/LiCN Molecular

System

As it was mentioned before, the main goal of control for
the molecular ensemble under investigation is to increase
the proportion of less stable isomers LiCN. The control
function, obtained for some ”representative molecule”, is
used to control the whole molecular ensemble. The pre-
calculated control function is used to control the ensemble
in an open–loop mode during a specified time interval T1,
so that during a time T2 system remains uncontrolled, and
then the process is repeated again. If the value of T2 is suffi-
ciently large and the system is not isolated, then the relax-
ation of system distribution to the equilibrium and recover-
ing of macroparameters will take place, due to chaotic ther-
mal mixing and the presence of the thermal exchange with
the environment (thermostat). Thus, after each impulse
approximately equal results will take place, if the reaction
products are not separated or fixed. In such situation, the
average proportion of LiCN isomer is the magnitude of in-
terest. But if the reaction yield can be fixed, for example,
when a chemical reaction with wanted isomer takes place,
the situation changes. If the interval between impulses is so
small that the distribution remains non–equilibrated, then
a gradual increase of the proportion of the LiCN isomer
can take place. In the present work we modelled only one
impulse to demonstrate the potentialities of our approach.

Our simulation included a modelling of the initial equi-
librium ensemble at a fixed temperature. These ensembles
satisfy the Gibbs distribution:

w(z) = Ce−H(z)/kT (17)

where w(z) is the frequency distribution in the phase space,
k is the Boltzmann constant, H(z) is the Hamiltonian (the
full energy) of the system, and C is a normalization con-
stant. To model classical canonical Gibbs ensembles a
method, based on producing microcanonical ensembles and
selecting the molecules in compliance with relative proba-
bilities of the corresponding state, was used. We modelled
the initial canonical Gibbs ensemble of 1000 molecules at
300K.

For control we should choose a “representative molecule”
of the ensemble; something that can be done by different
methods. In our case we take as the main factor that a
maximum of molecules have initial configurations close to
the given one, or, rather, they have a close angle dynamics.
The reason for that is that the algorithms applied are ro-
bust with respect to initial data and should act upon angle

dynamics. Molecules with close angle dynamics are defined
by the closeness both in energy and angle values.

It is natural to measure the efficiency of the isomeriza-
tion control by the portion of the wanted isomer in the con-
trolled ensemble. But, as it was shown above, the determi-
nation of appropriate dynamics for one molecule is rather
complicated . If the molecule has sufficiently small energy
(less than isomerization barrier), then we can assign it to
one or another isomer, but for molecules with relatively
high energies this often cannot be done. One of possible
ways to estimate the control efficiency is to calculate the
fraction of molecules with θ ≤ θcrit. This characteristic is
appropriate in our case for the following reasons. In the
first place, for ensembles with low energy, it adequately
shows the fraction of wanted isomers – if molecule is in
corresponding potential well, the condition θ ≤ θcrit holds
permanently. Second, for ensembles with relatively high
energy, this value also shows adequately the proportion of
LiCN isomer, because for molecules that can be considered
as belonging to the wanted isomer, the condition θ ≤ θcrit

holds during most of the time, while the molecules, which
walk from one configuration to another, very often shows
an almost uniform angle distribution, and therefore distort
the whole angle distribution rather weakly.

To estimate the control efficiency it is necessary to com-
pare the results of isomerization control and of intensive
equilibrium heating (up to the same mean energy). Only
the excess of output of wanted isomer in controlled ensem-
ble in comparison with that in the ensemble, heated to the
same mean energy, can be treated as a true efficient con-
trol output. The procedures described were carried out to
design isomerization control for initially canonical Gibbs
ensemble at the room temperature 300K with molecules,
uniformly distributed with respect to the orientation angle
φ ∈ [0 2π]. The control functions were precalculated for the
selected “representative” molecule by applying both algo-
rithms. In both cases the control was switched off when
oscillations near θ = 0 with sufficiently small energy took
place.

To control the ”representative” molecule full energy, we
used the algorithm given by (15) with U0

1 = 0.25, U0
2 = 0.5

The angle φ for the ”representative” molecule was chosen
to be equal 0.36π, which is slightly greater than θsaddle ≈
0.33π.

In the second algorithm, to change the MEP profile of
the ”representative” molecule we chose the desired form
of MEP as quadratic with the minimum in θ = 0. The
coefficient of quadratic dependence was selected so that
for θ = θcrit = φ + π/2 the following condition holds:
V new

min (θcrit) = Vmin(θcrit). Thus the desired MEP is given
by equation:

V new
min (θcrit) = βθ2

crit (18)

where

β =
Vmin(θcrit)

θ2
crit

(19)

The first component of control is given by the ratio:

U1 =
βθ2 − Vmin(θ)

HU (R, θ)
(20)
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The second component of control has the following form:

U2 = −U0(Ṙ cos(θ − φ)−R sin(θ − φ)θ̇ (21)

with U0 = 0.3. The angle φ for the “representative”
molecule was chosen to be equal π/4, with the correspond-
ing values θcrit = 3π/4 and β = 0.0011. The resulting
control is a sum of these two components, at that first com-
ponent is omitted when the system drops into appropriate
potential well.

The results of control for classical ensemble are presented
on the figures in the last page. Figures 1 and 3 show, re-
spectively, the control functions obtained by the method of
control of system full energy and by the method of chang-
ing of MEP profile. These control functions as functions
of time are then used to control all molecules of the en-
semble. Figures 2 and and 4 show the dynamics of the
proportion of the LiCN isomer in controlled ensemble as
functions of time (solid line) in comparison with the pro-
portion of LiCN isomer in the equilibrium ensemble with
the same mean energy (dashed line) (i.e. results of intensive
equilibrium heating). The main conclusions are as follows:
these two algorithms are rather effective: they are 1.5 − 2
times more effective than the intensive equilibrium heating
(for appropriate control parameters).

V. Quantum model of controlled system

In this section the corresponding quantum-mechanical
model for molecular ensemble of LiCN is considered:

ih̄
∂ρ

∂t
= [H0, ρ] + E(t)[H1, ρ], (22)

where ρ is the density matrix, E(t) is the intensity of ex-
ternal field (control), H0 is the Hamiltonian operator for
system without control, and H1 is the potential energy op-
erator of LiCN in an external electromagnetic field.

Operators H0 and H1 in coordinate representation are
as follows:

H0 = − h̄2

2µLi−CNR2

∂

∂R

(
R2 ∂

∂R

)
− h̄2

2

(
1

µLi−CNR2
+

+
1

µLi−NCr2
e

)
1

sin θ

∂

∂θ

(
sin θ

∂

∂θ

)
+ V (R, θ), (23)

H1 = −R cos(θ − φ). (24)

Here µLi−CN , µLi−NC , re, R, θ, V (R, θ), φ are the same
as in the classical model.

Corresponding to a classical model the portion of the
LiCN isomer in the quantum ensemble is defined as the
average value of the observable G: Ĝ(t) = tr(Gρ(t)), where
operator G is

G(R, θ) =
{

1, |θ| ≤ 60.1◦

0, |θ| > 60.1◦ . (25)

As for the classical model, we use the Gibbs distribution
for the initial value of ρ:

ρ0 = A
∑

j

exp
(−λj

kT

)
L̂j , (26)

here A is the normalization factor, and L̂j are integral op-
erators with kernels Lj = Ψj(R, θ)Ψ∗j (R

′, θ′), where λj and
Ψj(·, ·) are eigenvalues and corresponding eigenfunctions of
H0.

For computer simulation, a finite basis approximation
was taken, with eigenvalues and eigenfunctions of un-
perturbed Schrodinger operator H0 evaluates numerically.
Also a digitization for φ was applied. The same input con-
trol function and simulation time as for classical case were
used. All parameters of the system were the same as in
the classical case. As the observable G is not an invari-
ant of the unperturbed system, we expected complicated
(may be chaotic) oscillations of its average value. The re-
sults of quantum simulation with MEP changing control
are shown in Fig. 5. The average value of G starts from
zero. Rapid initial growth is a consequence of the tunnel ef-
fect. The control algorithm stabilized oscillations at range
[0.04, 0.08]. The comparison of simulation results for clas-
sical and quantum-mechanical models shows a reasonable
similarity of controlled systems performance.

VI. Conclusion

A problem of controlled isomerization of non–rigid
molecules based on classical and quantum-mechanical mod-
els was considered. Two methods of isomerization control
in the classical ensemble of LiNC/LiCN system have been
described and analyzed by computer simulation for classi-
cal canonical ensemble. The first method is based on the
control of full energy. The second one is based on chang-
ing the minimum energy path profile and of configuration
of the potential energy surface for a certain “representa-
tive” molecule. Both control algorithms are designed by
using the speed-gradient principle. Then, the control func-
tion found for the classical model with algorithm based on
control of total energy have been tested for the quantum-
mechanical ensemble of LiNC/LiCN molecules. The quan-
tum mechanical modelling was performed by finite basis ap-
proximation consisting of 14 energy levels and correspond-
ing eigenfunctions. A nontrivial problem of choice of initial
condition for quantum-mechanical modelling adequate of
classical one is solved by choosing the Gibbs distribution
with the same temperature for both cases. A comparison
of simulation results for classical and quantum mechanical
models shows a reasonable similarity of controlled systems
performance.

The next step of the research will be quantum mechanical
modelling of the algorithm of control of the total energy of
the LiNC/LiCN system.
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Fig. 1. Graph of the control function — full system energy control
(after T = 180T0 system remains uncontrolled).

Fig. 2. Dynamics of the proportion of the LiCN isomer in the con-
trolled ensemble. Solid line: results of full system energy control.
Dotted line: results of intensive heating (in the equilibrium ensemble
with the same mean energy)

Fig. 3. Graph of the control function — MEP changing control (after
T = 35T0 system remains uncontrolled).

Fig. 4. Dynamics of the proportion of the LiCN isomer in the con-
trolled ensemble. Solid line: results of the control based on changing
the configuration of PES. Dotted line: results of intensive heating.

Fig. 5. Proportion of the LiCN isomer in the ensemble, quantum
simulation.
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ABSTRACT 

The control algorithm for passing through resonance 
zone for the two-rotor vibration unit is proposed and 
analyzed by computer simulation. The algorithm is 
based on speed-gradient method and leads to the 
significant reduction of the required level of the 
controlling torque. The algorithm is simple and has only 
two design parameters, though the system possesses 
complex and, apparently, chaotic behavior.  
 
INTRODUCTION 

Vibration units with unbalanced (eccentric) rotors are 
widely used in the industry. It is well known that the 
maximum power of driving motor is required during the 
spin-up mode (Blekhman 2000). The decrease of the 
spin-up power leads to decrease of nominal power and, 
therefore to decrease of the weight and the size of the 
motor. In order to obtain the desired mode of vibration 
it is necessary to control the rotor speed in a broad 
range including both pre-resonance and post-resonance 
regions. However, reduction of the motor power for 
systems with several degrees of freedom may increase 
the influence of resonance and lead to appearance of 
Sommerfeld phenomenon and capture (Andrievsky et 
al. 2001; Blekhman 2000). Sommerfeld phenomenon is 
caused by a limited power of motors. It may prevent the 
system from passing through resonance region and 
achieving the desired post-resonance value of rotor 
speed.  It means that the problem of passage through 
resonance arises naturally. It is important for 
development of new generation of vibration equipment 
with improved technological characteristics. However, 
both industrial and laboratory vibration units are 
described by nonlinear models with many degrees of 
freedom and because of their complex dynamics the 
problem is hard to resolve. 
The key idea to reduce the power of the unbalanced 
rotor is to swing the rotor during the spin-up period by 
feedback control. The control algorithms implementing 
this idea were proposed in (Kinsey et al. 1992; Kel'zon 
and Malinin 1992; Malinin and Pervozvanskii 1993; 
Tomchina and Nechaev 1999, Fradkov and Tomchin 
2004). In  (Kel'zon and Malinin 1992) and (Malinin and 
Pervozvanskii 1993) the optimal control method was 

used leading to complicated and not sufficiently robust 
controller. Kinsey et. al. (1992) proposed the algorithm 
based on derivation of the averaged controlled plant 
equation which is labor-consuming.  The algorithms of 
(Tomchina and Nechaev 1999; Fradkov and Tomchin 
2004) are based on the speed-gradient method (Fradkov 
1990; Fradkov et al. 1999) and energy-based goal 
functions. As it was shown in (Fradkov 1996) the 
speed-gradient algorithms for energy control of 
conservative systems allow to achieve an arbitrary 
energy level by means of arbitrarily small level of 
control power (so called swingability property). Using 
this approach for systems with losses allows to spend 
energy only to compensate the losses, and to reduce the 
power of driving motor significantly.  An additional 
requirement of achieving fast passage through the 
resonance zone by electrical correction means is also 
important (Tomchina and Nechaev 1999). In the paper 
by Tomchina and Nechaev (1999) only the case of one-
dimensional motion of the rotor axis was considered. 
The case of plane motion was studied by Malinin and 
Pervozvanskii (1993), who designed  controller using 
optimal control method and Fradkov and Tomchin 
(2004) who proposed a speed-gradient based solution 
for one-rotor vibration unit. 
In this paper the problem of controlling two-rotor 
vibration unit (Andrievsky et al. 2001) is solved by 
means of speed-gradient method. The proposed 
algorithm allows to significantly reduce the required 
level of the controlling torque. The efficiency of the 
algorithm is investigated by means of  simulation. 
 
PROBLEM STATEMENT 

Consider the Two-Rotor Mechatronic Vibration Unit 
developed in St. Petersburg, see (Blekhman et al. 1999; 
Andrievsky et al. 2001). The unit consists of three 
blocks: electromechanical double-rotor bench (Fig. 1,2), 
electronic transducer amplifier and PC controller. 
The electromechanical part contains a pair of 
unbalanced vibration actuators. The actuators are 
mounted on the vibration isolated carrier. Each actuator 
contains the DC electrical motor, Cardan joint and un-
balanced rotor. Due to the rotation of the unbalanced 
rotors the centrifugal forces appear. They can be com-
bined in controlled manner producing a variety of body 
oscillations. The unit is equipped with eight sensors. 
The sensors generate signals of the two rotors angular 
position and speed and the body translations. Details 



 

 

and operating characteristics of the unit are described in 
(Blekhman et al. 1999; Andrievsky et al, 2001). 
 

 
 
Figure 1: Schematics of the St.Petersburg Two-Rotor 
Mechatronic Vibration Unit: 1- DC motors; 2- sensors; 
3- frame; 4- rotors; 5- eccentrics; 6- vibrating body 
(platform); 7- springs; 8- forks of vibroactuators; 9- 
Cardan shafts 
 

 
 
 

Figure 2: Fragment of the St.Petersburg 
Two-Rotor Mechatronic Vibration Unit 

 
 

 
Figure 3: Frames and variables for 

the modeling of the Two-Rotor Vibration Unit 

Using Lagrangian approach, its dynamics are modelled 
by the following system of differential equations  
(Andrievsky et al. 2001): 
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where 21,ϕϕ  – rotor angles, x,y – coordinates of the 
system center of mass, ( ) ( )tutu 21 ,  – control actions 
(rotating torque of motors), J - moment of inertia of 
rotors, m - mass of a rotor, M – mass of a platform, ε - 
eccentricity of the rotor centers of mass, xcc,  - 
stiffness, yx kkk ,,ϕ - damping factors (see Fig.3).  
It is well-known (Blekhman 2000; Kononenko 1964), 
that the “capture” of angular velocitу of a rotor 
(Sommerfeld phenomenon) may take place in the near-
resonance zone. The capture phenomenon happens 
when the level of constant control action 

( ) ( ) 01 Mtu i
i −≡ , i=1,2 is small. If the level of constant 

control action ( ) ( ) 021 Mtutu ≡−=  is higher than a 
threshold, the system passes the resonance zone. 
Simulation results for system (1) are shown in Fig. 4 for 
the parameter values: J = 0.014 [kg·m2], m = 1.5 [kg], 
M=9 [kg], ε = 0.04 [m], ϕk  = 0.01 [J·s], 5== yx kk  

[kg/s], 5300=c  [N/m], 1300=xc  [N/m] and the 
constant control action 0M = 0.65 [N·m] (inner curves, 
capture) and 0M  = 0.66 [N·m] (outer curves, passage). 

 
Figure 4: Conventional control, ( ) ( ) 01 Mtu i

i −≡ , 

0M = 0.65 [N·m] (inner curves, capture) and 

0M  = 0.66 [N·m] (outer curves, passage). 
 
The problem is to design the control algorithm 

( )zu U= , providing the spin-up of unbalanced rotor 
until the system passes through resonance zone, where 
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[ ]Τϕϕϕϕ= 2211 ,,,,,,, &&&& yyxxz  - state vector of the 
control plant. It is assumed that the level of control 
signal is restricted and does not allow the system to pass 
through resonance when the control signal is constant.  
 
DESIGN OF CONTROL ALGORITHM 

To design the control algorithm we use the speed-
gradient method (Fradkov 1990; Fradkov et. al. 1999). 
A brief description of the method is given below. 
Let the control objective be the reduction of the current 
value of some goal (objective) function ( )( )ttxQ , . 
However, for continuous-time systems the value ( )xQ  
does not depend directly on control u . Instead of 
decrease of ( )xQ , the secondary control goal is posed as 

decrease of the speed ( ) ( )uxFx
QxQ ,∂
∂=& , and 

according to the speed-gradient  (SG) method  the 
control u (t) should be changed along the gradient in u  
of the speed ( )xQ& . The general SG algorithm has the 
form 

( ) ,, 



∇Ψ−= uxQu u

&              (2) 

where ( )zΨ  is vector-function forming acute angle with 
its argument z . For affine controlled systems 

( ) ( )uxgxfx +=& algorithm (2) is simplified to: 

( ) ( ) .



 ∇Ψ−= xQxgu T    

Special cases  are the proportional SG-algorithm 
( ),,uxQu u
&∇Γ−=    

where Γ  is a positive-definite matrix, and the relay SG-
algorithm 

( ) ., 



∇Γ−= uxQsignu u

&   

Another version of the SG-algorithm is its differential 
form 

( ).,uxQu u
&& ∇Γ−=    

Justification of the SG-method is based on a Lyapunov 
function V  decreasing along trajectories of the closed-
loop system. The Lyapunov function is constructed 
from the goal function: ( ) ( )xQxV =  for finite form 

algorithms and ( ) ( ) ( ) ( )∗−
∗ −Γ−+= uuuuxQuxV T 15.0,  

for differential form algorithm, where ∗u  is the desired 
(ideal) value of the control. 
At this stage we suppose that the control plant is 
conservative, i.e. the friction equals to zero. The control 
goal is formalized as follows: To find controlling 
function ( )tu  providing the goal equality 

( ) *
2211 ,,,,,,, HyyxxH =ϕϕϕϕ &&&& , where ( )tH  is a 

current energy, *H  is the given energy level 
corresponding to the desired average rotation speed 
(aligorithm parameter). Then it is possible to choose the 
goal functional as follows: 

( ) [ ] .,,,,,,,,21)( 2211
2* Τϕϕϕϕ=




 −= &&&& yyxxzHzHzQ

For the controller design purposes it is convenient to 
use Hamiltonian form 

,, Bu
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where ( )tpp =  is the vector of generalized momenta, 

[ ] Tyxq ,,, 21 ϕϕ=  are generalized coordinates, 
( )qpHH ,=  is the Hamiltonian function (total energy 

of the system), [ ]TB 0,0,1,1= . Then  
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and the speed-gradient method applies. One of  the 
standard forms of speed-gradient algorithm is the 
“relay” one: 

.2,1,*
0 =



 ϕ





 −−= iHHsignMu ii &       (3) 

It is worth noticing that the algorithm (3) was designed 
neglecting the system dynamics. In case of multi-DOF 
oscillatory system such a design is not sufficient 
because of interaction between rotors and platform, and 
because of the Sommerfeld phenomenon. It leads to 
appearance of fast oscillating motion that make difficult 
passing through resonance zone. In (Fradkov and 
Tomchin 2004) new control algorithms were proposed 
facilitating passage through resonance by means of 
introducing additional low pass filter. Another 
pecularity of the algorithm (3) is large variability of the 
debalance angular velocity because of changes of 
potential energy due to gravity. Then the algorithm 
takes form: 
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where ( )tiψ  - filtered variables, => ψψ TT ,0 const.  

The value of ψT  (time constant of the angular velocity 
filters) should be more then the period of the resonant 
oscillations. At the same time, if the value of ψT  is too 
high, the algorithm works too slowly. 
 
COMPUTER SIMULATION RESULTS 

The designed control algorithm was numerically 
investigated to analyze the efficiency of the proposed 
algorithm. Numerical integration was made in 
MATLAB environment by means of Runge-Kutta 
method of second order. The choice of integration 
method takes into account nonsmoothness of the system 
model. The value of the fixed step equal to 0.000125 
[sec] was chosen so as the relative simulation error does 
not exceed  5%. 
The nominal values of system parameters were chosen 
as follows: J = 0.014 [kg·m2], m = 1.5 [kg], M=9 [kg], ε 



 

 

= 0.04 [m], ϕk  = 0.01 [J·s], 5== yx kk  [kg/s], 

5300=c  [N/m], 1300=xc  [N/m]. 
The value of the rotating torque 0M  of a motors, which 
allows system to pass the resonance zone with the 
proposed algorithm, but not allows system to pass the 
resonance zone for any M1 < M0 was calculated.  
 

 
Figure 5: Controlled passage through resonance,  

0M = 0.45 [N·m], ψT = 0.55 [s] 
 

 
Figure 6: Controlled passage through resonance,  

0M = 0.42 [N·m], ψT = 0.45 [s] 

The simulation shows that 0M = 0.42 [N·m] with the 
accuracy 0.01 [N·m] (see Figs. 5-7). In comparison with 
the constant rotating torque, the proposed algorithm 
allows to decrease the level of the controlling torque by 
1.5 times. It is seen from Figs. 5-7 that the sensitivity of 

0M  with respect to change of ψT  is law. It is also seen 
that the proposed feedback strategy is efficient for 
complex, apparently chaotic motion of the vibration 
unit. 
 
 

 
Figure 7: Controlled passage through resonance,  

0M = 0.42 [N·m], ψT = 0.35 [s] 

 
Next step was to investigate behavior of the closed loop 
system under breaking symmetry of initial conditions. 
The following simulation results are obtained. In Fig. 8-
11 time histories of all system variables are shown for 
initial conditions  0)0(,1.0)0( 21 =ϕ=ϕ . 
 

 
Figure 8: Dynamics of rotor angular velocities  

for 0)0(,1.0)0( 21 =ϕ=ϕ . 

 
Figure 9: Dynamics of control variable  u1(t) 

for 0)0(,1.0)0( 21 =ϕ=ϕ . 
 



 

 

 
Figure10: Dynamics of the platform horizontal 

deflection x(t) for 0)0(,1.0)0( 21 =ϕ=ϕ . 
 
In Fig. 12-15 time histories of all system variables are 
shown for initial conditions  .01.0)0( =x  It is seen that 
time histories of variables in the case of passage 
through resonance are almost the same, except 
horizontal deflection at the initial stage. 
 

 
Figure 11: Dynamics of the platform vertical  
deflection y(t) for 0)0(,1.0)0( 21 =ϕ=ϕ . 

 
Figure 12: Dynamics of rotor  

angular velocities for .01.0)0( =x  

 
Figure 13: Dynamics of control variable  u1(t) 

for .01.0)0( =x

 
Figure 14: Dynamics of the platform horizontal 

deflection x(t) for .01.0)0( =x  

 
Figure 15: Dynamics of the platform 

vertical deflection y(t) for  .01.0)0( =x  
 
CONCLUSION 

New control algorithm for passing through resonance of 
two-rotor vibration units is proposed based on speed-
gradient method. Computer simulations show that the 
use of the proposed algorithm significantly decreases 
the level of the controlling torque required to pass 



 

 

through the resonance zone. The algorithm is simple 
and has only two design parameters, though the system 
possesses complex and, perhaps, chaotic behavior. The 
system performance has low sensitivity with respect to 
breaking the symmetry of initial conditions.  
Future research will be devoted to examination of 
robustness properties of the proposed design. 
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ABSTRACT 

This work deals with an investigation on optimization 
of the feedback control of chaos based on using of the 
evolutionary algorithms. The main aim of this work is 
to show that evolutionary algorithms are capable of 
optimization of chaos control. As a model of 
deterministic chaotic system the Henon map was used. 
The optimizations were realized in several ways, each 
one for another set of parameters of evolution 
algorithms or another cost functions. The evolutionary 
algorithm SOMA (Self-Organizing Migrating 
Algorithm) was used in four versions. For each version 
simulations were repeated several times to show and 
check robustness of used method. 
 
INTRODUCTION 

Since the early 1990's many methods for control of 
chaos using the feedback control scheme have been 
developed and based on the OGY control method (Ott, 
et al. 1990). They are for example special modified 
versions of OGY, including pole placement method 
(Boccaletti, et al. 2000), targeting algorithms or delayed 
feedback control. (Just 1999) An advantage of the OGY 
method and all of its variations is that it does not require 
a priori knowledge of the equations of the system. But 
on the other hand there is generally one big 
disadvantage and it is the long initial chaotic transient 
before trajectories are stabilized. Consequently many 
targeting algorithms were introduced to shorten the time 
of stabilization. Unlike OGY the Pyragas method based 
on the delayed feedback control can be simply 
considered as targeting and stabilizing algorithm 
together in one package (Kwon 1999). See Fig. 1. as the 
example of the difference between OGY and delay 
feedback control. Another big advantage of Pyragas 
method is an amount of accessible control parameters, 
which are set up by using a priori knowledge or 
mathematical analysis. This is very advantageous for 
successful use of optimization of parameters set up, 
leading to improvement of system behavior and better 
and faster stabilization to the desired periodic orbits. 

Some research in this field has been recently done  
using the evolutionary algorithms for optimization of 
local control of chaos based on a Lyapunov approach 
(Richter and Reinschke, 2000).  

 
 
Fig. 1. Comparison of control to fixed point for OGY 

and ETDAS method. 
 
This contribution deals with an investigation on the 
optimization of the control of chaos by the evolutionary 
algorithms (EA). The control law is based on Pyragas 
method: Extended delay feedback control, also called 
Extended time delay auto synchronization – ETDAS 
(Pyragas 1995), which was developed from the original 
Pyragas method - time delay auto synchronization - 
TDAS (Pyragas 1992).  
This contribution is continuation of previous 
experiments with application of EA to chaos control 
(Zelinka 2005a, Zelinka 2005b) The main aim of this 
work is to show that EA are capable to search for 
optimal set up of control parameters without internal 
system knowledge and operate with deterministic chaos 
as with black box.  
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PROBLEM DESIGN 

 
Problem selection and case studies 

 
The chosen example of chaotic system was two 
dimensional Henon map in form (1).  
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Due to the reasons described above ETDAS control 
algorithm was used here. This work consists of several 
case studies. Each one is focused on estimation of  three 
accessible control parameters for EDTAS method to 
stabilize desired unstable periodic orbit and comparison 
of results of used versions of EA. Desired unstable 
periodic orbit are following: 1p, 2p, 4p orbit and finally 
the study of possibility of control to higher periodic 
orbits (6p and 8p) All simulations were based on the 
same model and several times repeated for each EA, 
(100 or 50 times, this depends on the used method and 
time demands), with new initial conditions for each 
simulation to show and check robustness of used 
methods. All the important results of the best 
simulations for both algorithms are discussed 
continuously to show the behaviour of the system and 
control method with optimized parameters set up and its 
capability of the stabilization of periodic orbits for 
initial conditions uniformly distributed in the region of  
0 < xinitial =  yinitial  < 1. The control  method – ETDAS 
has form (2). 
 

)()( tFxP
dt
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Where K and R are experimentally adjustable constants, 
F is the perturbation and S is given by a delay equation 
utilizing previous states of the system. After 
modification into discrete form suitable for two 
dimensional Henon map based on (Mensour and 
Longtin, 1998), control algorithm ETDAS is obtained in 
form (3) 
 

nnnn Fbyxax ++−=+
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Where m is the period of m-periodic orbit to be 
stabilized.  The perturbation  in equations (3) may 
have arbitrarily large absolute value, which is not 
physically sensible.  Therefore,  should have a value 
between and . 

nF

nF

maxF− maxF

The cost function 

 
The cost function (CF) has been calculated from the 
distance between desired state and actual system output. 
The minimal value of this cost function revealing the 
best solution is 0. The aim of all the simulations was to 
find the best solution that returns the cost function value 
as close as possible to 0. But it was possible to use this 
CF (4) only for the stabilization of p-1 orbit, thus to 
minimize the area created by the difference between the 
required state (stabilized fixed point) and the real 
system output on the simulation interval - τ. Another 
cost function was used for stabilizing of higher periodic 
orbit. It was synthesized from cost function (4) and 
other terms had to be added. This CF was in general 
based on searching for desired periodic orbit and 
calculation of the difference between desired and real 
periodic orbit. 
 

∑
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t
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Where:  TS – target state 
             AS – actual state 
 
Optimization algorithms  

 
For the experiments described here stochastic 
optimization algorithm SOMA (Zelinka, 2004), has 
been used. SOMA is modeled on the social behaviour 
of co-operating individuals. It was chosen because it has 
been proven that the algorithm has the ability to 
converge towards the global optimum. 
The question why the evolutionary algorithms were 
used for optimizing of control of chaos is answered in 
Fig. 2 and Fig. 3. The first one shows the illustrative 
example of dependence of the CF (4) on the value of 
adjustable parameter K. And the second one shows the 
dependence of CF value on parameters K and  for 
p-1 orbit. The CF surface is highly nonlinear and erratic 
thus it is not possible to use common deterministically 
based search methods. This kind of surfaces can be 
successfully searched by evolutionary algorithms.  

maxF
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Fig. 2. Dependence of CF value on parameter K for p-1 

orbit, xinitial = 0.7, = 0.4492, R = 0.3269 maxF
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Fig. 3. Dependence of CF value on parameters K and 

for p-1 orbit, xmaxF initial = 0.7, R = 0.3269 (With 
higher resolution the complexity of this figure 
rapidly increases.) 

 
Parameter settings for optimization algorithms  

 
Four versions of SOMA were used for all the 
simulations. See Tab. 1. for relation between each 
version and index mark in figures 4 – 13. Parameters for 
optimizing algorithm were set up in this way in order to 
reach the same value of maximal CF evaluations, see 
Tab. 2. To avoid very long time demanding simulations 
a decision rule was added into the CF.  This rule 
stopped EA immediately, when the first individual with 
good parameter structure was reached thus the value of 
CF was lower then acceptable one (typically 
CFacc=0.001). The ranges of all estimated parameters 
were these: 

-5 ≤ K ≤ 5 , 0 ≤  ≤ 0.5 and 0 ≤ R ≤ 1 maxF
 

Tab.1  Used versions of SOMA 
 

Index Algorithm / Version 
1 SOMA AllToOne  
2 SOMA AllToRandom 
3 SOMA AllToAll 
4 SOMA AllToAllAdaptive 

 

Tab.2  Parameter settings for SOMA 
 

Parameter ATO / ATR ATA / ATAA 
PathLength 3 3 
Step 0.33 0.33 
PRT 0.1 0.1 
PopSize 25 10 
Migrations 25 7 
Max. CF 
Evaluations 
(CFE) 

5400 5670 

 

EXPERIMENTAL RESULTS 

 
Each version of SOMA has been applied many times 
with new initial conditions for each simulation in order 
to find the actual optimum. The primary aim of this 
contribution is not to show which version is better or 
worse but to show that the EA can be really used for 
deterministic chaos control when the cost function is 
properly defined. Outputs of simulations are depicted in 
Figures 4 - 13. The best individual solutions together 
with comparison of SOMA versions are shown for each 
case study - desired periodic orbit. All results are shown 
only for variable x of two dimensional Henon map 
because of its form (1), where the variable y has the 
same values as variable x but it is only phase shifted  
 
 
Estimation of control parameters for p-1 orbit 

In the first case the point was to estimate the optimum 
value of feedback adjustable constants to stabilize 1p-
orbit (a fixed point). Unperturbed Henon map (Fn = 0) 
with parameters a = 1.2 and b = 0.3 has the fixed point  

 = 0.8.  Fx
The best results of each version of SOMA are shown in 
Tab. 3. Comparison of  SOMA versions from the point 
of view of CF evaluations (CFE), and estimated 
parameters K, , R is in Fig. 4. These diagrams 
show the variance from min. to max. of observed 
parameter and the small rectangular mark represents 
average value. Each SOMA version gave the same 
result of CF value for the best solution. But as can be 
seen from histograms (Fig. 5), SOMA ATR has better 
distribution of CF values. See Fig. 6. for the best 
individual solution with the lowest CF value and the 
same one iterated for initial conditions uniformly 
distributed is in Fig. 7.  

maxF

Based on obtained results it may be stated that the 
control parameters estimated in the optimizations ensure 
very fast reaching of desired state for any initial 
conditions. And also all SOMA versions needed, on 
average, only 50 CF evaluations to find a satisfactory 
solution. These facts show the possibility of using EA 
for real time chaos control to p-1 orbit (fixed point). 
 
 

Tab.3  Best individual solutions for p-1 orbit 
 
EA K Fmax R CF Value 
1 -1.03809 0.449163 0.326949 0 
2 -1.01208 0.142598 0.294697 0 
3 -1.16149 0.316863 0.256766 0 
4 -1.04145 0.155919 0.345818 0 
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Fig. 4. Comparison of  SOMA versions for CFE, and 
estimated parameters K, , R for p-1 orbit maxF
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Fig. 5. Histograms for p-1 orbit control optimization  
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Fig. 6. Best individual solution: p-1 orbit, SOMA ATR 
 

 
 
Fig. 7. Best solution for p-1 orbit, SOMA ATR 
 

Estimation of control parameters for p-2 orbit 

In this case the point was to reach the stabilization of 
2p-orbit. Unperturbed Henon map has this p-2 orbit: 
x1 = -0.562414, x2 = 1.26241.  
 
The best results of each version of SOMA are shown in 
Tab. 4. Comparison of  SOMA versions from the point 
of view of CF evaluations, and estimated parameters K, 

, R is in Fig. 8. See Fig. 9. and 10. for simulations 
of the best individual solution with the lowest CF value. 
Three SOMA versions gave almost same results of the 
best solution and as can be seen from Tab. 4, SOMA 
ATR has found the lowest value of CF. From the Fig. 9 
follows that the stabilization was achieved relatively 
quickly and in the case of simulation for distributed 
initial conditions (Fig. 10) the desired periodic orbit was 
reached in  first 500 iterations for more than 95% cases. 

maxF

 
Tab.4  Best individual solutions for p-2 orbit 

 
EA K Fmax R CF Value 
1 0.389335 0.09861 0.271823 2.17.10-7

2 0.472397 0.155925 0.461329 1.60.10-14

3 0.558013 0.15257 0.421521 1.57.10-7

4 0.54784 0.153437 0.43191 1.53.10-8
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Fig. 8. Comparison of  SOMA versions for CFE, and 
estimated parameters K, , R for p-2 orbit maxF
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Fig. 9. Best individual solution: p-2 orbit, SOMA ATR 
 

 



 

 
 
Fig. 10. Best solution for p-2 orbit, SOMA ATR 
 
 
Estimation of control parameters for p-4 orbit 

The third case is focused on the stabilization of p-4 
orbit. Unperturbed Henon map has  the following p-4 
orbit:  
x1 = 0.139, x2 = 1.4495, x3 = -0.8595, x4 = 0.8962 
 
The best results of each version of  SOMA are shown in 
Tab. 5.  
From the comparison of  SOMA versions (Fig. 11) it is 
obvious that for the stabilization of 4-p orbit more than 
4000 CF evaluations is needed as in previous case. This 
fact is related to highly increasing complexity of CF 
surface for higher period orbits. This kind of CF surface 
contains huge amount of local minimums and lots of 
them lead only to successful stabilization only for 
limited circle of initial conditions xinitial  This can be 
clearly seen in Fig. 12 which represents the best 
individual solution with the lowest CF value and in Fig. 
13 where is the same solution iterated for initial 
conditions uniformly distributed in the region of  
0 < xinitial  < 1. In the first case (Fig. 12) the same initial 
conditions were used for optimization process and for 
simulation of results, desired state was stabilized very 
quickly whereas in the second case (Fig. 13) for some 
initial conditions the stabilization is reached after more 
than 1500 iterations. 
As a conclusion of this case study it is possible to say 
that all SOMA versions gave almost same results of the 
best solution but as can be seen from Tab. 5, SOMA 
ATAA has found the slightly lowest value of CF. 
 
 

Tab.5  Best individual solutions for 4-p orbit 
 
EA K Fmax R CF Value 
1 -0.383347 0.312323 0.436979 9.57.10-8

2 -0.425825 0.283005 0.457182 5.39.10-8

3 -0.369616 0.112991 0.410288 9.43.10-9

4 -0.412404 0.341886 0.467282 9.90.10-8

 
 

1 2 3 4 5
SOMA Version

0
0.1
0.2
0.3
0.4
0.5

xamF

1 2 3 4 5
SOMA Version

0.25
0.3
0.35
0.4
0.45
0.5

R

1 2 3 4 5
SOMA Version

0
1000
2000
3000
4000
5000
6000
7000

EFC

1 2 3 4 5
SOMA Version

-0.5
-0.45
-0.4
-0.35

K

 
 
Fig. 11. Comparison of  SOMA versions: CFE, and 
estimated parameters K, , R for p-4 orbit maxF
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Fig. 12. Best individual solution: p-4 orbit, SOMA ATA 
 

 
 
Fig. 13. Best solution for p-4 orbit, SOMA ATA 
 
Estimation of control parameters for 6 and 8p-orbit 

The last case is focused on the possibility of 
stabilization of higher periodic orbits (6p and 8p). As 
can be seen from Fig. 14 the CF surface is in this case 
highly nonlinear and highly erratic. Together with 
decreasing ability of ETDAS method to stabilize higher 
periodic orbits it was not possible to use the stopping 
rule in  the CF as in the three previous cases. As the 
best CF value was not in any case lower then the 
acceptable one, all simulations were very time 
demanding. This problem may be solved soon by the 
changing of the CF, parameters of EA or adding of 
extra adjustable constants into EDTAS control method. 
Unperturbed Henon map has many 6-p or 8-p orbits and 
it also depends on their degree of stability. 
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Fig. 14. Dependence of CF value on parameters K and 

for p-6 orbit, xmaxF initial = 0.7, R = 0.3259 
 
CONCLUSION 

Based on obtained results, it may be stated that all 
simulations give satisfactory results and thus 
evolutionary algorithms are capable of solving this class 
of difficult problems. Quality of results produced by 
given optimizations mostly depends on the definition of 
a given cost function. Its construction may comprise not 
only optimization of a basic criterion but also 
optimization of subcriteria capable of improving 
optimization quality. The main aim of this work was to 
show that EA are capable to solve chaos control 
problems. Each case study was focused on estimation of  
three accessible control parameters for EDTAS control 
method to stabilize desired unstable periodic orbits. And 
also these case studies were focused on comparison of 
results of used versions of EA. When comparing used 
four versions of SOMA, it is obvious that they all give 
very good results. Parameter settings for EA were based 
on heuristic approach and the CF was very simple, 
therefore there are possibilities for the future research in 
the field of evolutionary deterministic chaos control. 
According to all results showed here it is planned that 
the main activities would be focused on searching for 
better settings of EA, together with testing more 
complex cost functions.  
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ABSTRACT

This contribution deals with the application of 
complexity measures as alternative cost functions for 
the control of a spatiotemporal deterministic chaos 
represented by coupled map lattices. Mean mutual 
information and mean information gain is applied, along 
with a common 1-norm based cost function. 
Optimization is done through the self-organizing 
migrating algorithm. Aim of this study is to see whether 
the specific properties of the above measures can be 
exploited in spatiotemporal deterministic chaos control. 

1. INTRODUCTION 

The term deterministic chaos control (DCC) was first 
coined in (Ott E., Greboki C., Yorke J.A., 1990). It 
represents a process in which such a control law is 
derived and used that the originally chaotic process 
would stabilize itself on a constant level of output value 
or in an n-periodic cycle.  Since the first experiments of 
DCC many methods how to derive control law were 
developed and based on the first one (Ott E., Greboki 
C., Yorke J.A., 1990) like pole placement (Greboki C., 
Lai Y.C. 1999), delay feedback etc. Many of published 
methods were adapted for so-called spatiotemporal 
chaos represented by coupled map lattices (CML), 
given by equation (1). Models of this kind are based on 
a set of spatiotemporal (for 1D, Figure 1) or spatial 
cells, which represent the appropriate state of system 
elements. The typical example is a CML based on the 
logistic equation (Hilborn R.C., 1994; Guanrong Chen, 
2000) which is used to simulate the behaviour of a 
system consisting of n mutually joined cells – logistic 
equations. 

(1)
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Figure 1: Various kinds of 1D CML behaviour 

Although the formulae for both mean mutual 
information and mean information gain can be found 
already in the fundamental work of information theory 
(Shannon C. E., 1948) it was only later that they were 
recognized and used as a measures of statistical and 
structural complexity (Wackerbauer et al., 1994). There 
are many examples of their use: describing the 
complexity of a logistic equation (Wackerbauer et al., 
1994), estimating the complexity of 2D patterns through 
mean information gain (Andrienko et al., 2000), 
estimating long range correlations (Li W., 1990) etc.  

2. METHODS 

Means of experiment and their particular settings are 
described in this section.  

2.1 CML 

The class of CML problems chosen for this study was 
based on case studies reported in (Schuster H.G., 1999). 
In the frame of this contribution, CML control means 
setting of such pinning values (PV, control values) that 
the system stabilizes itself on an expected 
spatiotemporal pattern. CML as an object of study was 
chosen because it shows chaotic behaviour and its level 
of complexity can be quite high.  

xn 1 i 1 f xn i
2

f

The controlled CML consisted of 10 mutually joined 
logistic equations (1) with periodic boundary. Pinning 
sites were at each odd lattice, i.e. at each odd lattice the 

xn i 1 f xn i 1



control parameter A was set to a pinning value. At even 
lattices A equalled 4 and  was set to 0.8, which led to a 
fixed point of a map at x = 0.75.

2.2 SOMA 

SOMA (self-organizing migrating algorithm) is a 
stochastic optimization algorithm that imitates the social 
behaviour of cooperating individuals. It was chosen due 
to its ability to converge towards the global optimum 
(Zelinka Ivan, 2004). SOMA works on a population of 
candidate solutions in loops called migration loops. In 
the beginning, the population is randomly distributed 
over the search space. In each loop, the population is 
evaluated and the solution with the highest fitness 
becomes the leader. Apart from the leader, in one 
migration loop all individuals will traverse the input 
space in the direction of the leader. Mutation, the 
random perturbation of individuals, is an important 
operation for evolutionary strategies. It ensures the 
diversity of individuals and it also provides means to 
restore lost information in a population. Mutation is 
different in SOMA compared with other strategies: 
SOMA uses a parameter called PRT to achieve 
perturbation. This parameter has the same effect for 
SOMA as mutation has for genetic algorithms - the 
randomly generated binary perturbation vector controls 
the allowed dimensions of an individual. If an element 
of the perturbation vector is set to zero, then the 
individual is not allowed to change its position in the 
corresponding dimension. 
An individual will travel a certain distance (called the 
path length) towards the leader in n steps of a defined 
length. If the path length is chosen to be greater than 
one, then the individual will overshoot the leader. This 
path is perturbed randomly. 
For an exact description of the algorithm see (Zelinka 
Ivan, 2004). Table 1 gives the control parameter 
settings.  

Table 1: SOMA setting for parts A, B, C  
A B C

PathLength 3 3 3
Step 0.11 0.11 0.11
PRT 0.1 0.1 0.1
PopSize 25 25 25
Migrations 50 20 10
MinDiv -1.0 -1.0 -1.0
CF Evaluations 1900 1900 1900

2.3 Discretization of the State Space 

To use the complexity measures the state space A of a 
single logistic equation has been divided into n cells 
A1,..,An of equal volume with respect to the Lebesgue-
measure; both measures then work with a sequence of 
integers from the set {0,..,n-1}.  This kind of partition is 
easy to handle and independent of any specific 
properties of the system.  
In the following experiments the state space of each 
logistic equation was divided into 100 cells. The 
number of possible states can be even higher to achieve 

better precision, however, at the expense of growing 
memory and calculation time requirements.  

2.4 Mean Information Gain <G> 

The information gain Gij represents the information 
needed for a correct selection of state Aj if state Ai is 
known. Mean information gain <G> is then the average 
of Gij over all possible transitions from state Ai to Aj,
usually described by the following equation (2), 

)(log),(
,

2 jipjipG
ji

(2)

where p(i,j) denotes the joint probability of states Ai, Aj
respectively, and p(i j) stands for the conditional 
probability. Mean information gain is sensitive to any 
structural irregularities and reaches 0 only when the 
sequence is either constant or strictly periodic. On the 
other hand, <G> does not discriminate the order of the 
period; it is only capable of distinguishing a periodical 
structure from aperiodic one (Wackerbauer et al., 1994). 

2.5 Mean Mutual Information <M> 

The mutual information Mij can be interpreted as a 
measure of dependence between two given states i and 
j; it is zero if the two states are independent. Mean 
mutual information <M> (3) is then the average of 
mutual information Mij over all states i, j.  

)()(
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,
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where p(i), p(j) represent the probabilities of states i, j
respectively, I(x) is the entropy of a given source 
calculated from the chain of states. Mean mutual 
information <M> has one great advantage when 
compared to <G>, which can be seen from Eq. (4): in 
case of periodical structure (<G> = 0) it returns only 
I(x), i.e. the entropy of a source with equally frequent 
values - the binary logarithm of the period order 
(Wackerbauer et al., 1994). 

2.6 Cost Functions 

Four cost functions were used in the experiment. Three 
were using a target pattern: functions based on distance, 
mean information gain and mean mutual information; 
the fourth fitness based on <M> was not using any 
target pattern. All four functions work with the CML 
output with random initial values. The distance based 
fitness has been calculated as the 1-norm distance 
between desired CML state and actual CML output (5). 
The minimum of this cost function, guaranteeing the 
best solution, is 0. Indexes i and j are coordinates of 
lattice element, i.e. CMLi,j is ith site (equation) in jth

iteration. The target of control, TSi,j, was set to 0.75 in 
all simulations, i.e. CML behaviour was controlled to 
this simplest state.  
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The same function was also used for the evaluation of 
the fitness of optimization results, save for the different 
values of j, 99 to 100. 
The cost function using mean information gain is quite 
different (6); instead of measuring the distance from the 
target pattern it calculates <G> of the discretized tenth 
iteration with appended vector of target values (i.e. ten 
values of 75 in this case). As <G> yields 0 only for 
constant or a strictly periodic sequences it can return 0 
only when all twenty numbers in the sequence are equal 
to 75. 

),( 1010cos TSCMLGf t (6)

 The mean mutual information-based cost function (7)  
works with the same ordered set of CML and target 
pattern values and reaches its minimum, i.e. 0, on the 
same conditions as <G>-based cost function. When 
optimizing with no target pattern given, another 
iteration of CML is used instead of the target line (8).

),( 1010cos TSCMLMf t (7)

),( 1110cos CMLCMLMf t (8)

2.7 Experiment Design 

The experiment was divided into three similar parts 
differing by the number of migration loops. In each of 
them the cost functions based on the complexity 
measures and a distance-based fitness were applied in 
order to bring the CML to an a priori known stable state 
through pinning value optimization by SOMA; in 
addition, mean mutual information was used to stabilize 
the lattices in both time and space without any prior 
knowledge of the stable state. Each SOMA optimization 
returned 25 pinning values which were then applied on 
100 random-generated initial values and were assigned 
the mean distance of controlled CML from the desired 
state. These populations – 4 for each of the three parts – 
were then characterized by the least, the average and the 
greatest distance from the stable state. 

3. EXPERIMENTAL RESULTS 

Above mentioned cost functions were used by SOMA 
with 10, 20 and 50 migrations. Each individual of the 
final population was assigned the mean distance of the 
last two from a hundred iterations; this distance was 
measured for 100 random initial setups of CML. This 
yielded the estimation of the best, the worst and the 
mean error of each SOMA population. In CML control 
demonstrations white colour appears on lattices where 
xj( i ) > 0.75. 

3.1 Cost Functions Dependence on Pinning Values 

To see the average dependence on pinning values, a 
cost function was evaluated ten times for every pinning 
value. As the number of measurements is quite small 
the graphs have rather an exemplificative meaning. It 
should be also kept in mind that all cost functions are 
evaluated after 10 iterations of CML and may have a 
different dependence with growing number of 
iterations.
The cost values of 1-norm based cost function (Figure 
2) are not surprising if compared to (Zelinka Ivan, 
2005) – the global minimum is situated between pinning 
values of 2.5 and 3, fitness close to zero is reached even 
after ten iterations.
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Figure 2: Fitness Dependence on Pinning Values for 1-
norm Based Cost Function 

The mean information gain based cost function has 
considerably more complicated development, see 
(Figure 3). Although the region between values of 2 and 
4 contains some local minima, the global minimum of 
this curve can be seen around 0.5. This graph slightly 
anticipates the quality of <G>-controlled CML. 
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Figure 3: Fitness Dependence on Pinning Values for 
<G>-based Cost Function 

The development of <M>-based fitness (Figure 4) is 
more like the first graph, with the global minimum in 
the expected region of pinning values. The cost function 
with mean mutual information, which was not using a 
target value, has a similar shape (Figure 5). 
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Figure 4: Development of <M>-based Cost Function 
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Figure 5: Development of <M>-based Cost Function 
with no Target Pattern 

3.2 Cost Functions Comparison 

Results of 50 migration loops optimization are shown 
first, as all the cost functions should yield comparable 
results. The worst pinning value was found by the <G>-
based function, the best individual was identified by the 
mean mutual information based cost function, as can be 
seen from (Table 2). Approximate pinning values (PV) 
responding to the best and the worst individual can be 
seen in the last line.

Table 2: Comparison of Results for 50 Migrations 

Cost 
Function

Best Avg 
Individual

Mean Avg 
Individual

Worst Avg 
Individual

1-norm 
based 1.4766 10-16 1.8856 10-16 2.3870 10-16

<G>-based 2.1871 10-16 3.1875 10-15 4.1458 10-14

<M>-based 2.1094 10-17 3.4324 10-16 1.1990 10-15

<M>-based
no target 1.4544 10-16 1.8385 10-16 2.3204 10-16

Best PV 3.04017 Worst PV 3.2557

As an illustration of these results follow figures of CML 
control by the worst and the best individual found 
(Figure 6). 
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Figure 6: CML control by the best (top) and the worst 
(bottom) individual from 50 migrations 

Along with the decreasing number of migration loops 
the efficiency variations became more apparent: the 
quality of <G>-based cost function drastically 
decreased, <M>-based cost functions quality also 
slightly decreased, while the fitness of individuals 
belonging to the 1-norm based and untargeted <M> cost 
functions kept its level (Table 3). 

Table 3: Comparison of Results for 20 Migrations 

Cost 
Function

Best Avg 
Individual

Mean Avg 
Individual

Worst Avg 
Individual

1-norm 
based 1.4766 10-16 2.2604 10-16 5.6066 10-16

<G>-based 1.9428 10-16 1.4878 10-1 3.7195

<M>-based 1.4544 10-16 5.9808 10-15 9.7917 10-14

<M>-based
no target 1.5765 10-16 1.8958 10-16 2.3315 10-16

Best PV 3.10329 Worst PV 4.73096

The difference between the best and the worst 
individual, found by targeted <M> function and <G> 
function, respectively, can be easily seen in (Figure 7). 
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  Figure 7: CML control by the best (top) and the worst 
(bottom) individual from 20 migrations 

Individuals from the 10-migration batch became even 
more diverse as the quality of <G> and <M>-based 
functions further decreased. On the other hand, 
untargeted <M> yielded individuals comparable to 
those of 1-norm (Table 4). 



Table 4: Comparison of Results for 10 Migrations 

Cost 
Function

Best Avg 
Individual

Mean Avg 
Individual

Worst Avg 
Individual

1-norm 
based 1.3101 10-16 1.9127 10-16 4.0412 10-16

<G>-based 4.6629 10-17 4.5852 10-1 4.1921

<M>-based 4.3299 10-17 2.2977 10-11 5.4372 10-10

<M>-based
no target 1.4211 10-16 2.5455 10-16 1.0025 10-15

Best PV 2.9725 Worst PV 0.806725

There are two points that make the otherwise 
unsatisfying behaviour of <G>-based cost function 
interesting: primo, it found the second best individual, 
and secundo, its worst pinning value drives CML into 
intriguing patterns, as can be seen from (Figure 8).  
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Figure 8: CML control by the best (top) and the worst 
(bottom) individual from 10 migrations 

4 CONCLUSIONS 

The main aim of this paper was to find out whether 
some of complexity measures, namely mean 
information gain <G> and mean mutual information 
<M>, as described in (Wackerbauer et al., 1994), can be 
efficiently used in the control of deterministic chaos 
represented by the CML.  
Four cost functions were constructed – cost function 
using 1-norm distance of tenth iteration of CML from 
the target state, cost function calculating <G> and <M> 
of tenth CML iteration joined to the vector TS, and the 
fitness based on <M> of tenth and eleventh iteration of 
CML. These functions were used in SOMA 
optimization, done for 10, 20 and 50 SOMA migration 
loops. Average fitness of the best, mean and worst 
pinning values found by each of cost functions was 
calculated, again using 1-norm distance.  
Both the targeted (CML10,TS) and the untargeted 
(CML10,CML11) mean mutual information cost 
functions proved to be able to keep up with the 1-norm 
cost function. <G>-based function, on the other hand, 
failed to produce population of at least approximately 

identical fitness; some individuals even lead to a 
behaviour far from the T1S1 period. From all the 
alternatives to 1-norm cost function, untargeted <M> 
was found to be the best, being moreover unburdened 
by the necessity of knowledge of the fixed point of 
given equations and therefore more universal. 
These results definitely prove that this topic asks for 
more thorough research as they indicate that the 
properties of mutual information could be utilised even 
in different optimization problems.  
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ABSTRACT

This paper describes possibilities of the BETA language
and simulation class BetaSIMULATION essentially
enlarging the existing BetaSIM discrete event
simulation framework (Kreutzer and Osterbye 1998),
(Osterbye and Kreutzer 1999), which enables the BETA
language to be used as an agent based simulation
language. The BetaSIM framework was designed to
support queuing scenarios based on processes, in which
a special attention is paid to providing abstractions that
allow to specify synchronization between processes in a
simulation model. The concepts used in
BetaSIMULATION are inherited from Simula and
enable thus extension of the original BetaSIM
framework towards agent based simulation. Specific
intention of BetaSIMULATION is to exploit BetaSIM
for more complex simulation tasks such as reflective
simulation, described in (Kindler et al. 2003), (Kindler
at al. 2004), using in this way many BETA’s unique
features.

INTRODUCTION

Simulation is used in a wide range of applications today.
Simulation framework can provide not only the basic
simulation tools but also certain abstraction level for
describing simulated reality. In addition, a simulation
framework can be also divided into modules or in the
view of abstraction into layers that provide certain
services or abstraction mechanisms and can be chosen
deliberately in regarding the reality. The better
modeling and simulation facilities the underlying
programming system provides the better potential for
simulation framework creation can be used.

The rest of the paper is structured as follows. In the next
section we describe specific features of the BETA
language in the context of modeling and simulation
facilities. The second section is applied to the short
description of the BetaSIM simulation framework. The
third section contains description of BetaSIMULATION
that essentially extends the abilities of BetaSIM
simulation framework towards agent based simulation.
The forth section is focused on the structure of
BetaSIMULATION. In the last section we summarize
the results and give some conclusions.

SPECIFIC FEATURES OF THE BETA
LANGUAGE

BETA can be characterized as object-oriented, block-
oriented and process oriented language that comes from
the Scandinavian school of object-orientation. BETA is
among others characterized by powerful abstraction
mechanisms. This includes the pattern concept, which
e.g. unifies class and method. The notion of virtual
pattern generalizes virtual procedure (method) and
provides a virtual class concept that supports generic
classes. Native compilers for BETA exist for a number
of platforms. Recently work has been going on to port
BETA to the bytecode based platforms of SUN Java and
Microsoft .NET.

BETA allows procedures as well as classes to be
specialized. Syntactically this is achieved by prefixing
definition of a procedure body with the name of the
“super procedure”; i.e. in exactly the same way in which
this is done for classes. This causes that the actions
(methods) can be further specialized, which can be
exploit in many ways e.g. in process (agent)
synchronization.

BETA supports the notion of virtual procedures as well,
and as in other object oriented languages virtual
procedures are bound dynamically. However, in BETA
a virtual procedure cannot be redefined, but only
specialized. This means that execution will always start
at the most general level and will be delegated
recursively to more specific levels through use of the
INNER statement. This feature can be used with benefit
in object oriented modeling where created models can
be fluently extended (further specialized) by the
growing knowledge of the modeled reality.

BETA supports block structure of procedures, classes
and blocks, which can be arbitrary textually nested.
Major advantage of block structure is locality. This
makes it possible to restrict the existence of an object
and its description to the environment where it has
meaning.

Localization is based on the possibility of nested class
declaration where outer attributes may be regarded as a
global attributes to inner objects attributes. This feature
can be exploit for nesting the whole simulation model
into the other one and is used in nested and reflective
simulation described in (Kindler et al. 2003), (Kindler at



al. 2004). In this case the process, which bears nested
simulating model can be called simulating agent.

From the simulation perspective BETA itself supports
co-routines (or multiple threads), a prerequisite for
building agent-oriented models. These co-routines
(active objects) differ in BETA from the standard
BETA’s objects (passive objects) in declaration and
there are also some small differences in manipulation
(e.g. in storing in the lists). On the other hand BETA
offers the possibility of including parameters when
calling co-routine, which may be used in the
construction of generators. This BETA’s feature reduces
the need to use globals for communication and leads to
better encapsulation and has potential to improve
program reliability.

A co-routine executes its own actions defined in an
associated action-part. This means that there is no need
for any special method for running an object but that
simply calling the co-routine by name causes its
execution. An active object thus defines an independent
thread. Co-routines may be executed concurrently or as
a co-routine making it possible to model quasi- parallel
processes or alternating sequential processes.

In BETA co-routines are a well-integrated part of the
language. While Simula distinguishes between semi-
symmetric and symmetric co-routines, where symmetric
co-routines are always scheduled explicitly through
resume and semi-co-routine must use detach, the BETA
constructs are simpler and more general than those of
Simula. As BETA declares only semi-symmetric co-
routines the other co-routine can not be explicitly named
to take over control, which is a drawback.

The BETA’s co-routines are usually managed by the
construct of endless loop Cycle(# do Imp #), which is
similar to a prefixed block in Simula, where prefixed
blocks play a major role in quasi-parallel sequencing.
BETA adds nothing to the basic principles of co-routine
sequencing used in Simula. However, the technical
details of co-routine sequencing in BETA are much
simpler than those of Simula.

Basic operations with active objects are attachment and
suspension in BETA. There is no explicit resume
operation, but instead the suspension operation is used.
Access to shared objects may be synchronized by means
of semaphores. Semaphores are, however, mainly used
as a primitive for defining higher–level concurrency
abstractions. The Mjølner BETA System provides a
library with a number of predefined concurrency
abstractions corresponding to monitors and Ada-like
tasks with rendezvous. These abstractions are all
defined using BETA classes and semaphores.

One of the main benefits of BETA is that its linguistic
features and light-weight processes can be used to create
high level synchronization abstractions. BETA is based

on a small number of very general concepts, which
makes it highly general and orthogonal. These concepts
support a wealth of additional machine and application
specific features through suitable libraries. These
libraries support seamless integration of the built-in
abstractions into the whole application.

BETASIM QUEUING SCENARIOS SIMULATION
FRAMEWORK

BetaSIM framework is based on a layered design where
the concepts provided at one level may be employed to
compose more specialized concepts at next layer.
Object-oriented description offers an elegant and
powerful metaphor for organizing such layers of
knowledge through locality of description. The
framework can be extended by adding a new layer or
adopting the current layer.

It draws from the Beta’s possibility of well integrated
additional libraries and in this way introduces high level
synchronization abstractions such as re-entrant
monitors, server abstractions, interruptible servers and
nested servers. The key abstraction mechanism used in
creating these abstractions is procedure (method)
specialization. All these synchronization issues can be
further exploited in making general extension of the
framework. This makes the framework more powerful,
suitable for more complex modeling and simulation
applications.

Each process used in the framework is declared in the
more general way that covers the name of the process,
numerical value of the instance counter and the basic
attributes and methods necessary for queuing scenarios
simulation. The class describing these processes can be
further specialized in high level of synchronization
abstractions.

In the BETA language there is no explicit possibility for
taking over control between two co-routines. There is
only suspend operation that stops co-routine’s “life
rules” and the control is moved into the “prefixed
block” usually created by endless loop. From the loop
the next co-routine in turn is chosen to take over. This
fact limits the simulation framework BetaSIM only to
queuing simulation scenarios where the process of
taking over control is managed mostly by the process
queue or other queue used in this simulation framework.

The framework also lacks other standard discrete event
simulation facilities (known from Simula) such as main
program process. The process queue does not provide
all protocol of methods necessary for standard
simulation tasks but it only fulfills queuing scenarios
requirements. On the other hand BetaSIM framework
offers high level of abstraction mechanisms that are
based on methods inheritance, block structure and
powerful abstraction mechanisms of the BETA system.



SIMULATION CLASS BETASIMULATION

BetaSIMULATION is designed to essentially enlarge
exploiting of the BetaSIM simulation framework
towards process and agent oriented simulation. In this
way the design of the BetaSIMULATION was inspired
by the Simula interface for simulation as it proves its
suitability for general simulation purposes. At first it
was necessary to modify some classes of the bottom
layer and to add some new ones to fulfill new
requirements. Most of these activities were connected
with the process queue, its structure and functionality.
Elements of the process queue were redesign and new
methods were added.

The other changes were connected with the possibility
of explicit taking over control between processes.
BetaSIMULATION closely cooperates with simulation
framework. During the work on BetaSIMULATION
there was maximal effort to keep all possible
functionality of synchronization abstraction layers and
other advanced feature of the original framework.

First and the most important task was to manage
processes to behave as “symmetric ones”, which means
introducing explicit naming next active process that
takes over control from the suspended one. There is an
asymmetry between the calling process and the process
being called. The caller explicitly names the process to
be called, whereas the called process returns to the
caller by executing suspend command (with no
parameters), which does not name the caller explicitly.
The suspend command always suspends the active
process and not the lexically surrounding one.

There is another kind of active objects, called
symmetric, which explicitly calls the process to take
over control. It does not return to the caller by means of
suspend command, giving a symmetric relation between
the processes. As was mentioned earlier symmetric
processes are not implicitly supported in the BETA
language. They can be only explicitly modeled using
abstract superclass, described in (Madsen at al. 1993).
This abstract superclass must be declared for all
processes that are taking part in the symmetric
scheduling and is a part of the most bottom layer.

The abstract superclass that makes it possible for
processes to behave as a “symmetric” (explicitly call
process to takes over) is implemented in the
BetaSIMULATION class and in this way substantially
increases simulating functionality. Except for the
resume method, which function is obvious it was
necessary to develop the Start method that is used at the
beginning of the simulation process and each time when
the simulation control is returned back from the main
program process. In the body of the Start method there
is a loop, which can be interrupted only at the end of
application or when the main program process takes
over control. It is of course possible for the main
program process to transfer control to the next process

to continue in executing or finishing the application.
The code of the method follows:

Start:
 (proc enter next: instance Process;

active: instance Process;
do while next <> none

begin active : = next; next:= none;
act : = true;
active; (* start running the process *)

end;
proc)

The next and act attributes are declared in the scope of
the whole framework to be accessible by all agents.

When the method resume is called, control is transferred
to the receiver of the resume method. Mere suspend
command suspends the active object, which is the
receiver of the resume method. For this reason the
receiver must be firstly saved into the temporary
variable (next variable) and then suspend command is
called. After this the control is moved into the start
method, which executes the process stored into the
temporary variable (next). Attribute act distinguishes if
the start method is called for the first time or if it is
called from the main program process. The code of the
resume method follows:

Resume:
 (proc

do next : = this(Process); SUSPEND;
proc)

At the beginning of the application it is necessary for
the introductory agent to be sent to the Start method and
thus starts simulation execution.

Simulation inherited from Simula also relies on main
program agent that is called in case the control is taken
over by the main program. This requirement was added
into the BetaSIMULATION class as well as the CALL
method that is used for transfer control back to the agent
that called the main program.

In the same way as Simulation class of the Simula
language declares essential process managing methods,
similar methods were declared and implemented in the
BetaSIMULATION class. Interface of the methods is
very similar but the implementation differs as it depends
on the underlying systems. The following methods
HOLD, PASSIVATE, WAIT and CANCEL were declared
and implemented at the bottom layer of the
BetaSimulation class. In the BetaSIM framework there
are HOLD, PASSIVATE and WAIT methods but they are
not directly accessible to processes and have slightly
different code just suitable for queuing simulation
scenarios.

The BetaSIM framework also missed methods for direct
executing agents as the simulation control was done
through queues. Queuing scenarios are based on the fact



that processes take over control only by getting at the
top of the (process) queue. Explicit take over control
between two processes is not possible. For the bottom
layer of the framework a set of methods for running
agents was declared and implemented. The set covers
direct execution method (run), execution with some
delay method (runAt) and execution before given agent
method (runBefore) and after a given agent method
(runAfter).

BetaSIMULATION class also covers generation of new
agents directly from agents themselves. A special class
was declared and implemented for agents’ creation. This
class is parameterized by a type of the agent to be
created and also ensures unique identification number of
a new agent for tracing purposes. This class creates new
agents at time with a given probability. One of the
BETA’s drawbacks is that the initial parameters
(arguments) of the newly created agent can not be added
directly as other languages allow. Instead the initial
parameters can be inserted through the Init method,
which must be called explicitly when a new agent is
created.

BetaSIMULATION class extends the use of simulation
framework also for the cases where it is necessary the
agent itself has possibilities to create a new agent. It
means that in the agent’s class there is a method, which
enables to create new objects with initial parameters.
This can be e.g. used in cellular system simulation.

BETASIMULATION STRUCTURE

BetaSIMULATION is a Beta class that extends the
simulation framework and can be used directly as a
prefix for a specific application or as a prefix for further
specialized layer. Using prefixes is very effective and
helpful for creation of the certain level of abstraction.
Of course this practice gives the possibility of choosing
only those layers that are necessarily needed for the
application. BetaSIMULATION class contains:

• simple attributes that hold simple values e.g. status
of the processes,

• essential processes declaration,

• methods of the framework,

• classes or singular objects.

BetaSIMULATION class declares and implements three
additional agents exploited for simulation itself. They
are main agent that refers to the main program, next and
nextDt agents that are used in the resume operation for
keeping reference to the next agent that takes over. The
current agent remains without changes and refers to the
active agent.

BetaSIMULATION class internal methods can be
divided into two groups. The first group is represented
by those methods that implicitly operate on the current

(active) agent. This means that the reference of the
agent is not explicitly given as it is supposed that the
agent is referred by the current variable. Example of
these methods are methods HOLD that holds current
agent by a given delay, PASSIVATE that removes
current agent from the process queue and cancel the
agent reference in the process queue, WAIT that puts the
active agent into the waiting queue and applies
passivate method on it.

The second group of the methods provides specific
operations on an agent, whose reference must be
explicitly given. Example of these methods is a method
CANCEL that cancels any process, Start that starts cycle
of simulation, call that restart simulation cycle after
return from the main program, run that puts the process
at the first place in the process queue, runAt that puts
the agent at given place in the process queue and other
methods for executing agents with different conditions.
BetaSIMULATION extended and modified the class
describing agents themselves. The importance of the
class is given by the fact that many of the other classes
whose objects actively take part in the simulation
process are its subclasses. Attribute part and the
functional part were extended to meet the higher
simulation requirements.

Earlier mentioned resume method is used for
suspending current agent and taking over explicitly
named agent. NextEv method returns reference to the
very next agent in the process queue. This method
enables current (running) agent to have reference of that
agent without necessity to do it through another facility.
The firstEv method returns a reference of the first agent
in the process queue. pCounter is an example a singular
object that provides each newly created agent with the
name of its class and with a sequence number that is
unique identifier. This notion is helpful in debugging
and tracing operations. The pCounter singular object is
used when there is no explicit agent generator but the
agent creates next agents.

The EventNotice class declares elements of the process
queue. Its attributes are references to the agent and
simulation time for taking over control in the
simulation.

BetaSIMULATION class that extends simulation
framework contains additional attributes, agent
declaration, methods and classes that enable extend the
possibilities of the whole simulation framework. The
BetaSIMULATION class was tested on experimental
simulation models of the cellular systems and queuing
systems.

ILLUSTRATIVE EXAMPLE

The illustrative example mainly draws from the fact that
block structure, hierarchy of classes and hierarchy of
methods are mutual orthogonal in the BETA language.
This gives qualifications for the BetaSIMULATION



class to be used in complex simulation tasks such as
nested or reflective simulation (Kindler et al. 2003). The
whole process that bears nested simulating model
(internal simulating model) can be considered
simulating agent.

In the illustrative example we try to roughly describe
simulation of the hospital working (composed of the
patient and bed classes only). The simulation study is
prefixed by the BetaSIMULATION class as it will
exploit most of the class declaration. Next the classes of
patient and bed are declared at the level suitable both
for external and internal simulation model. The external
simulation model represents simulation experiment
while internal simulation model represents a computer
used by external simulation model for a partial
simulation. This type of simulation is called reflective
as the internal simulation model simulates substation
part of its environment (in that case external simulation
model).

In the external simulation model (simulation
experiment) class patient and bed are further specialized
to fulfill the requirements of this part of simulation
model. Inside the simulation experiment there is a
simulating agent – internal simulation model (computer)
that is exploited by the external simulation model for
partial simulation (Kindler at al. 2004). Short
description in the BETA languages follows:

BetaSIMULATION (#
patient0: (# … #); bed0: (# … #); … ;
Experiment: (# patient: patient0 (# … #);

bed: bed0 (# … #); …
Computer: BetaSML(# patient: patient0 (# … #);

bed: bed0 (# … #); … ; 
do <main program computer part> #);

do < main program Experiment part > #);
do < main program specification #);

As the simulation study consists of three parts there are
also three main programs. The most inner belongs to the
“computer” simulation, the middle belongs to the
simulation experiment and the outer belongs to the
simulation study. The internal simulation model
“computer is prefixed by BetaSML, which is the
superclass of the BetaSIMULATION class providing
only necessary simulation tools that covers time axis
and process queue facilities. Bearer of the internal
simulation model is an agent that can react on the
requests of the external simulation model.

Class identification used for patient and bed are the
same both in the “experiment” and the “computer” as
they are declared in a different blocks.

CONCLUSIONS

BetaSIM framework and BetaSIMULATION draw
from the unique BETA features. BetaSIM framework
introduces high level synchronization abstractions

arranged in layered design. This design is clearly
arranged and enables thus not only adding of the new
layers but also making adaptations of the given layer.
BetaSIMULATION that inherits from Simula enlarges
capabilities of the original framework to become more
general. BetaSIMULATION overcomes the drawbacks
of the BETA language and BetaSIM framework by
declaration and implementation of the additional
structure and functionality and enables thus the
framework to be used for agent based simulation.
BetaSIMULATION was created with great
understanding to the original framework, which means
that all the sooner designed synchronization abstractions
such as re-entrant monitors, server abstractions,
interruptible servers and nested servers can be used
together with BetaSIMULATION without changes or
with small adaptation. BetaSIMULATION can be
further extended and structured to independent domain
oriented modules using prefixes.
Layered design and BetaSIMULATION extend features
of the original framework and makes the framework
more powerful and suitable for more complex modeling
and simulation purposes.
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ABSTRACT 

The implementation and application of simulating 
agents built into simulation models is discussed. They 
reflect real activities that are rather disseminated namely 
in designing and operating industrial systems (but 
outside that domain as well). Some problems and ways 
for their solutions will be mentioned and certain 
applications in industry and in health service as well. 
 
INTRODUCTION 
 
Models in Design 
 

When one designs a man-made system (including a 
natural system enriched by man-made components) he 
always anticipates its future existence, operation and 
importance. The designer (a man or a team) uses a 
certain model – so called d-model – of such a system, in 
which he expresses the possible future development 
(operation, behavior) of the designed system at it. The 
d-model can be realized in one’s mind (possibly with 
help of paper/pencil etc.) or as running at a computer. 
The mental one can be more or less exact, based on 
mathematics, reminiscence, deduction, imagining etc. 
 
The d-models are demanded to be rather true, while the 
designed systems are rather complex. That is an impulse 
to convert the mental d-models to those running at 
computers. The mental d-models based on imagination 
are often converted to simulation ones, while the other 
ones use to be far from simulation ones, as they often 
neglect time or at least its Newtonian flow. 
 
Models in Operation 
 

The man-made systems often suppose humans among 
their components to manage the system operation. Such 
humans use also models – so called o-models – reflect-
ing (in the human mind) the system or its part concern-
ing the one’s responsibility. Nowadays, Automation 
leads to eliminating the human intervention and the o-
models are frequently transferred to those implemented 
to computers. The forceful development of computing 
technique implies to apply more and more complex o-
models. 

Frequently, the interventions during the system operat-
ion concern the system behavior in the more or less near 
future and the humans often imagine what may happen. 
Their mental o-models, truly converted into computer 
ones, result in simulation ones. 
 
Interaction Between Models 
 

During the design, one should take into account all 
agents that could influence the behavior of the system, 
after it is let exist and operate. When one supposes an o-
model as necessary for the system operation he should 
include it as a component into the d-model; otherwise 
the d-model could inform on a system essentially differ-
ent from the intended one. Or – from the opposite view 
point – if one believed the d-model to give realistic 
information on the designed system even in case of 
neglecting the o-model in it (or replacing the o-model 
by an essentially simpler one) he would be competent to 
do it also for the future real system (i.e. to delete the o-
model from it or to replace it by the simpler one). 
 
Let us accept a general thesis that a system is composed 
of elements that mutually interact and that – in case the 
system is dynamic one – their number can vary in time. 
And let us also accept that the best computer models 
reflect the structure (constant or varying) of the systems 
they model. Programming languages often enable that 
requirement and namely for the simulation models one 
can state: the better programming tool is the greater 
“isomorphism” in the descriptions it admits. 
 

Therefore we are to meet computer models (namely d-
ones) among the elements of which there are other 
models (namely o-models) or carriers of such models 
(namely humans or computers). The carriers may be 
simply typified as agents, the dynamics of which is a 
cycle composed of the following phases: 
(a) a passive phase: the agent waits for a signal; 
(b) initializing phase, following a signal: the agent 

detects its environment (actual state of the d-model) 
and uses the data for building the o-model, 

(c) modeling phase: the agent lets the model run, 
(d) decision phase: using the data generated by the o-

model, the agent derives stimuli and send them to its 
environment (to other elements of the d-model). 

 
Special Case of Simulation Models 

The mentioned agents can be called modeling ones. 
They carry the o-models and simultaneously are inside 



d-models; thus we meet a nesting of models. If an o-
model is a simulation one, the modeling agent becomes 
a simulating one.  
 
First Classification 
 

Naturally, there are four possibilities of such a nesting: 
the o-model is either a simulation one or not and the d-
model is a simulation one or not. But a bit deep view 
leads us to admit that more modeling agents can be in a 
d-model; moreover one can suppose that some of them 
carry simulation models and the other ones carry non-
simulation ones. Reflecting the reality, such agents can 
be present in the d-model at the same time or not and so 
they could apply the o-models they carry. One should 
also suppose agents that carry several different o-
models; their dynamics consists of n occurrences of the 
sequences of phases like (a)-(d) presented above, while 
the o-models applied in phases (c) could differ – even so 
that some of them are simulation ones and the other not. 
 
Let us concentrate our consideration to the case that 
both d-model and o-models are simulation one. We can 
speak on nesting simulation. The consideration will be 
more difficult but the corresponding conclusions can be 
simply “projected” to the non-simulation cases by 
neglecting what concerns the simulated time.  
 
AGENTS 
 

Advantage of Agent Attempt 
 

When an o-model is simple, the use of term agent in the 
expression modeling agent could seem levity. That’s 
true. Nevertheless a simulating agent is never simple 
and calling it agent is serious. But let us study the relat-
ions to notion of agent in some detail (see Figure 1). 
 

A simulating agent η reflects a simulating element e of 
the designed system S and in this context it is “isomor-
phicly” reflected in the d-model δ. In general, e interacts 
with the other elements of S and these elements can in-
teract mutually. They are also “isomorphicly” reflected 
in δ, and the interaction as well. All the elements of S (e 
including) are supposed to exist in time in which S is 
supposed to be. In general, to describe “isomorphicly” 
the dynamics and interactivity of their representations in 
δ, basic agent-oriented programming tools are helpful. 
Although degenerated cases (e.g. representations of 
simple passive elements) are conceivable, the simulat-
ing agents underline the real exigency of such tools: 
η exists in the simulation time of δ and during certain 
time intervals performs simulation experiments with o-
model ω, i.e. it makes complex tasks defended against 
interruptions from the side of other components of δ. 
 
Thus it is useful to represent all elements of S as agents 
operating in δ. But η itself carries a simulation model ω 
(o-model) of a system s that is also composed of elem-
ents; both S and s are often defined at the same “thing” 
and the description of ω is similar to that of δ. And thus 
an idea arises to use the agent tools oriented to the 
description of δ, for to describe ω, too. 
 
Note that an evident difference between S and s (and 
thereupon between δ and ω) may seem: s does not need 
to reflect e, i.e. ω should have no simulating agent. 
From one part, it is often true but the difference does not 
counter to the advantage to use formally equal agents 
for representing the same element of S and s. From the 
other part, as it will be shown in the conclusion of the 
paper, sometimes even ω could have a simulating agent. 
 
Agents and Class Instances 
 

Since the beginning of programmable computers, there 
has been a certain gap between simulation and the other 
computer domains. It is not generally known that the sti-
muli to the object-oriented programming (further OOP) 
have been strictly related to simulation since 1966 (Dahl 
and Nygaard 1968) and that even in the first design and 
implementation of the OOP these stimuli were synthesi-
zed with other stimuli, also from the part of simulation 
(so called life rules of classes, which existed already in 
the oldest language for discrete event simulation GPSS 
presented in 1961 and in principles used several decades 
after – see e.g. (Schriber 1991)) and from general pro-
gramming development (block nesting introduced in 
ALGOL 60 – see e.g. (Naur 1961)). While the basic 
principles of OOP (classes, subclasses, message encap-
sulation and polymorphism) were accepted by the world 
programming community (including some simulation-
ists) during the 80ies, the life rules and block nesting 
return very slowly. Nowadays they are for disposal only 
in the first OOP tool SIMULA (Dahl et al. 1968), in 
Beta (Madsen et al. 1993) and a bit in Java. 

S→δ 

 
It is possible to state that the including of the life rules 
into OOP is a good way for allowing to introduce clas-

    e→η 

  s→ω 

λ 
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β 

π γ τ 

φ ψ 
 B 

δ 

Figure 1: Nesting Agents:  The circles represent agents;
α – λ are components of δ, π – ψ are components of ω.
Arrows symbolize agents’ dynamics 



ses of agents: the life rules ensure their autonomy in 
operation, the encapsulated methods provide their act-
iveness (both outside and from outside) and the poly-
morphism facilitates a rather simple formulation of their 
intelligent behavior; the encapsulated methods can carry 
stimuli for the dynamics according to the life rules, and 
the life rules are always governed by a programmable 
switching mechanism Q, which makes possible formul-
ating rich social behavior of the instances. 
 
The block nesting enables the locality of agents. For 
example, a block B can be nested among the life rules of 
a class C and another class A can be formulated inside 
B. When the operation of an instance X of C enters B, X 
behaves as an intelligent agent that “thinks”, using 
concept A and is able to generate instances of it. A set N 
of several classes like A (i.e. those local to B) enables C 
to model a system composed of instances of the classes 
of N and thus C behaves like an agent able to under-
stand a certain theory T represented by N and to model 
any system representable in T. But furthermore, inside 
T, X can apply even any entity (e.g. Q) that it can handle 
outside B. Thus X may represent an agent that can study 
its environment Q, using T as an auxiliary theory. 
 
Suppose Y is another instance of C. If at that time its dy-
namics enters also B, Y obtains a similar ability as we 
just described for X, but the Y’s T differs from the X’s T 
and so the models that Y could base on T. It is an image 
of two intelligent agents that both have some similar in-
tellections in their own minds but are mutually indepen-
dent and may differ in some opinion. Theoretically, a 
possibility of serious programming errors exists, con-
sisting in transferring an instance U of a class local 
inside B of X, into block B of Y. That could be computer 
model of a curious phenomenon – an imagination of 
one’s mind is put into the mind of another person. Such 
an error is called transplantation and one can prove that 
it can lead to a collapse of the computer carrying the d-
model. SIMULA seemed very severe in order to prohi-
bit transplantation. Beta behaves similarly. According to 
some observations, Java could admit transplantation. 
 
When dynamics of an agent leaves B the ability of the 
agent to apply the theory T disappears. 
 
A block like B can be nested inside a formulation of a 
method F declared for e.g. class A. When an instance X 
of A enters the block it behaves similarly as described 
above: namely, it behaves like an entity that “thinks” 
and uses a theory like T when reacting to a message F.   
 
NESTING AGENTS 
 
Basic Ideas 
 

A small step is sufficient to accept that a class like C is 
a class of agents, namely the class covering η introduc-
ed above. Then any instance of C behaves like an intel-
ligent agent that is able to think on other agents, which 
are only represented in its “mind”. And another small 

step is sufficient to transfer the ideas so that class C 
does not concern thinking humans but computers 
behaving like intelligent agents and possessing certain 
phases of their operation when they are equipped by an 
ability to use a formal theory of building and running 
models formulated upon it. So there is not an essential 
problem to build simulation models containing simulat-
ing agents. A class like C, representing a computer, is 
among the classes of elements forming the d-model δ 
and when the dynamics of an instance η of C enters a 
block like B it represents the simulating phase of η. An 
occurrence of several instances of C would represent a 
situation that in the d-model an existence of several 
computers able to carry the models is supposed (why 
not?) and the transplantation would represent for exam-
ple that on instantaneous component (e.g. π) of a certain 
o-model (e.g. ω) existing in a computer is transferred to 
be an element of the o-model just existing inside an-
other computer (note there are also other hypothetical 
types of transplantation, namely between an o-model 
and the d-model). 
 
In the most frequent case of nesting models, both the d-
model and o-model concern the same thing and their 
descriptions are similar. This case is called reflective 
simulation. In such a case it is advisable to use “the 
same language” for formulating both the models, i.e. to 
use the same names in declarations of the corresponding 
classes figuring in both the models (e.g. inside the simu-
lating block like B, the description of its local classes 
uses the same names ocurring in the description of the 
o-model environment). When the o-model is built in 
phase (b) it surely has to reflect the state of the d-model 
and now the names of both the models closely meet. It 
is the most favorable occasion to make transplantation.  
 
Simula has excellent standard tools for simulation and 
(especially for scheduling agents, operating in common 
simulated time axis); therefore they were preferred at 
simulation centers in Czech Republic. But – in order to 
be rigorous against transplantation – Simula introduces 
strict syntactical constraints, and 25 years after its first 
public presentation it was not known whether it was 
possible to nest an o-model into a d-model so that both 
could interact (which is a task essential e.g. in case of 
reflective simulation). The severity of Simula consists in 
the form of its switching mechanism: Simula offers it as 
a standard simulation tool and it is often really good.  Its 
form implies the fact that the description of any simulat-
ion model has to be a block and Simula does not admit 
to get names to blocks. Therefore the o-model cannot 
figure as an element of the d-model, but only as a cert-
ain phase (block) nested in the dynamics of the element 
that carries it (e.g. η depicted in Figure 1 – the o-model 
exists only when the dynamics of η is inside block B).  
 
The following consequence exists. As it was mentioned 
for reflective simulation, the use of the same language 
for describing both d-model δ and o-model ω introduces 
the fact that the elements of δ and their representations 



in ω have the same names. Although it is agreeable, in 
phase (b) one should express the statements reflecting 
that the initial state of ω is assigned as the actual state of 
δ  (e.g. to tell that temperature of the element G of ω 
should be assigned by the value of temperature of the 
element G of δ). But it appears impossible. 

S→δ 

 

 

 

 

κ λα 

    e→η  
Only in 1993 the problem was solved by discovering a 
certain trick against Simula limitations. But the trick 
was complicated and its use difficult, and therefore  in 
collaboration between Ostrava University in Czech 
Republic and Blaise Pascal University in French Cler-
mont-Ferrand sophisticated and complex software was 
in details studied and prepared to facilitate the reflective 
simulation (Kindler et al 2001, 2003, 2004). 

β

  s→ω 

τ π
γ 

ρ

  φ ψ
Model as Agent 

δ  

A certain break-through came in 2005. The key idea 
consists in resigning the standard Simula switching 
mechanism and in formulating a new one. Describing it 
and its differences from the standard demands special 
knowledge of Simula statement sequencing and thus let 
us only mention a basic principle.  

Figure 2: New Conception: o-model ω becomes an object 
and no barrier exists against communication between the 
objects of δ and those of ω.  

Simula offers two different sequencing tools. A so cal-
led semi-symmetrical sequencing is manipulated by a 
pair call-detach statements where call(X) expresses that 
object X should take control over the computing until it 
meets a detach statement; then it returns the control to 
the object that called it. So one object X can several time 
contribute to the computing, performing – may be – its 
different life rules. A so called quasi-parallel sequenc-
ing in manipulated by the only statement resume(X): it 
transfers the computing to the life rules of X so that X 
has no information from what entity it was so instruct-
ed; thus it cannot return the control to such an entity; it 
can only apply resume to another object or to return the 
control to the block where it is local. A very deep analy-
sis tells that the use of resume statements must be very 
limited and that they cannot be applied e.g. in a form 
resume(δ.X) from the outside of model ω, where δ.X 
means “element X of model δ”. The “remote identify-
ing” from outside of a model could lead to transplantat-
ion and therefore Simula introduces a limitation that can 
be expressed in a simple way: the model using quasi-
parallel sequencing cannot get its proper identification: 
it cannot be a class instance but a block (a subblock of 
its carrier). 
 
The standard switching mechanism of Simula oriented 
to the corporate behavior based on the common Newto-
nian simulated time is based on the resume statement. 
To formulate a switching mechanism that would behave 
in the same way and that would not be based on resume 
statements was a rather hard task; after almost 40 years 
of Simula existence it was discovered and tested. 
 
The main idea how to implement the new switching me-
chanism can be simply explained by using metaphors. 
The original (standard) Simula switching mechanism 

works as a phase of the “simulationist’s” life rules; 
during that phase, this agent has a calendar of events 
and the agents (processes) composing the simulation 
model behave as autonomous ones: each of them can 
communicate with the calendar and possibly send a 
signal resume to another autonomous agent. In the new 
switching mechanism, only the model itself (not its car-
rier, i.e. the simulationist) has access to the calendar and 
according to its actual contents it sends signals call to 
the agents (processes) that compos it; when such a pro-
cess has to switch the computation to another one, it 
does not apply resume but detach, sending a signal to 
the model, which accepts it and then sends signal call to 
another process. 
 
This technique permits the o-model to be expressed as 
an object, namely an object of a class local to the object 
(e.g. computer) regarded as carrying the o-model. See 
Figure 2. Thus the nested model itself becomes an agent 
and can get a name. By the way, it is a cheerful surprise 
that the new switching mechanism is secure against 
transplantation like the original Simula one! 
 
EXISTING APPLICATIONS 
 

The nesting simulating agents were applied in simulat-
ion of maritime harbors controlled by a simulating com-
puter (e.g. Kindler 2000), and in simulation of queuing 
systems overviewed by one or more simulating dispat-
chers (Kindler 2001). These studies used the original 
switching mechanism offered by Simula, which made 
the programming work very difficult but possible, in-
cluding the “isomorphic” description of the models (the 
hard task was to program the “copying” of the actual 
state of the d-model into the initial state of the o-model). 



Figure 3: The Conveyor Scheme. The white boxes with arrows represent transported objects, the arrow formats
represent the sorts of the membership of the object to a given technological program, and the direction of transporting.
The small horizontal sections represent working areas; an object can wait there for processing, be processed (at the
center of the working area) and then wait for leaving to the main circle. 

The next application concerned local logistics in prod-
uction systems, namely conveyors with rollers managed 
by simulating computers (see Figure 3). The first set of 
models used the original Simula standard switching me-
chanism (Kindler et al. 2004) and then the models were 
modified using the new one; their description was simp-
lified, and that enabled producing more models and 
making them more sophisticated. So the models are able 
to reflect some decisions concerning the initial decisions 
connected with the arrivals of the handled objects (“Is it 
worth to place the object on the conveyor when it is be-
ing rather occupied?”) and with the unexpected failures 
(“Is it worth to proceed with a limited number of work-
ing areas, and if so, how long?” or “What new logical 
sequence of technological steps would be optimal for 
finishing the actually handled series?” (Berruet et al. 
2006)). 
 
Other studies were oriented to simulation of service 
systems, namely (i) for the design of public transport 
networks in regions of towns and their neighborhoods, 
applying simulation that should help the passengers by 
formulating recommendations of the optimal traces, and 
(ii) for control of demographic development of such 
regions under assumption that the regions will be facili-
tated by consulting centers anticipating the future deve-
lopment by using simulation (Bulava 2001). 
 
Into the category of nesting simulating agents, one can  
include a rather old application of Simula oriented to 
“continuous” optimizing process during several contem-
porary simulation experiments (Weinberger  1987). The 
basic simulated system is viewed as composed of agents 
that should reach the parameters of the optimum of a 
certain system; each of them starts with a certain own 
hypothesis on the parameters and with them he 

simulates the system. During the simulation the agents 
iterate a certain “discussion” so that any of them can 
accept recommendations and findings of his colleagues 
and accordingly modify his own parameters. During the 
session, the parameters are drawing near their optimum 
configuration so that at the end of the session they are 
good approximation of it. The simulated “discussing 
agents” are also simulating and use simulating agents 
inside the models they use for testing their own variants. 
 
At the present days, there were performed opening steps 
in implementation of models of in-patients flow in 
hospitals that frequently use simulation to anticipate the 
possible consequences of their instantaneous decisions 
(Krivy and Kindler 2006). The models use the new swit-
ching mechanism. 
 
CONCLUSION AND FURTHER 
CLASSIFICATION 
 

The nesting agents enable implementing d-models so 
that the o-models nested in them contain also an image 
of a simulating element. Therefore several levels of 
nesting are possible. The first steps were performed 
without the new switching mechanism. They modeled 
idealized systems of competing enterprises G and H that 
use simulation to anticipate the rival’s future reactions, 
but the simulationist f(G) working for G was represent-
ed to simulate his “colleague” f(H) so that f(G) included 
the o-models supposed at f(H) into his own o-models 
(Blümel and Kindler 1997). The new switching mecha-
nism promises to simulate many similar systems. 
 
That is a stimulus to add further classification criteria to 
those mentioned at the beginning of the present paper. 
The criteria concern the “depth” of nesting, i.e. the num-



ber of nesting levels.  Another criterion offers, namely 
that according to the presence of reflective simulation in 
the “tree” of nesting models. 
The models using the new switching mechanism work a 
bit slower than those using the mechanism offered as 
standard one. Among the next work there is the analysis 
of the Simula compilation process with a target to make 
the models using the new switching mechanism as fast 
as possible. 
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ABSTRACT 

Organizational modeling gains importance in the 
development of multi-agent systems, both for modeling 
and simulation of phenomena in social science and 
economics, as for developing complex systems to 
support, e.g., virtual enterprises. This paper contributes 
to these efforts an analysis and example formalizations 
and simulation of cause and effect of organizational 
change. Causes of change are categorized and related to 
internals within organizations via trees covering 
different aggregation levels. Furthermore, properties 
which should be satisfied by organizational change are 
identified and specified. 

INTRODUCTION 

Organization is a systematic arrangement or approach, 
but also an organized body of people with a particular 
purpose, e.g. a business. Furthermore, organizational 
form refers to the structure chosen in which the whole 
consists of mutually influential parts. The word 
organization has meaning of old in sciences such as 
social science, economics, and psychology, but recently, 
see e.g., (Ciancarini and Wooldridge, 2001; Hannoun et 
al., 1998, Hubner et al., 2002), also in computer science 
and artificial intelligence.  

Each organization has its own dynamics, whether the 
organization is real or virtual. The time scale of change 
differs with the domain and the dynamics of the 
environment of the organization. The time scale refers 
both to the durations of the periods between change, and 
speed of the process of change. Where it might be ages 
before the form of government of a nation changes, the 
change itself might be brought about within a day. The 
formation of an alliance like the European Union is a 
lengthy process that after some decades is still changing 
both in laws and regulations, as well as in members. 
Other organizations are more temporary in nature, e.g., 
the cooperation by city council, police, fire department, 

and ambulances to manage an incident is structural in 
the sense that all involved parties know how to organize 
themselves in case of incident, but the organization lasts 
only as long as the incident. Similarly, alliances between 
enterprises or countries can be temporary or actually 
involve a complete reorganization of all parties 
involved.  

This paper introduces an approach for simulation and 
analysis of adaptive (multi-)agent systems and 
underlying mechanisms that is integrative in two ways: 

(1) It combines in one modeling framework both 
qualitative, logical and quantitative, numerical 
aspects   

(2) It allows to model dynamics at different 
aggregation levels, from a more local level (e.g., 
behaviors of roles within the organization) to a 
global level (behavior of the multi-agent 
organization as a whole); moreover, interlevel 
relations can be specified that express 
relationships between dynamic properties at 
different levels 

  

Modeling dynamics at a local level often concerns 
expressing temporal relationships between pairs of 
successive states, such as described, for example, by 
basic steps within an adaptation mechanism. Local level 
specifications are the basis for the computation steps for 
a simulation model. From the more global perspective, 
more complex relationships over time can be used to 
model dynamics for adaptive multi-agent organizations. 
For example, how during a history of events to which it 
adapts, the system’s behavior is changing.  
 
Interlevel relations often take the hierarchical form of an 
AND-tree (or a number of them), with the most global 
property at the top (root) and the most local at the 
leaves. Such a hierarchical structure can be useful in the 
analysis of, in case, why a global property fails on a 
certain simulation trace. By going down in the tree and 
at each level checking the properties under the failing 
node, finally the leaf or leaves that fail(s) can be found, 
thus pinpointing the (local) cause of the failure. This can 
be useful in debugging a model, but also in the analysis 



 

of the circumstances under which a model will function 
well and under which not, and the reasons why. 

This paper more specifically studies the triggers of 
conscious organizational change. In the next section  the 
organizational modeling approach used throughout this 
paper is addressed. In the section after that a distinction 
is made between internal and external triggers for 
organizational change, of which examples are given in 
the form of dynamic properties. Thereafter a section is 
devoted to showing how high-level dynamic properties 
(such as those specified in the section regarding internal 
and external triggers) can be related to lower-level 
properties within the organization. Formalizations for 
describing organizational change are presented in the 
following section. Furthermore, the section thereafter 
shows how the properties identified in the previously 
mentioned sections can be used for simulation. 
Verification of the simulation results is performed in 
second last section, and finally the last section is a 
discussion. 

ORGANIZATION MODELING APPROACH 

An organizational structure defines different elements in 
an organization and relations between them. The 
dynamics of these different elements can be 
characterized by sets of dynamic properties. An 
organizational structure has the aim to keep the overall 
dynamics of the organization manageable; therefore the 
structural relations between the different elements within 
the organizational structure have to impose somehow 
relationships or dependencies between their dynamics; 
cf. (Jonker and Treur, 2003). In the introduction to their 
book Lomi and Larsen (2001) emphasize the importance 
of such relationships: 
• ‘given a set of assumptions about (different forms of) 

individual behavior, how can the aggregate properties 
of a system be determined (or predicted) that are 
generated by the repeated interaction among those 
individual units?’   

•  ‘given observable regularities in the behavior of a 
composite system, which rules and procedures - if 
adopted by the individual units- induce and sustain 
these regularities?’  

Both views and problems require means to express 
relationships between dynamics of different elements 
and different levels of aggregation within an 
organization. In Lomi and Larsen (2001) two levels are 
mentioned: the level of the organization as a whole 
versus the level of the units. Also in the development of 
MOISE (Hannoun et al., 1998; Hannoun et al., 200; 
Hubner et al., 2002) an emphasis is put on relating 
dynamics to structure. Within MOISE dynamics is 
described at the level of units by the goals, actions, 
plans and resources allocated to roles to obtain the 
organization’s task as a whole. Specification of the task 
as a whole may involve achieving a final (goal) state, or 

an ongoing process (maintenance goals) and an 
associated plan specification. 

The approach in this paper will be illustrated for the 
AGR (Ferber and Gutknecht, 1998) organization 
modeling approach. Figure 1 shows an example 
organization modeled using AGR. Within AGR 
organization models three aggregation levels are 
distinguished: (1) the organization as a whole; the 
highest aggregation level, denoted by the big oval in 
Figure 1, (2)  the level of a group denoted by the middle 
size in the Figure, and (3) the level of a role within a 
group denoted by the smallest ovals in Figure 1. Solid 
arrows denote transfer between roles within a group; 
dashed lines denote inter-group interactions. This format 
will be adopted to formalize organizations. In addition, 
behavioral properties of elements of an organization are 
part of an organizational model. The format to express 
these will be shown in the next section, which addresses 
requirements that can be formulated for organizations. 

 

 

 

REQUIREMENTS CHANGES  AND 
ORGANIZATIONAL CHANGE 

In real life as well as in virtual reality, the requirements 
an organization needs to satisfy change due to changing 
environmental circumstances. Such changes are caused 
by triggers external from the organization. The general 
pattern for such triggers is follows. A certain 
organizational goal G (e.g. sufficient demand) is no 
longer reached, due to an environmental change, say 
from E1 to E2. In the old situation requirement R1 was 
sufficient to guarantee G under environmental condition 
E1: 

 E1 &  R1   �  G 
Here R1 is a requirement expressing a logical/temporal 
relation which states that under the condition E1 the 
organization is able to achieve G. The change from E1 
to E2 makes that requirement R1, which is still fulfilled 
but has become insufficient, is replaced by a new, 
stronger requirement R2 which expresses that under 
environment E2 goal G can be achieved by organization 
O such that 

 E2   &  R2   �  G 

Figure 1. An AGR Organization Structure 

 



 

 

Therefore, an organization is triggered to change to 
fulfill R2 and thus fulfill goal G again.  

Jaffee (2001) distinguishes several of these external 
triggers for organizational change. This paper presents a 
classification (see Figure 2) of those triggers based on 
the flow of information for an organization. The input 
type of external trigger includes the triggers the 
organization notices on its input, for example changes in 
the resources or suppliers. Enabling / constraining 
factors are external triggers such as government rules 
and technology that concern processes within the 
organization. Finally, output can influence the input of 
an organization and can therefore affect the triggers 
received by an organization. Output information itself is 
however not considered a trigger for organizational 
change. 

Input Changes 

The input of an organization can originate from a variety 
of different sources. Each of these sources can cause a 
change of requirements, and possibly trigger an 
organization to change. 

A first source is formed by the suppliers who can 
increase their price of a product P, which is used by the 
organization for the production, at time t from M1 to M2. 
A formal form of this trigger is specified in E1 using the 
Temporal Trace Language (TTL) (Jonker and Treur 
2002). In the definition of the property state(γ, t) |= 

observation_result(price(P, R), pos) denotes that within the state 
state(γ, t) at time point t in trace γ the state property 

observation_result(price(P, R), pos) holds, denoted by the 
satisfaction relation  |= Furthermore, the relation 
observation_result is used for an element that is external for 
the organization, and belief is used if the element is within 
the internal knowledge of the organization. 
E1(P, M, t): Supplier Price 
∃R:REAL   state(γ, t) |= observation_result(price(P, R), pos) & R ≤ M 
 

Before the environmental change, E1(P1, M1, t) 
specifies the relevant property of the environment. After 
the change of supplier price however, this property no 
longer holds whereas E1(P1, M2, t) does hold. The 
overall goal to be maintained within the organization is 
to keep demand of product P above a threshold D. A 
formal specification of the goal is presented in OP1. 
OP1(P, D, t): Sufficient demand 
∃I:INTEGER  state(γ, t) |= observation_result(customer_demand(P, I),  
                                           pos) & I ≥ D 

 

The requirement imposed for the organization is to 
maintain the goal of keeping demand for product P1 

above D, given the environmental condition of the price 
M for product P2 which is needed for the  production of 
P1. This requirement is specified below in property R1.  

R1(P1, P2, M, D): Maintain demand 
∀t :TIME 
[state(γ, t) |= belief(needed_for_production_of(P1, P2), pos) & 
  E1(P1, M,  t)]  �  OP1(P2, D, t) 
 

Before the change in the environment, requirement 
R1(P1, P2, M1, D) was sufficient to ensure the goal 
being reached. After the change however, the 
requirement is still satisfied but might be insufficient to 
ensure the goal. This is due to the fact that the 
environmental condition in the antecedent does not hold, 
and hence, cannot be used to entail G (although the 
requirement is fulfilled all the time). The requirement is 
therefore withdrawn and replaced by the requirement 
R1(P1, P2, M2, D) which is not necessarily satisfied and 
might require an organizational change to enable such a 
fulfillment. 

Secondly, an input trigger can be formed by resources 
that run out, becoming a lot more expensive. Therefore, 
the requirement for an organization triggered in such a 
way is to reduce the usage of the particular resource. 
This can for example be accomplished by focusing on a 
completely different, more viable product, or producing 
the same goods using different resources. 

Another source is formed by the customers whose 
demands decreases for the good being produced. The 
organization can change direction (and thus change the 
organization) or keep producing the same good but 
decrease the output (and therefore also change the 
organization). 

Finally, competitors might change their production 
methods causing a more efficient production process for 
products within the same product group as P, lowering 
their price from C1 to C2. This can be specified using 
property E2 introduced below.  

E2(P, C, t): Competition Price 
∃R:REAL, G:PRODUCT_GROUP 
 state(γ, t) |= belief(belongs_to_product_group(P, G), pos)  & 
 state(γ, t) |= observation_result(competitor_price(G, R) & R ≥ C 
 

The goal is again to maintain customer demand above 
the level D, for which OP1 can be reused. The 
requirement as presented below therefore changes from 
R2(P, C1, D) to R2(P, C2, D). 

R2(P, C, D):Maintain Demand 
∀t :TIME    E2(P, C, t)  �  OP1(P, D, t) 

Changes in Enabling / Constraining Factors 

Besides triggers on the input of an organization, another 
type of trigger exists: the enabling and constraining 
factors. First of all, the enabling factors within the 
organization include technology. In case the technology 
available to produce a product P changes from T1 to T2, 
the profit margin should remain at least at the same level 
D for a company. 



 

OP2(P, D, t): Sufficient Profit Margin 
∃R:REAL   state(γ, t) |= belief(profit_margin(P, R), pos) & R ≥ D 

 

E3(P, T, t): New Technology 
∃R:REAL   state(γ, t) |=  

observation_result(technology_available_for(T, P), pos) 
 

R3(P, T, D): Maintain Profit 
∀t :TIME   E3(P, T, t)  �  OP1(P, D, t) 
 

All properties have been specified similar to those 
presented in the previous subsection. Before the 
environmental change of available technology E3(P, T1, 
t) was the case whereas E3(P, T2, t) is the new 
environment. Secondly, constraining forces include 
government regulations and labor aspects. Government 
regulations for workers might affect human resource 
practices and composition of the workforce. Concerning 
labor aspects, the union might demand a reduction from 
40 to 36 hours a week, which naturally causes 
organizational change. All these aspects should however 
not decrease overall profitability of the organization.  

REQUIREMENTS REFINEMENT BASED ON 
INTERLEVEL RELATIONS 

To fulfill requirements at the level of the organization as 
a whole as discussed in the previous section, parts of the 
organization need to behave adequately (see also the 
central challenges put forward by Lomi and Larsen 
(2001) as discussed before). Based on this idea, in this 
paper dynamics of an organization are characterized by 
sets of dynamic properties for the respective elements 
and aggregation levels of the organization. An important 
issue is how organizational structure relates to 
(mathematically defined) relationships between these 
sets of dynamic properties for the different elements and 
aggregation levels within an organization (cf. Jonker and 
Teur, 2003). Preferably such relations between sets of 
dynamic properties would be of a logical nature; this 
would allow the use of logical methods to analyze, 
verify and validate organization behavior in relation to 
organization structure. Indeed, following (Jonker and 
Treur, 2003), in the approach presented below, logical 
relationships between sets of dynamic properties of 
elements in an organization turn out an adequate manner 
to (mathematically) express such dynamic cross-element 
or cross-level relationships. 

A general pattern for the dynamics in the organization as 
a whole in relation to the dynamics in groups is as 
follows: 

dynamic properties for the groups &  
dynamic properties for inter-group interaction  
� dynamic properties for the organization 

Moreover, dynamic properties of groups can be related 
to dynamic properties of roles as follows: 

dynamic properties for roles &  
dynamic properties for transfer between roles 
� dynamic properties for a group 

The idea is that these are properties dynamically relating 
a number of roles within one group. 

A generic overview of the logical relationships between 
dynamic properties at different aggregation levels is 

depicted as an AND-tree in Figure 3. It is possible that 
each level shown in the tree (for example organization 
properties) again consists of multiple levels. The logical 
relationships put forward above can be formalized 
further as shown in (Jonker and Treur 2003).  

If the properties for roles, transfers and inter-group 
interactions are in executable format, and used for 
simulation (e.g., based on the paradigm of Executable 
Temporal Logic), then a generated trace will satisfy 
these properties, and, hence satisfy all group and 
organization properties as well. Among others, this 
gives means to validate an organization model. For 
simulation and validation TTL (for Temporal Trace 
Language, cf. Jonker and Treur 2002) is used 
throughout this paper. 

Figure 4 shows an example of a hierarchy of dynamic 
properties for an organization producing certain 
products, the properties follow field observations at the 
Ford Motor Company in 1980 described in (Womack et 
al., 1991). The overall organizational goal is to maintain 
sufficient demand for the goods being produced, as was 
also the case in OP1 in the section called requirements 
changes and organizational change. The organization 
has separate departments for design, production and 
quality control, which are modeled as groups in the 
organization. The highest levels represent organizational 
properties or goals whereas the lowest level shown here 

Figure 4. Hierarchy of organizational and group properties 

   transfer  properties      role properties 

group properties inter-group interaction 
properties 

organization properties 

Figure 3.  Overview of inter-level relations between dynamic 
properties 



 

represents group properties. Note that group properties 
could in turn be related to lower level (role) properties. 
A definition for each of the properties in Figure 4 is 
presented below. Notice that this hierarchy could easily 
be extended by other aspects (e.g., of quality of the 
products as a reason for the demand decreasing or not). 

First, for OP1 see the section called requirements 
changes and organizational change. Furthermore, the 
cyclic market is not going down for a product P at time t 
in case the demand for the product group as a whole (i.e. 
all goods produced by different companies in this 
particular category) is not going down. 

OP3(P, t): Cyclic market not going down 
∀G:PRODUCT_GROUP, I1,I2:INTEGER 
[state(γ, t) |= belief(belongs_to_product_group(P, G), pos) & 
state(γ, (t-1)) |= observation_result(customer_demand(G, I1), pos) &     
state(γ, t) |= observation_result(customer_demand(G, I2), pos) ]  � I2 ≥ I1 

Here belief stands for internal knowledge within the 
organization. Prices are considered low enough for a 
product P at time t in case the price for the product is 
equal or below the average price level within the 
product group. 

OP4(P, t): Price low enough 
∀G:PRODUCT_GROUP, R1,R2:REAL 
  [state(γ, t) |= belief(belongs_to_product_group(P, G), pos) & 
   state(γ, t) |= observation_result(average_price(G, R1), pos) & 
   state(γ, t) |= belief(price(P, R2), pos) ]  �   R2 ≤ R1 

Whether the price is low enough depends on the cost 
price for the particular product P at time t. 

OP5(P, t): Cost price low enough 
∀G:PRODUCT_GROUP, R1,R2:REAL 
  [state(γ, t) |= belief(belongs_to_product_group(P, G), pos) & 
   state(γ, t) |= observation_result(average_cost_price(G, R1), pos) & 
   state(γ, t) |= belief(cost_price(P, R2), pos) �  R2 ≤ R1 

Finally, the group properties can be specified according 
to the departments within the organization that make up 
the cost price for the production of product P at time t. 
First, property GP1 specifies that the design cost for 
product P should be low enough: 

GP1(P, t): Design costs low enough 
∀G:PRODUCT_GROUP, R1,R2:REAL 
  [state(γ, t) |= belief(belongs_to_product_group(P, G), pos) & 
   state(γ, t) |= observation_result(average_design_cost (G, R1),  pos) & 
   state(γ, t) |= belief(design_cost(P, R2), pos) ]  �   R2 ≤ R1 

Furthermore, the production costs for product P should 
be low enough as well: 

GP2(P, t): Production costs low enough 
∀G:PRODUCT_GROUP, R1,R2:REAL 
 [state(γ, t) |= belief(belongs_to_product_group(P, G), pos) & 
  state(γ, t) |= observation_result(average_production_cost (G, R1), pos) & 
  state(γ, t) |= belief(production_cost(P, R2), pos) ]  �   R2 ≤ R1 

Finally, quality repair costs should be low enough for 
product P: 

GP3(P, t): Quality repair costs low enough 
∀G:PRODUCT_GROUP, R1,R2:REAL 
[state(γ, t) |= belief(belongs_to_product_group(P, G), pos) & 
state(γ, t) |= observation_result(average_quality_repair_cost (G, R1), pos) 
& state(γ, t) |= belief(quality_repair_cost(P, R2), pos) ]  �   R2 ≤ R1 

A MODEL TO OBTAIN ORGANIZATIONAL 
CHANGE 

In the previous sections organizational models and 
requirements specifications have been addressed. This 

section addresses the process underlying organizational 
change. Such a process comes into play in case certain 
organizational goals G (e.g., sufficient demand) are not 
reached any longer, due to an environmental change, say 
from E1 to E2. To localize why the new environmental 
property does not imply the organizational goal G to be 
met (i.e., why the new requirement R2 is not fulfilled) 
the property hierarchy as presented in the previous 
section is used (e.g., the property design costs low 
enough not being satisfied). After the cause has been 
determined, a process can be initiated to change the 
organization in such a way that this property is satisfied. 
Example rules are shown below, specifying the 
introduction of lean production. The rules have been 
specified using the leadsto format which is of the form α 
→→e,f,g,hβ  that states that if α holds for duration g then β 
will holds for duration h with a delay between e and f. 
Not that the state(γ, t) is omitted in leadsto properties. 
Agents that were allocated to the roles in the production 
process that just were deleted are allocated to the newly 
formed roles. Agents formerly allocated to a role in 
quality repair are fired. Once the system is organized in 
this fashion, quality repair in a separate department 
becomes obsolete, and quality repair cost is down to 0 
as the production workers are now performing the task. 
In fact, production is even higher (Womack et al., 
1991). 
CP1(P, D, t): Lean Production Structure 
∀I,I2:INTEGER, A:AGENT, R:ROLE 
[observation_result(customer_demand(P, I), pos) & I ≥ D & 
 observation_result(customer_demand(P, I2), pos) & I2 < D & 
 belief(allocated_to(A, R, quality_repair), pos) 

→→0,0,1,1  
[belief(exists_role(spec_production_worker), neg) &  
 belief(exists_group(quality_repair_group), neg) & 
 belief(exists_role(multi_task_production_worker), pos) & 
 belief(allocated_to(A, R, quality_repair), neg) 
 belief(allocated_to(A, multi_task_production_worker, production_group),   
           pos)] 

Besides changes in the structure of the organization, 
changes also occur in the behavior. The change rule 
presented below specifies the behavior of the roles that 
have been added to the organization. Such behavior is 
expressed as an executable dynamic property in the 
same leadsto format as specified before, hence leadsto 
expressions can contain leadsto expressions. The 
behavior involves the immediate reporting of errors as 
well as the correction of errors. 

CP2(P, D, t): Lean Production Behavior 
∀I,I2:INTEGER 
[observation_result(customer_demand(P, I), pos) & I ≥ D & 
 observation_result(customer_demand(P, I2), pos) & I2 < D 

→→0,0,1,1 
  belief(role_property(d1, multi_task_production_worker,  

production_group), pos) & 
  belief(has_expr(d1, leadsto(err, report_error, efgh(0,0,1,1))), pos) &    
  belief(role_property(d2, multi_task_production_worker,  

production_group), pos) & 
  belief(has_expr(d2, leadsto(and(report_error, responsibble_for_err),     

correct_err, efgh(0,0,1,1))), pos) 

The following property states that in case the belief 
concerning the new behavior exists, it will show in the 
organization as well: 

 



 

CP3: Show Behavior 
∀D:IDENTIFIER, R:ROLE, G:GROUP, A:ANTECEDENT,  
   C:CONSEQUENT, E,F,G,H: REAL 
[belief(role_property(D, R,G), pos) & 
 belief(has_expr(D, leadsto(A, C, efgh(E,F,G,H))), pos) &A] 

→→E,F,G,H C 

 
SIMULATION OF AN EXAMPLE 
ORGANIZATIONAL CHANGE PROCESS 

This section presents a simulation which is performed 
by means of a case study from (Womack et al. 1991). 
First, the case study itself is introduced, after which the 
simulation results are presented. 

The Ford Case 

The case study involves the Ford Motor Company who 
has been one of the leading car manufacturers since the 
introduction of mass production in 1913. Many other car 
manufacturing companies adopted the ideas of mass 
production, particularly in the United States and Europe. 
Mass production has several characteristics. First of all, 
production workers have specialized jobs, such as 
attaching one small item to the car. Secondly, product 
quality is relatively bad; in case a misfit of a part is 
observed on the conveyor belt, the error is not corrected 
immediately, but this is done in a quality repair location 
after production has finished. The size of the quality 
repair department depends on the frequency of errors. 
Furthermore to guarantee production continuation, 
stocks of parts need to be kept in special warehouses. 
Finally, a relatively large work force is present to deal 
with work not directly related to production such as 
cleaning. 

In 1980 the Ford Motor Company suffered a major 
crisis. The company began to loose vast amounts of 
money and large chunks of market share. A monitor 
within the Ford organization, having the property 
hierarchy of section called requirements refinement 
based on interlevel relations in mind, was triggered by 
the following values. Over the last three months demand 
for Ford cars was on average 500,000 cars, whereas in 
the current month the amount decreased to 432,000, 
therefore, the property OP1:sufficient demand was not 
satisfied. Simulation results of the resulting processes 
within the Ford organization are presented in the next 
section. 

Simulation results 

Figure 5 shows a graphical representation of the most 
interesting part of the trigger and change process. The 
left side shows the relevant atoms, the right part 
represents a time-line indicating when an atom is true 
(dark box) or false (lighter box). The different phases 
within the change process are addressed below. 

Figure 5 shows that during the first time-periods, 
demand for Ford cars and other manufacturers is stable: 
each car manufacturer sells 500,000 cars:  

observation_result(customer_demand(ford, 500000), pos) 

Hence, the goal OP1 for Ford to maintain sufficient 
demand is satisfied by the current organization because 
it satisfies requirement R1 which implies goal OP1 from 
the current environment E1. At time point 4 however, 
demand for Ford cars drops: 

observation_result(customer_demand(ford, 432692), pos) 

The organization is now triggered and derives that goal 
OP1 to maintain sufficient customer demand is not 
satisfied: 

belief(OP1_sufficient_car_demand, neg) 

Apparently, the current organization is no longer 
sufficient to guarantee satisfaction.  This is due to the 
fact that the environment E1 is no longer the case, and 
hence, R1 no longer guarantees satisfaction of the goal 
OP1.An analysis is performed to pinpoint the exact 
reasons of this failure. The tree such as presented in the 
section called requirements refinement based on 
interlevel relations is used for this purpose. Based upon 
the demand for other car brands, the organization 
derives that the market is not going down: 

belief(OP3_cyclic_market_not_going_down, pos) 

The organization can therefore observe (and also 
conclude) that the price is not low enough, which is 
ultimately observed to be caused by quality repair cost 
not being low enough: 
      belief(GP3_quality_repair_cost_low _enough, neg) 

Now that the exact reason for goal OP1 not being 
satisfied is determined, a new requirement R2 is set 
which implies the goal OP1 from the new environment 
E2. To enable satisfaction of this property, the 
organization needs to be changed. Using the properties 
specified in the section called a model to obtain 
organizational change, introduce lean production within 
the organization is chosen to enable fulfillment of 
requirement R2: 

belief(lean_production_method(ford), pos) 

As a result, the organization is changed according to the 
rules for lean production, this shows in the trace by 
deletion of the quality repair group: 

belief(exists_group(quality_repair_ group), neg) 

It is also shown by the introduction of new roles called 
the multi-task team production worker: 

belief(role_belongs_to_group(multi_task_ 
prod_worker, production_group), pos) 

These roles have specific dynamic properties concerning 
the reporting and correcting of errors in the production 
process: 

belief(role_property(d1, multi_task_prod_worker,  
production_group), pos) 

belief(role_property(d2, multi_task_prod_worker,  
production_group), pos) 

belief(has_expr(d1, leadsto(err, report_error, efgh(0,0,1,1))), pos) 
belief(has_expr(d2, leadsto(and(report_error,  

responsibble_for_err), correct_err, efgh(0,0,1,1))), pos) 

The first property states that each multi-task production 
worker should, when observing an error, report this 
error at once. The second property specifies that if an 
error is reported, then the roles responsible for that error 
should correct this error at once. After all of these 
changes have been implemented, quality repair cost of 
Ford are down to 0 and demand for Ford cars is back to 
the old value again. Hence, the new organization 



 

satisfies the requirement R2 and thus goal OP1 is 
satisfied again.  

VERIFICATION 

To check whether the change as performed in the Ford 
case study from the previous section indeed complies to 
the properties that have been specified in the sections 
before the case study, this section performs a 
verification of these properties against the trace 
presented in the previous section. The verification has 
been performed using a software tool called TTL 
Checker. 

The results of the checks of the first set of properties, 
those from Section 3 and 4, are already visible in the 
trace itself since the Monitor actually checks the 
satisfaction of these properties in the simulation. Some 
brief results of the checks of these properties against the 
trace (contrary to the monitoring being performed within 
the simulation) are described here. First, property 
E2(ford, 19500, t) which specifies the environmental 
level of the price for the product group cars, is checked 
against the trace. This environmental property holds 
during the interval [0,4]. The goal property OP1(ford, 

500000, t) that defines the goal of sufficient demand for 
Ford holds during the interval [0,4] as well. After time 
point 4, the environment changes, and OP1(ford, 
500000, t) does not hold any longer. E2(ford, 16000, t) 
is now the new environment in which the organization is 
participating. The property is satisfied during the 
interval [4,10]. After time point 7.7, the new 
requirement forced by the environment to regain the 
goal OP1(ford, 500000, t) is satisfied: R2(ford, 16000, 
500000) resulting in satisfaction of OP1 again from this 
time point on. 

DISCUSSION 

Organizational change mechanisms can involve not only 
quantitative numerical aspects but also qualitative, 
logical aspects (for example, a role switch between 
agents within an organization). If formalization is used 
for organizational change, this is often based on 
mathematical models using differential equations. In 
contrast, agent-based simulation models traditionally 
make use of qualitative, logical languages. Most of these 
languages are appropriate for expressing qualitative 
relations, but less suitable to work with more complex 
numerical structures as, for example, in differential 

observation_result(average_design_cost(car, 1000), pos)
observation_result(average_production_cost(car, 15000), pos)

belief(exists_group(production_group), pos)
belief(exists_group(design_group), pos)

observation_result(price(toyota, 19500), pos)
observation_result(price(general_motors, 19500), pos)
observation_result(price(daimler_chrysler, 19500), pos)

observation_result(average_quality_repair_cost(car, 3500), pos)
belief(role_belongs_to_group(spec_prod_worker, production_group), pos)

belief(exists_role(spec_prod_worker), pos)
belief(exists_group(quality_repair_group), pos)

observation_result(customer_demand(ford, 500000), pos)
observation_result(customer_demand(toyota, 500000), pos)

observation_result(customer_demand(general_motors, 500000), pos)
observation_result(customer_demand(daimler_chrysler, 500000), pos)

belief(production_cost(ford, 15000), pos)
belief(design_cost(ford, 1000), pos)

observation_result(average_price(car, 19500), pos)
belief(quality_repair_cost(ford, 3500), pos)

belief(price(ford, 19500), pos)
observation_result(price(toyota, 16000), pos)

observation_result(price(general_motors, 16000), pos)
observation_result(price(daimler_chrysler, 16000), pos)

observation_result(average_quality_repair_cost(car, 0), pos)
observation_result(average_price(car, 16000), pos)

observation_result(customer_demand(ford, 432692), pos)
observation_result(customer_demand(toyota, 527344), pos)

observation_result(customer_demand(general_motors, 527344), pos)
observation_result(customer_demand(daimler_chrysler, 527344), pos)

belief(OP1_sufficient_customer_demand, neg)
belief(OP3_cyclic_market_not_going_down, pos)

belief(OP4_price_low_enough, neg)
belief(OP5_cost_price_low_enough, neg)

belief(GP2_production_cost_low_enough, pos)
belief(GP1_design_cost_low_enough, pos)

belief(GP3_quality_repair_cost_low_enough, neg)
belief(lean_production_method(ford), pos)
belief(exists_role(spec_prod_worker), neg)

belief(role_belongs_to_group(spec_prod_worker, production_group), neg)
belief(exists_group(quality_repair_group), neg)

belief(role_belongs_to_group(multi_task_team_prod_worker, production_group), pos)
belief(role_property(d1, multi_task_team_prod_worker, production_group), pos)
belief(role_property(d2, multi_task_team_prod_worker, production_group), pos)

belief(has_expr(d1, leadsto(err, report_err, efgh(0, 0, 1, 1))), pos)
belief(has_expr(d2, leadsto(and(report_err, responsible_for_err), correct_err, efgh(0, 0, 1, 1))), pos)

belief(exists_role(multi_task_team_prod_worker), pos)
belief(quality_repair_cost(ford, 0), pos)

belief(price(ford, 16000), pos)
time 0 2 4 6 8 10

Figure 5. Simulation results for the case study 



 

equations. Therefore, integrating such mathematical 
models within the design of (multi-)agent-based 
simulation models is difficult. To achieve this 
integration, this paper has presented an approach which 
bridges the gap between quantitative approaches and the 
type of languages typically used in agent-based 
simulation. 

This paper focuses on external triggers for 
organizational change. Triggers are related to specific 
goals that play the role of design requirements which the 
organizational change should comply to. These 
requirements tend to be high-level goals and therefore 
lack the detail needed for specifying how an 
organization should change. Therefore, refinements are 
introduced in the form of hierarchies of requirements. 
Such hierarchies relate objectives of the organization 
(e.g., high demand for cars) to organizational change 
properties at different organizational levels (e.g., change 
in some departments). Thus, they relate triggers at the 
level of the organization to properties at the level of 
parts (groups) within the organization. For example, the 
cause of why a certain type of car is not selling 
according to the goals that have been set is related to the 
costs of quality repair. Requirements hierarchies help to 
localize where to change the organization. Furthermore, 
change properties have been introduced originating from 
Organization Theory (Womack et al. 1991), which can 
be used for specific cases in which an organization is 
not reaching it goals. 

Using the lowest level, executable properties, 
simulations are performed and by means of formal 
verification approaches the simulation is shown to have 
satisfied all desired properties. 
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ABSTRACT 

A new approach to modelling multiagent interactions 
using the CyberCromlech framework is proposed in the 
paper. The main distinction of the approach is the 
capability to flexibly assess and control the dynamic 
structure of cause-effect connections emerging from a 
common history of multiagent interactions. Based on 
this capability, we have designed several game 
experiments to study various aspects of collective 
behaviour, with the most interesting of those being 
discussed in the paper. 
 
1. INTRODUCTION 

Research in the field of multiagent systems (Woolridge 
2002; Weiss 2000) gains ever increasing importance in 
view of technological breakthroughs in design of 
wireless communications and computing facilities. New 
possibilities require new approaches to the design of 
information technologies, which stipulates the need for 
intensive research in such fields as classical AI, game 
theory and machine learning, etc. Characteristic 
example of such research is the design of test problems 
or task environments. Here the goal is to create and 
study artificial rational agents capable of solving 
problems set in those task environments. Examples of 
such test problems are robotic soccer (including the 
virtual soccer), the tower building problem (Ishida 
1997), the tile world problem (Pollack and Ringuette 
1990), the mechanical balancing problem (Botchkaryov 
2002) and many others. 

The paper proposes a new approach to the design of test 
problems (called further “game experiments”) based on 
the CyberCromlech framework. The approach is based 
on the idea of storing and utilizing the history of agent 
interactions in a form that is explicit and convenient 
enough to allow for study of spontaneous emergence of 
collective behaviour. To demonstrate the idea, 
formulations of several game experiments using the 
CyberCromlech framework are presented with one of 
them – the temporizing game – being examined in more 
detail. In conclusion, we give the vision of further 
evolution and potential practical application of the 
approach proposed. 

2. CYBERCROMLECH 

2.1. Objectives 

Analysis of the existing test problems in the field of 
multiagent systems was used in the study. This allowed 
us to formulate the set of requirements to the new 
approach, most important of those being: 1) the 
capability to take stock of and control the dynamic 
structure of cause-effect connections, emerging from 
interactions between agents, with a great deal of 
flexibility; 2) the capability to flexibly control the level 
of uncertainty (lack of information about environment) 
and freedom of actions for every interacting agent; 3) a 
sufficient level of abstraction, allowing for a wide range 
of interpretations of processes under study. 

2.2. Definitions 

2.2.1. CyberCromlech Definition 
CyberCromlech is: 1) a spatial structure, used to host 
agents in its nodes; 2) discrete timing, used to 
synchronize agent interactions; 3) rules defined on the 
structure and timing to govern: a) the way agents 
traverse the structure; b) the way the structure reacts to 
the traversal by changing node states. 
 
2.2.2. Spatial Structure 
A basic version of the spatial structure is analogous to a 
generalized plan of megalithic constructions – 
cromlechs (Fig.1), is named after them accordingly. The 
CyberCromlech structure (Fig.2) is specified by L layers 
(concentric circles) and R rays (connecting outer and 
inner circles). Intersections of layers with rays produce 
a network of interconnected nodes through which agents 
can pass. Agents may only stop in nodes and move 
between them through existing transitions. In the very 
middle of cromlech there is the inner area, outside of it 
there is the outer world – any agents’ moves in either of 
those have to be specified additionally. 
 
2.2.3. Discrete Timing 
Movement of agents (i.e. transitions from one node to 
another) is timed discretely using a common discrete 
clock. That is, time is counted by steps and all moves 
that occur in the same step are considered simultaneous. 
 
 
 
 



 
 

Figure 1. CyberCromlech prototype – Stonehenge 
 

 
Figure 2. CyberCromlech spatial structure (L=5, R=28) 
 
2.2.4. Movement Rules 
There are the following rules governing movement of 
agents in CyberCromlech. 1) There can be only one 
agent in each single CyberCromlech node at a time. 2) 
In every step, an agent has to choose one of the “free” 
adjacent nodes and move into it. Special cases 
(exceptions) where such transition is not possible are 
specified additionally. 3) An agent cannot go back to the 
node it left on the previous step, i.e. only progressive 
movement is allowed. 
 
2.2.5. Rules for Changing Node States  
Agent transitions between CyberCromlech nodes 
change those nodes’ states in the following way.  
 
1) Every node can be in one of two states: “open” or 
“closed”. If a node is “open”, an agent can move into it, 
otherwise it cannot. 2) By passing through a node, an 
agent changes its state to “closed” for a limited number 
of steps (the corresponding counter for this node is set 
to C0). 3) Every next step, the counter is decreased by 1. 
The node’s state is reset back to “open” when the 
counter reaches a 0 value again. 
 
The above basic set of rules can be modified to allow 
agents greater freedom of movement between nodes.  

This can be achieved by allowing transition trails of 
different agents to intersect. Below follows the modified 
set of rules (“Celtic knot” rules): 1) A node can be in 
one of three states: "open", "semi-open", "closed". 2) By 
passing through a node and maintaining direction of 
movement (i.e. moving along level or ray without 
turning) an agent changes this node’s state to "semi-
open". 3) By passing through a node and changing 
direction of movement, an agent changes this node’s 
state to "closed". 4) By entering a "semi-open" node 
(only possible if moving perpendicularly to the existing 
trail passing the node), an agent changes this node’s 
state to "closed". 
 
2.3. Explanations 

The definitions given require some additional 
explanation. 1) On every step an agent must choose 
between the nodes available and decide where to move 
next. Moving in such a manner, the agent is performing 
a sequence of elementary choices. 2) While traversing 
CyberCromlech, every agent is forming a C0–long trail 
of "closed" (or "closed" and "semi-closed" for "Celtic 
knot" rules) nodes (Fig.3,4). 3) Rules of some games 
may stipulate: a) a limited or unlimited (C0 = ∞) trail 
length; b) different trail lengths for different agents; c) 
variable trail lengths. 4) Sets of "open" nodes in 
CyberCromlech are dynamically changing as the game 
evolves quite analogously to the maze with a 
dynamically changing structure. The peculiarity here, 
however, is in the fact that it is the agents that move 
inside the maze that are changing its structure. 5) 
Agents’ interactions span over time as they cross each 
other’s trails. In this regard crossing one’s trail by 
another agent can be interpreted in special way. 
 
2.4. Conformance to requirements 

Let us examine if the approach proposed conforms to 
formulated requirements. 
 
1. In the proposed approach, the emerging structure of 
cause-effect connections is modelled by a dynamic 
system of trails formed by agents traversing 
CyberCromlech. Agents’ actions become the reason for 
general limitations affecting all their future actions. By 
altering length and, possibly, some other trail 
characteristics one can take stock of and control cause-
effect connections emerging in agent interaction. 
 
2. The level of information distribution about the overall 
situation is controlled by an individual level of 
uncertainty. That is, the more nodes an agent can see 
around, the more it is informed. Freedom of movement 
for agents can be controlled by altering the maximal 
number of nodes it can pass in a single step. 
 
3. The large number of interpretations of elementary 
choices that agents make on every step gives broad 
possibilities for interpretation of agent interactions. That 
is, depending on what the developer perceives 



CyberCromlech nodes to be, there could be different 
variants of interpretation of modelled agent interaction 
process. 
 
3. GAME EXPERIMENTS 

3.1. Objectives 

It is possible to study various aspects of collective 
(multi-agent) behaviour in CyberCromlech using game 
experiments, where agents play a given game. It is 
necessary here for the developer to be able to 
adequately reflect the collective behaviour problem in 
objectives and rules of the game. On the other hand, one 
could try identifying and studying specific aspects of 
collective behaviour in independently developed game. 
To demonstrate the approach proposed, four examples 
of games utilizing CyberCromlech (twine game, 
pursuit-escape game, occupancy game, temporizing 
game) are presented. All the games under study imply 
that a player can only see the state of adjacent nodes and 
can only make one transition between nodes in a single 
step. A node’s states change according to “Celtic knot” 
rules. It is also implied that players do not know the 
total number of players (N) and CyberCromlech 
dimensions (L, R). 
 
3.2. Game examples 

3.2.1. Twine game 
Twine game is one of the simplest games modelled in 
the CyberCromlech. Agents are arbitrarily positioned in 
CyberCromlech nodes at start of the game. While 
traversing CyberCromlech, agents form trails of 
"closed" and "semi-closed" nodes, moving through one 
node at each step. If an agent cannot make a move due 
to all adjacent nodes being "closed", it is "trapped" and 
loses the game. The winner is the agent being trapped 
last (there could be several of them). The game is 
guaranteed to finish in finite number of steps provided 
the trail length is unlimited (C0 = ∞). On average, the 
lesser the number of agents (N) to the number of nodes 
(M) (i.e. the more free space there is in CyberCromlech) 
is, the longer the game will continue. 
 
3.2.2. Pursuit-escape game 
It is proposed to utilize the idea of variable length trail 
in the game. Agents are arbitrarily positioned in 
CyberCromlech nodes at the start of the game. While 
traversing CyberCromlech, agents form limited length 
trails (C = C0). There is also a sweeper-daemon at the 
end of each agent’s trail trying to catch up with the 
agent. If an agent is trapped, the pursuer catches up by 2 
transitions (i.e. trail length is decreased by two: Ct = Ct-1 
- 2). If an agent must cross another’s agent trail while 
moving, the pursuer catches up by one transition (i.e. 
trail length is decreased by one: Ct = Ct-1 - 1). At the 
same time the trail of the agent that was just crossed is 
increased by one (i.e. pursuer’s lag interval is increased 
by one transition: Ct = Ct-1 + 1). The agent whose 
pursuer has caught up with it loses. The winner is the 

agent whose trail is longest after a given number of 
steps (potential subject to reinterpretation and 
reformulation). 
 
3.2.3. Occupancy game 
The game is played by two (or more) teams of agents 
with an equal number of players. Agents are arbitrarily 
positioned in the outer level of CyberCromlech nodes at 
the start of the game. While traversing CyberCromlech, 
the agents form limited length trail (C = C0). The goal of 
each team is to maximize the number of nodes 
“occupied” by trails of its members, nodes where trails 
of opposing teams cross being disregarded. If an agent 
is trapped, its trail is decreased by one transition every 
step it stays put, thereby decreasing the overall team-
occupied territory. The less trapped the team members 
are, the better the team does overall and vice versa. 
Therefore, it is a matter of vital importance for one’s 
team to have its agents free and the opposing team’s 
agents trapped. The winning team is announced after a 
given number of steps. Studying the dynamics of trails' 
“twining” (e.g. for steady states) is a separate matter 
posing research interest of its own. 
 
3.3. Design of game experiments 

The above games can be used to design a number of 
game experiments for studying the collective behaviour 
of rational agents. One could assess: 1) the effectiveness 
of architectures of participating collective agents; 2) 
advantages and disadvantages of collective behaviour 
patterns; 3) model-specific human collective behaviour 
patterns. The main problem in planning the above 
experiments is that the game models used are 
exceptionally multifactor which calls for elaboration of 
the way repeated playoff experiment results are 
organized and assessed.  
 
4. TEMPORIZING GAME 

4.1. Game description 

By nature, the temporizing game resembles a game of 
timing (Luce and Raiffa 1957), combined with classical 
maze task. On the first step N players are arbitrarily 
positioned in the outer level nodes of CyberCromlech. 
On every next step each player must make a move, i.e. 
transition into one of the "open" or "semi-open" 
adjacent nodes. By passing through the nodes each 
player forms a trial of "semi-open" and "closed" nodes 
(trail length unlimited: C0 = ∞). If a player is trapped at 
some point, he is out. The player's goal here is to keep 
moving for as long as possible (i.e. make as many 
transitions between nodes as possible and not get 
trapped) and at the same time, to reach the very center 
of CyberCromlech (the "altar stone") at some point. 
Reaching the "altar stone" means moving through non-
"closed" nodes towards the inner area and by entering it, 
and becoming a contender for victory (Fig.3). At this 
point the contender for victory is facing the problem of 
completing it at the right time. 
 



As soon as any of the players are out, the contender is 
allowed to move one inner-circle closer to the “altar 
stone”, so that the more players are further out, the 
closer the contender is to victory. However, if a new 
contender enters the inner area, all the "old contenders" 
are out (Fig.3) no matter how close to victory they were 
(speculation as to how to interpret their current 
proximity to the center is subject to further 
interpretation and study). Accordingly, it is the very last 
contender to enter inner area that gets it all. The game is 
over when there are no more moving players in 
CyberCromlech, i.e. when either all the players become 
contenders for victory or are out. In commemoration of 
victory the last contender(s) is then allowed to reach the 
“altar stone” (Fig.4). 
 
4.2. Game’s nature 

The dual character of the game is in the fact that 
tactically a player must find a way into the maze 
(formed by other players’ trails) and strategically he 
must carefully choose the moment to become a 
contender: if he becomes a contender too soon, he risks 
being kicked out by newer contender(s); on the other 
hand, staying in the maze for too long, he risks being 
trapped as the maze structure becomes more 
complicated on every step. Of specific interest is how 
these two levels are linked and how they affect 
collective behaviour patterns under study. 
 
4.3. Simple algorithm for artificial player 

4.3.1. Behaviour rules 
To demonstrate basic player logic in the temporizing 
game let us examine the simple artificial player 
algorithm. The algorithm is built on simple (possibly, 
not optimal) implication that if it is ever harder to find a 
way in the maze at every step, a player is encouraged to 
become a contender for victory by entering the inner 
area of CyberCromlech. To denote this factor we 
introduce the quantitative index of "confidence" (IOC); 
the higher the IOC is, the less probable it is for the 
player to leave the maze and enter CyberCromlech inner 
area and, accordingly, the lower IOC is, the less 
probable it is for the player to stay in the maze. In such 
a way, the tactical level of decision making (maze task) 
is linked to the strategic level (game of timing):  if a 
player follows this rule then the harder it is for him to 
find his way in the maze, the higher is his motivation to 
enter the inner area and become a contender. 
 
Assuming the existence of IOC and the fact that a player 
can only see the adjacent nodes, a player’s decision 
making can take on the following form. 
 
1. Don’t go into "closed" nodes. 
2. Give priority to "open" nodes over "semi-open" 
nodes. 
3. Give priority to "open" nodes where there are no 
other players at present. 

4. If a number of alternative pathways is less than that 
of the previous step – decrease the IOC value. 
5. The lower the IOC is, the higher the chance to choose 
among nodes situated closer to the inner area of 
CyberCromlech. 
 

 
 

Figure 3. Temporizing game unfolding: "old" 
contenders are out as new contender arrive 

 

 
 

Figure 4. Temporizing game is over with one winner 
 
Two questions must be answered here: firstly, how does 
one recalculate the node choice probabilities (tactics 
issue); secondly, how does one change a player’s IOC 
based on available information about the game situation 
(strategy issue). 
 
4.3.2. Player’s tactics 
The proposed algorithm modifies choice probabilities 
according to the rules of linear shift of states for graded 
structure stochastic learning automaton (Tsetlin 1973). 
 
 
 



pi,1 = pi,0 – ∆, 
pj,1 = pj,0 + ∆/( n - 1), i≠j, 

 
where pi – probability of choice for i-th "inconvenient" 
(according to rules presented above) alternative (pi,0 – 
before recalculation of probabilities, pi,1 – after 
recalculation), pj – probabilities of choice for all other 
alternatives, ∆ – value, by which probability of choice 
for i-th "inconvenient" alternative is decreased, n – 
current number of alternatives. 
 
4.3.3. Player’s strategy 
Regarding the tuning of the IOC value we propose the 
following very simple (possibly, not optimal) method: 
 
    if Q i,t < Q i,t-1 , then ci,,t = ci,t-1 – (Q i,t-1 – Q i,t), 
    if Q i,t = Q i,t-1 and Q i,t < 3, then ci,,t = ci,t-1 – 1, 
 
    ∆3,i,t = ∆3,i,t-1 + 1 / ci,t , 
 
where Q i,t-1 – number of alternatives available to i-th 
player on previous step of the game, Q i,t – number of 
alternatives available to i-th player on current step of the 
game, ci,t – i-th player current IOC value, ∆3,i  – value, 
by which the probability of choice for alternatives, that 
do not lead a player to a position closer to 
CyberCromlech’s center, is decreased. 
 
That is, according to the above method the IOC value is 
decreased when there are less convenient alternatives 
available to a player. Moreover, the IOC value is then 
decreased by exactly the same number that the number 
of available alternatives has decreased by. Alternatively, 
if a player finds himself in the situation where the 
number of alternatives is less than three and the 
situation repeats, then the IOC value is decreased by 
one. 
 
4.4. Study of the game 

Among possible lines of research (and accordingly – 
computational experiments related to them) the 
following should be noted. 
 
1. Possibly, the simplest variant is to have repeated 
playoffs with different types of agent-players where the 
most effective algorithm of artificial player behaviour 
(or most effective parameters set for same algorithm) 
would be determined based on a series of games. 
 
2. Study of the artificial players capable of learning 
based on their game experience. Here one can plan 
experimental games, where the learner player will be 
competing against more "powerful" players (e.g. those 
more "aware" of the game situation). 
 
3. Of particular importance in context of the above 
game model is the study of rivalry between "advanced-
tactics players" and "advanced-strategy players". For 
that matter, one could specifically imbalance the 

situation through modifying the player’s abilities of 
solving the maze traversing task (tactics aspect) and 
abilities of solving the task of becoming a contender at 
the right time (strategy aspect). 
 
To date a series of computational experiments have 
been implemented in line with the first line of research 
with Figure 3 and 4 demonstrating results of 
temporizing game visualisations. We plan on giving 
more detail on layout and results of those computational 
experiments in further publications on the subject.  
 
5. DISCUSSION 

5.1. Evolution prospects 

The evolution prospects for the method proposed can be 
viewed in two aspects: firstly, the complication of the 
CyberCromlech architecture; secondly, the creation of 
new games using the CyberCromlech. In the view of the 
complication of the CyberCromlech architecture, the 
following variations can be proposed. 1) Increasing the 
spatial dimensions of CyberCromlech and altering its 
geometrical configuration (e.g. introducing irregularity 
in the array of transitions). 2) Altering the rules of 
transition so that agents could stay in the same node for 
more than one step (i.e. skipping steps at will). 3) 
Allowing agents to decide whether to leave the trail 
while traversing CyberCromlech or not. 
 
5.2. Connection to other fields of research 

In the view of looking for analogous formalized 
approaches that could be used to describe and study 
processes in CyberCromlech, the following could be 
considered: 1) random walk studies related to the 
Monte-Carlo method, 2) studies in the field of graphical 
interpretation of words and languages, including “turtle 
interpretation” of words; 3) the mathematical theory of 
knots. 
  
5.3. Applying the approach 

CyberCromlech can be effectively used both for 
multipurpose modelling of multiagent interactions and 
construction of production multiagent systems. Detailed 
examination of such applications is the subject of 
further publications on the matter. Meanwhile, we 
would like to draw you attention to the following. 
 
1. Multi-player computer game development. It is 
implied here that a human player gets to control one or 
several agents traversing the CyberCromlech. It must be 
specifically noted that spontaneous emergence and 
evolution of trails formed by agents could be used to 
create games with non-linear plots, individual for each 
player. 
 
2. Design of routing algorithms for overlay in peer-to-
peer computer networks. In this case peers can be 
considered as nodes of CyberCromlech, whereas data 
packets play agents traversing it. The trail formed by a 



particular agent can be regarded as a route connecting 
the network nodes which the respective data packet 
passed on its way. 
 
3. Design of systems of story generation. 
CyberCromlech agents could, for example, play the role 
of story characters whilst the game space would present 
them with possible action alternatives but leaving final 
decisions as to where to go to their discretion. 
Accordingly, the game setup would be deemed 
equivalent to the story’s basic idea whilst agents’ 
traversals would be regarded as separate interrelated 
story lines. 
 
6. CONCLUSIONS 

A new approach to the design of game experiments (test 
problems) based on CyberCromlech is proposed in the 
paper. The approach is based on the idea of storing and 
utilizing the history of agent interactions in a form 
explicit and convenient enough to allow for the study of  
the spontaneous emergence of collective behaviour. A 
number of games have been examined to demonstrate 
the capabilities of CyberCromlech in providing for that 
matter. Apart from this, the most elaborate of them – the 
temporizing game – is examined in more detail using 
the proposed simple algorithm of artificial player 
behaviour. In conclusion, the vision of further evolution 
and potential practical application of the proposed 
approach is given. 
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ABSTRACT 
A multi-agent testbed for experimenting with 
organizational structures is presented. The testbed is 
used to experiment with five organizational structures 
used in Tom Malone’s (1987) study of the efficiency 
and flexibility of organizational structures. The 
experiments replace the ordinal distinctions made by 
Malone of the performance of each structure with a ratio 
measurement of the differences. 
 
INTRODUCTION 
 
An organization is defined here as an association of 
individuals brought together in order to perform a set of 
tasks beyond the physical or mental capabilities of a 
single individual (Cyert & March, 1963; March & 
Simon, 1958). One approach to studying the costs of 
organizational structures is the development of 
computer models. In particular, computational 
organization theory (Carley & Prietula, 1994; Prietula et 
al., 1998) studies organizations from the viewpoint that 
they are information processing entities, where multiple 
distributed “agents” have resources, are assigned tasks, 
and act collectively to accomplish those tasks. 
 
Given the social nature of these agent interactions, 
computational organization models are often developed 
using Artificial Intelligence (AI) techniques (Cohen, 
1986; Masuch & LaPotin, 1989). For instance, Lin & 
Carley (1997) use the agent-based DYCORP simulation 
engine to model time pressure and training on 
organizational performance, while a number of 
researchers have provided expert system-like support 
for organizational design by applying contingency 
theory (Baligh et al., 1996), or by defining micro-level 
definitions of work processes (Malone et al., 1999). 
 
This paper will attempt to advance the field by 
proposing a multi-agent testbed for experimenting with 
organizational structures. The system is here called 
OSMAS, which stands for Organizational Structures 
Multi-Agent System The multi-agent system being 
proposed here is designed on the basis that the only 
difference between agents within the same 

organizational structure is the range of actions they can 
perform, while the only difference between structures is 
with whom the agents are in contact and can assign 
tasks to. These differences affect the range of micro-
level behaviors that each agent is capable of performing, 
and consequently, give rise to the macro-level behavior 
that is each type of organizational structure. 
 
To demonstrate the capabilities of this design, the 
results of two experiments using OSMAS will be 
presented. The experiments are based on the 
formulations put forward by Malone (1987) to analyze 
the efficiency and flexibility of four organizational 
structures, namely, the product hierarchy, functional 
hierarchy, centralized market, and decentralized market. 
The aim is to replace the ordinal distinctions made by 
Malone’s mathematical formulation with a ratio 
measurement of the differences produced by OSMAS. 
The next section will outline the analysis put forward by 
Malone (1987) before discussing the logical and 
physical implementation of OSMAS agents. The 
experimental results are then presented before outlining 
areas of further research. 
 
ORGANIZATIONAL PERFORMANCE 
 
Malone (1987) provides an analysis of human 
organizations and markets by defining an organization 
as a series of (human or machine) processors, where 
each processor performs a task that takes a certain 
amount of time to complete. The coordination structure 
used to assign tasks to processors is therefore defined as 
the fundamental component that determines 
organizational structure. A coordination structure is 
defined as: 
 
“… a pattern of decision-making and communication 
among a set of actors who perform tasks in order to 
achieve goals (p1319).” 
 
Goals can also be defined as products. Malone focuses 
on two types of coordination structure, namely, 
hierarchies and markets. Hierarchies are a means of 
coordinating tasks when all the production is carried out 
within the organization. Markets, on the other hand, 
have some aspect of production carried out by suppliers. 
Malone proposes to analyze four examples of 
hierarchies and markets (see Figure 1) in terms of the 
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Figure 1: Organizational Structures as Markets or Hierarchies

relationship between processors and the number of 
messages required to assign a task. 
 
The product hierarchy (PH), also known as the multi-
divisional (Chandler, 1962) or M-form (Burton & Obel, 
1984; Williamson, 1975), has product lines that are 
separated and have their own supply, manufacturing, 
sales and marketing departments. The product manager 
has control of all the different functions. Two messages 
are required to complete a task. One message is required 
to assign a task to a processor, and one to notify the 
production manager that the task is complete. 
 
The functional hierarchy (FH), also known as the 
unitary or U-form (Burton & Obel, 1984; Williamson, 
1975), has processors of the same type grouped together 
under one functional manager. An “executive office” 
assigns the task to a functional manager, who assigns 
the task intelligently to a processor. The functional 
manager must keep track of loads and processing 
capacity of the processors. Four messages are required 
to complete a task. One message is required for the 
production manager to assign the task to a functional 
manager, and one message is required for the functional 
manager to assign the task to a processor, with two 
messages required to notify that the task is complete 
(processor to functional manager, and functional 
manager to production manager). 
 
The decentralized market (DM) has buyers in contact 
with all possible suppliers. It is assumed that suppliers 
are not randomly selected and the buyers have some 
way of selecting the “best” supplier by requesting bids 
from each supplier. Eight messages are required to 
complete a task. Six messages are involved in a “request 
for bids” phase, where a request is sent to each of the 
three processors of the same type, with three “bids” 
being returned. Two further messages are required to 
complete the task, one message from the production 
manager to assign the task to the chosen processor, and 

one message from the processor to notify the production 
manager that the task is complete. 
 
The centralized market (CM) coordinates 
communication between buyers and suppliers using an 
intermediary layer of “brokers,” thus substantially 
reducing the number of connections and messages 
required to complete a task compared to the 
decentralized market. Similar to the communication 
pattern in a functional hierarchy, four messages are 
required to complete a task. One message is required for 
the production manager to assign a task to a functional 
manager, and one message is required for the functional 
manager to assign the task to a processor, with two 
messages required to notify the respective managers that 
the task is complete (processor to functional manager, 
and functional manager to production manager). 
 
Malone analyzes these structures in terms of their 
relative efficiency and flexibility, where efficiency is a 
function of production and coordination costs, while 
flexibility is a function of production and vulnerability 
costs (see Table 1). Production costs are proportional to 
the production capacity of the organization and the 
average delay in processing tasks. This is determined by 
the extent to which tasks processors are shared amongst 
products. Coordination costs are proportional to the 
number of communication links between agents and the 
number of messages required to assign a task. The 
number of links and the number of messages to assign a 
task is a function of the type of structure. Vulnerability 
costs are proportional to the costs incurred due to the 
failure of task processors or messages to complete their 
respective tasks. It is assumed that managers and 
processors will fail with a probability of greater than 
zero. The effect of such failures is determined by 
whether a single product line or all product lines are 
disrupted by the failure of one agent. 
 



Table 1. Tradeoffs among Alternative Coordination Structures 
(cf. Malone, 1987, pp1323) 

 
Evaluation Criteria 

Efficiency Flexibility 
Coordination 
Structure 

Production 
Costs 

Coordination 
Costs 

Vulnerability 
Costs 

Product Hierarchy H L H’ 
Functional Hierarchy L M- H+ 
Centralized Market L M+ H- 
Decentralized Market L H L 

NOTE: L=Low costs (“good”), M=Medium costs, H=High costs (“bad”) 

Comparing Figure 1 and Table 1, it can be seen that 
production and coordination costs are static properties 
associated with the a priori definition of each structure. 
The production costs of the product hierarchy are high 
because each production manager has only one of each 
type of processor, while production managers in the 
other three structures have, directly or indirectly, access 
to three processors of each type. Similarly, the number 
of agents in a structure and the number of messages 
required to assign a task is defined at the outset, and so, 
the coordination cost for the product hierarchy is low, 
while for the decentralized market it is high. Although 
the functional hierarchy and centralized market use 4 
messages per task, the centralized market has more 
agents than the functional hierarchy (15 and 13, 
respectively), and so, the coordination cost of the 
centralized market must be higher than for the 
functional hierarchy. 
 
Vulnerability costs are much more difficult to determine 
at the outset. The product hierarchy, decentralized and 
centralized markets will have one product line disrupted 
if a production manager fails, while the functional 
hierarchy will have all product lines disrupted with the 
failure of the “executive office.” At the production 
manager level, therefore, the functional hierarchy is the 
most vulnerable structure. The functional hierarchy and 
centralized market are the only two structures that are 
vulnerable at the functional manager level, with all 
product lines disrupted with the failure of a functional 
manager. At the processor level, the product hierarchy is 
the most vulnerable, since it is the only structure where 
the failure of a processor results in a product line being 
disrupted. This is related to production cost. 
 
In short, the decentralized market is the least vulnerable 
by not having a functional manager layer and having 
maximal contact between buyers and suppliers, the 
functional hierarchy and centralized markets are highly 
vulnerable, with the single point of failure at the 
production manager level suggesting the functional 
hierarchy is even more vulnerable than the centralized 
market. 
 
It is virtually impossible to tell, however, whether the 
product hierarchy is more or less vulnerable than the 
functional hierarchy or centralized market. On the one 
hand, the product hierarchy is the only structure where a 

product line will be disrupted with the failure of a 
processor. On the other hand, the independence of the 
product lines means the product hierarchy does not have 
the central failure point of an “executive office,” or the 
added failure point introduced by the functional 
manager layer. As Malone (1987: p1325) points out, the 
vulnerability of the product hierarchy will be a function 
of the relative cost of task failure compared to task 
transfer, and the random distribution of failures at the 
time of task assignment. In other words, investigation of 
the vulnerability costs of these structures is a dynamic 
problem and ideally suited to investigation using a 
multi-agent system. 
 
THE OSMAS ARCHITECTURE 
 
The general architecture of OSMAS is that agents 
communicate by placing a message in a central mailbox. 
Only agents whose name appears on the message can 
read the message. There are three types of agent: 
Production manager (PM), functional manager (FM), 
and task processor (PR). The logical and physical 
implementations of the OSMAS agents and the 
messages used to communicate between them are given 
in Figures 2a-d. 
 
The task assignment message (see Figure 2a) has the 
same structure regardless of which agent is sending the 
message. A message is logically MAIL with a DATE 
field, a FROM field that denotes who sent the message, 
a TO field to identify the recipient, a MESSAGE field 
that provides the actual content of the message, and a 
PRODUCT field that denotes the product being referred 
to. For instance, a production manager may send a 
message to a buy processor saying “Buy Product 1,” and 
the task processor would reply with “Bought Product 1” 
if the task had been completed. The physical 
implementation shows such a buy message, with a 
DATE of 1, FROM pm1 TO bp1, with the MESSAGE 
buy and PRODUCT1 being the subject of the message. 
Dates correspond to the round in which the message 
was sent. 
 
The production manager agent (see Figure 2b) is 
logically a PM agent with a NAME, a PRODUCT LIST 
of products for which it is responsible, an AGENT LIST 
of agents it can assign tasks to, and a STATUS switch 
which is either ON for an agent that is active and can 



Logical Physical 
a) Message  
 MAIL( Date, 
  From, 
  To, 
  Message, 
  Product ) 

 MAIL( 1, 
  pm1, 
  pr1, 
  buy, 
  product1 ) 
 

b) Production Manager  
 PM( Name, 
  Product List, 
  Agent List, 
  Status ) 

 PM( pm1, 
  [ product1 ], 
  [ bp1, mp1, sp1 ], 
  on ) 
 

c) Functional Manager  
 FM( Name, 
  Type, 
  Agent List, 
  Status ) 

 FM( fm1, 
  buy, 
  [ bp1, bp2, bp3 ], 
  on ) 
 

d) Task Processor  
 PR( Name, 
  Type, 
  Current Load, 
  Status ) 

 PR( bp1, 
  buy, 
  0, 
  on ) 
 

 
Figure 2. Logical and Physical Design of OSMAS Messages and Agents 

perform tasks, or OFF for an agent that has failed and 
thus will be unable to complete a task. The status switch 
operates the same for each type of agent. The physical 
implementation, in PROLOG, is shown next to the 
logical design. In this case, we have a PM agent called 
pm1 that is responsible for product1, and can assign 
tasks to three other agents called bp1, mp1, and sp1. It 
can also be seen that pm1 is currently active. This agent 
is a production manager from a product hierarchy, since 
it is responsible for only one product and knows three 
processor agents of different types, namely, the buy 
processor bp1, the make processor mp1, and the sell 
processor sp1. 
 
The functional manager agent (see Figure 2c) is 
logically an FM agent with a NAME, a TYPE that 
denotes the type of task processors it is in charge of, an 
AGENT LIST of agents it can assign tasks to, and a 
STATUS switch. Functional managers can handle 
orders for different types of product, and so does not 
need to keep track of product types, unlike the 
production managers. The physical implementation 
shows that this particular functional manager is called 
fm1, it is in charge of buy task processors, and thus 
knows the buy processors bp1, bp2, and bp3, and is 
currently active. Since functional managers in both the 
functional hierarchy and centralized market operate in 
exactly the same fashion, this agent could come from 
either structure. 
The task processor agent (see Figure 2d) is logically a 
PR agent with a NAME, a TYPE that denotes the type 

of task it is able to perform, a CURRENT LOAD 
switch, and a STATUS switch. Processors, as the end 
point of a task, do not need to know the name of other 
processors, and simply reverse the order of the TO and 
FROM fields on a task assignment messages to notify 
the assigning manager that a task has been complete, so 
they also do not need to keep track of the name of the 
manager that assigned the task. The physical 
implementation shows that this particular task processor 
is called bp1, it is a buy processor, it is currently free, 
and is active. Buy processors all have names beginning 
with “b,” and Type=buy, Make processors have names 
beginning with “m” and Type=make, while sell 
processors have names beginning with “s” and 
Type=sell. Managers will check the type and current 
load of a processor before assigning a task, again, 
except for production managers in a decentralized 
market, who know the type, but assign tasks through 
bids. 
 
Each round consists of the following events in order: An 
order arrives at one of the production manager agents. 
This “order” represents a task to be completed and can 
be viewed as a goal or as the manufacture of a product. 
The order is completed once all the underlying agents 
have completed their respective tasks. The production 
manager first attempts to assign the task to a functional 
manager. If no functional managers are known, the 
production manager will then attempt to assign the task 
to a processor of the right type. If the production 
manager knows more than one processor of the same 



type, a “request for bids” will be sent to each processor. 
Processors will reply to this request with a “bid.” The 
production manager selects from one of the bids and 
assigns the task to a processor. 
 
If the task has been assigned to a functional manager, 
this agent will assign the task to the first “free” task 
processor that it finds. A task processor is free if it is not 
currently executing a task. This check implements the 
intelligent task assignment duty required of it by 
Malone’s description in the previous section. Once a 
processor receives a task, it executes the task and 
notifies the assigning manager (functional or 
production) that the task is complete. If the message is 
sent to a functional manager, then the functional 
manager will pass the notification on to the assigning 
production manager. 
 
There are a number of areas where agents know 
something about other agents, and other areas where 
they have no information. These information issues are 
related to the property of bounded rationality normally 
exhibited by agents within an organization. 
 
Each agent knows the name of agents they can assign 
tasks to. Managers in direct contact with processors will 
know what type of processor they are (buy, make, or 
sell) and whether they have the capacity to perform the 
task, except for the decentralized market, where product 
managers will only know the processor type, not the 
capacity. Agents will not know whether other agents 
have or are about to fail. Managers must recognize that 
a task has not been completed and set about reassigning 
the task if alternative processors are available. When a 
production manager fails the order is ignored. When a 
functional manager fails the task is not assigned to a 
processor. When a processor fails the task is not 
completed, although task processors in the centralized 
market will respond to a request for bids if they are free. 
 
THE EXPERIMENTS 
 
OSMAS represents the four organizational structures in 
Figure 1 by adjusting the product list and agent list of 
the PM agents. For instance, to change a decentralized 
market into a centralized market the agent list of the PM 
agents is altered to include the names of the FM agents 
(fm1, fm2, and fm3), rather than the nine task 
processors. With the link now established, the PM 
agents now assign tasks to the FM agents rather than the 
PR agents. Changes to the other structures involve the 
same type of manipulation of the agent list. For the 
functional hierarchy, only one PM agent knows the FM 
agents, and the product list is altered to include the 
name of all three products. The PR agents and 
simulation engine that execute the models remain the 
same. Two experiments are proposed here. 
 
Experiment 1: Implement all four structures, with a 
count of completed tasks based on inter-dependent task 

processors. Each completed product requires a buy, 
make, and sell task to be completed. 
 
Experiment 2: Implement a version of the matrix 
organizational form, with a coordination structure 
similar to a decentralized market with a layer of 
functional managers added, and with inter-dependent 
task processors. 
 
In experiment 1, a task is deemed completed when the 
organizational structure successfully assigns a task to a 
task processor and receives notification that the task is 
complete. Given Malone’s description of the task 
processors as aligned departments, specifically, as 
supply, manufacturing, sales and marketing 
departments, it seems reasonable to suggest that the 
final output (product or goal) is dependent on a series of 
inter-independent tasks. Afterall, an organization does 
not simply complete a task, it completes a series of tasks 
all of which are meant to support the production of a 
final output or product. Therefore, the flexibility of each 
organizational structure is determined by the number of 
products that are successfully completed, with three 
tasks (buy, make, sell) required to complete a product. 
 

 
Figure 3: Representation of the Matrix Form of 

Organization 
 
The second experiment seeks to investigate the 
performance of the most complex organizational 
structure using this base set of agents that is related to 
the matrix form of organizational design (Mintzberg, 
1979). In this case (see Figure 3), there will be 15 
agents, with each production manager in contact with 
every functional manager, and each functional manager 
in contact with every task processor. Since task 
processors are shared, the production cost of this 
structure will be the same as for the functional 
hierarchy, decentralized or centralized markets. 
 
Similar to the functional hierarchy and centralized 
market, it is assumed that functional managers 
intelligently assign a task to a processor rather than 
enter into a bidding phase with processors. Thus, four 
messages are required to complete a task, one from the 
production manager to assign the task to a functional 
manager, one from the functional manager to assign the 
task to a processor, and two messages for the 
notification that the task has been completed (from task 
processor to functional manager, and from functional 
manager to production manager). Coordination costs are 
defined as being slightly higher than for the centralized 
market, with the same number of agents and messages 



involved, but with more connections between functional 
managers and task processors. As a result, the matrix 
form will have a lower vulnerability cost than the 
product hierarchy, functional hierarchy, or centralized 
market, but the extra layer of management at the 
functional manager level suggests the structure could be 
more vulnerable than the decentralized market. 
 
RESULTS 
 
Each structure is run for 100 cycles of 10,000 rounds 
each. This number of rounds ensures differences are due 
to differences in the organizational structures, rather 
than due to random effects. Each round involves the 
random assignment of one and only one product order 
to the appropriate production manager. Tasks are 
completed within one round. Therefore, with a zero 
failure rate, each structure can complete 10,000 tasks in 
each cycle. As the failure rate (FR) increases the 
differences in vulnerability of each structure will be 
made apparent by the decline in the number of 
completed tasks. For all structures, when FR=0 no 
agents fail, and therefore 10,000 tasks will be completed 
with no deviation. When FR=1 no agents are active, and 
therefore 0 tasks will be completed with no deviation. 
The interesting part is what happens between these two 
extremes. 
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Figure 4: Comparison of Average Number of Products 

Completed in Experiment 1 
 
The result of experiment 1, where a count of completed 
tasks is based on inter-dependent task processors, is 
presented in Figure 4. As can be seen, the decentralized 
market is the most successful (i.e., least vulnerable) 
structure, being able to maintain a much higher product 
completion rate than the other three structures. The 
decentralized market can complete more than half the 
assigned orders until close to 40% failure rate. 

 
The effect of the extra functional manager layer can 
clearly be seen by the results for the other three 
structures. Although the functional hierarchy and 
centralized market have lower production costs by 
sharing task processors, the extra failure point at the 
functional manager level increases vulnerability costs to 
the point that any advantage of sharing task processors 
is cancelled out. In fact, the product hierarchy is 

marginally less vulnerable throughout, and is able to 
produce twice as many products when the failure rate 
increases beyond 50%, although the total number of 
products produced is small. Furthermore, while the 
functional hierarchy has a single catastrophic failure 
point with its one and only one production manager, 
because of the distribution of failure throughout the 
structure this problem does not make it any more 
vulnerable than the centralized market. 
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Figure 5: Comparison of Average Number of Products 

Completed in Experiment 2 
 
The result of experiment 2, where the matrix form of 
organizational structure is implemented, is shown in 
Figure 5. The results for the centralized market and 
decentralized market are also shown to show the impact 
of increasing the number of connections (compared to 
the centralized market), and increasing the layers of 
management (compared to the decentralized market). As 
can be seen, the extra flexibility given to the structure 
by allowing each functional manager to be in contact 
with each task processor results in significantly less 
vulnerability when compared to the centralized market, 
but the extra failure point introduced by the functional 
manager layer means the decentralized market is still 
the least vulnerable structure. 
This would seem to suggest that increasing the 
connections between agents can significantly reduce 
vulnerability, but adding a management layer to cope 
with this extra coordination offsets the benefits, with the 
decentralized market remaining significantly less 
vulnerable with fewer agents and fewer connections 
between agents. The decentralized market achieves this 
flexibility, however, through a much higher 
coordination cost. 
 
DISCUSSION 
 
The OSMAS simulation tool has been developed to 
investigate the cost of coordinating an organization 
from the viewpoint of vulnerability costs and the 
flexibility of organizational structure. Combining 
elements of computational organization theory and 
coordination theory, it was possible for OSMAS to 
simulate the expected behavior of four types of 
organizational structure by designing the micro-level 
behavior of agents in terms of who they can assign tasks 



to, and therefore, the range of task-assignment behavior 
they are able the perform. 
 
The results of experiment 1 showed that sharing task 
processors and increasing the links between agents 
significantly increases the flexibility of an 
organizational structure, defined here in terms of 
vulnerability costs, or more specifically, the ability of an 
organization to successfully complete a three task 
product. By extending the analysis to experiment with a 
matrix organizational form, it was also found that 
adding extra layers of management to deal with this 
added coordination cost negates the advantage. In this 
case, the decentralized market was the least vulnerable 
structure, while the product hierarchy performed 
marginally better than the functional hierarchy and 
centralized markets. This is due to the lower production 
costs of the functional hierarchy and centralized markets 
being offset by the failure point introduced by the 
intermediary functional manager layer. 
 
A wide variety of further research topics present 
themselves, including an investigation of alternative 
organizational structures, the nature of the link between 
agents, and the dynamic properties of the agents 
themselves. The coordination structure defined for each 
set of OSMAS agent is essentially static, being defined 
at the outset for the duration of the experiment. 
However, a more realistic model would include 
relationships that become stronger (or weaker) over 
time, producing a network of loosely coupled structures 
(Orton & Weick, 1990; Weick, 1976). 
 
This raises the question of what factors might lead to a 
strengthening in the degree of coupling within an 
organizational structure (Beekun & Glick, 2001). 
Within coordination theory, the impact of technology to 
reduce communication costs has been put forward 
(Malone et al., 1987; Malone & Crowston, 1994). Such 
dynamic organizational modeling further raises the 
question of under what conditions an organization 
would migrate or adapt from one form to another 
(Ethiraj and Levinthal, 2004), and the incentives that 
might be needed to smooth the transition (Raghu et al., 
2005). 
 
Underlying these issues of organizational design there is 
the socio-cognitive effects of the agents themselves. 
OSMAS agents are essentially mechanistic, in that, they 
follow specific rules of how to respond to particular 
messages. A richer picture of organizational behavior 
can be developed by extending the cognitive and 
affective responses of each agent. Such agents can be 
used to apply game theory to the selfish motivations of 
OSMAS agents, or imbue them with altruistic 
tendencies that can sometimes be the core of a 
successful team, or simulate the roots of mistrust that 
can be equally effective in destroying working 
relationships. 
 

Questions can then be raised over exactly how an agent 
chooses to assign a task to another agent. In OSMAS, 
this is represented simply in terms of identifying the 
right type of agent (e.g., a “buy” processor in order to 
assign a buy task, etc.). In reality, OSMAS agents 
would develop more complex models of the agents they 
know, an extension that can be used to investigate the 
effect of limited coordinating activities on optimal 
organizational design (Harris & Raviv, 2002). 
 
CONCLUSION 
 
The complexity and interplay of factors that influence 
the form and function of post-industrial organizations 
demands an array of tools and techniques to help in their 
analysis. The multi-agent system proposed here is by no 
means the only way of looking at current and future 
organizational forms, but it is one that allows for 
experimenting with intelligent, dynamic agents most 
closely resembling the protagonists in real 
organizations. The design of agents in OSMAS is 
deliberately simple. The only assumptions we make is 
that agents perform a particular task, and communicate 
with a finite number of other agents. The idea here is 
that the simulation tool implements only sufficient 
detail to perform the basic task of implementing a 
coordination structure, but has sufficient power to lay 
the foundation for further studies in the future direction 
of organizational form. 
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ABSTRACT 

This work deals with the implementation of a soil 
organic matter model in an individual-based modelling 
framework. The simulator INDISIM-SOM models the 
dynamics of carbon and nitrogen related to soil organic 
matter and the soil microbial activity by using a discrete 
simulation. This simulation model controls the activity 
of group of microbial cells in a space divided into 
square cells where amounts of different types of organic 
compounds are also controlled. Different metabolic 
pathways and sources of C and N the microorganisms 
can use are identified. INDISIM-SOM deals with the 
mineralization and nitrification of C and N and, the 
activity of heterotrophic microorganisms and nitrifier 
bacteria. The calibration of the simulation model has 
made use of data from laboratory incubation 
experiments performed on three different types of 
Mediterranean soils.  

INTRODUCTION 

Individual-based Models (IbM’s) are simulations based 
on the global consequences of local interactions of 
members of a population. These individuals might 
represent plants and animals in ecosystems or cells in 
microbial systems. These models typically represent an 
environment or framework in which the interactions 
happen and a number of individuals are defined in terms 
of their behaviours (procedural rules) and their 
biological parameters. In an individual-based model 
(IbM) the characteristics of each individual are tracked 
through time. This stands in contrast to modelling 
techniques where the characteristics of the population 
are averaged together and the model attempts to 
simulate changes in these averaged characteristics for 

the whole population. Individual-based models are also 
known as entity or agent based models, and as 
individual/entity/agent-based simulations. Some IbMs 
are also spatially explicit, meaning that the individuals 
are associated with a location in a geometrical space. 
IbMs are a subset of agent based models which includes 
any computational system whose design is 
fundamentally composed of a collection of interacting 
parts. Individual-based models are distinguished by the 
fact that each "agent" corresponds to autonomous 
individual in the simulated domain (Crawford et al. 
2005).  

IbMs have become widely used in modelling 
populations dynamics since they were developed in the 
1970s. They are built on the premise that individual 
entities populate the model work; interact with one 
another and then system patterns emerge as a result of 
those interactions. This makes them suitable for 
simulating population dynamics where individual 
organisms interact with one another and the 
environment. They can therefore be used to explore 
systems dynamics from the bottom-up. An individual 
based model was developed and designed by our 
research group to simulate the growth and behaviour of 
bacterial colonies (Ginovart et al. 2002a). The simulator 
was called INDISIM, which stands for INDividual 
DIScrete SIMulations and extensions and modifications 
of INDISIM have been carried out to improve the 
knowledge of diverse microbial systems (Ginovart et al. 
2002b, 2002c, 2006). 

Soil organic matter plays an important role in the 
development and functioning of terrestrial ecosystems. 
Microorganisms are the first colonizers of the soil and 
also the main agents responsible for the dynamics of 
carbon and nitrogen, for some steps of the C and N 
cycling (Chen et al. 2003). Bacteria are the most 
abundant microorganisms in soil, followed by fungi and 
algae. They use organic compounds as a source of C 
and N to synthesize their biomass and as a source of 
energy. They release mineral and organic compounds as 



end products of their metabolism, some of which are 
absorbed by the vegetal community living on the soil. In 
recent years there has been an increase in modelling and 
simulation studies on the transformations of C and N in 
soils (see, e.g., Garnier et al. 2003; Gignoux et al. 2001; 
Neergaard et al. 2002; Smith et al. 1997). The general 
outline of the applied methodology includes two main 
steps, the modelling the behaviour of biotic and abiotic 
elements in a spatial domain (microorganisms and 
substrate particles respectively), and after that, the 
implementation of the overall model in a computer 
code. We follow the behaviour of all biotic and abiotic 
elements acting together. 

INDISIM-SOM (an extension of INDISIM) is an 
individual simulation model that enables us to study 
microbial activity in Soil Organic Matter (SOM), 
dealing with the mineralization and immobilisation of C 
and N, and the integration of the nitrification process in 
this context. INDISIM-SOM is focused on the microbial 
activity, and assumes two different prototypes of 
microorganisms and nine different types of substrates. It 
also takes into account the role of C and N during their 
microbial lives, thus linking the C and N cycles. 
(Ginovart et al. 2001, 2005; Gras 2004; Gras and 
Ginovart 2004). To parameterize the model is necessary 
to get information about soil microbiota and 
biochemical process related to microbial nutrition, 
growth requirements and metabolic pathways followed 
by these microorganisms. After that a quantitative 
implementation of this simulator can be achieved. The 
calibration of the INDISIM-SOM has been shown 
feasible. The simulated evolutions of variables related to 
C and N, together with those related to the microbial 
activity, are in agreement with short-term experimental 
evolutions under specific conditions. The first 
calibration of INDISIM-SOM was performed using 
experimental data from incubations of two different 
Catalonian soils, Calaf soil and Miralles soil (Ginovart 
et al. 2005).  

The aim of this work is to show that after the scaling 
process and calibration, the simulations carried out with 
INDISIM-SOM are in a good agreement with 
experimental data obtained from laboratory incubation 
of another Mediterranean soil called Caldes. It is 
important to state that the same set of input values for 
parameters related to microbial population have been 
used for the simulations, despite the fact the input 
simulation data for parameters related to initial 
composition of these three simulated soils are different 
(Calaf, Miralles and Caldes).  

INDISIM-SOM SIMULATION MODEL  

Figure 1 shows the INDISIM-SOM sketch for 
mineralization and immobilisation of C and N because 
of the microbial activity. We assume in INDISIM-SOM 
two different prototypes of microbial cells, one group of 
heterotrophic microorganisms and another group of 

nitrifier bacteria. Their biomasses are identified as live 
pools, CNMIC-H and CNMIC-N respectively. We also 
consider different types of substrates, organic 
compounds namely: polymerised carbon (CP), 
polymerised nitrogen (CNP), labile carbon (CL), labile 
nitrogen (CNL) and humic compounds (CNH), and the 
others are mineral compounds, NNH4, NNO3, CCO2 and 
O2. We model the evolution and behaviour of each 
prototype, taking into account the motion, uptake, 
metabolism, reproduction, death and lyses of the 
microbial cells. The model also takes in account some 
mass transfer processes, as the hydrolysis reactions of 
complex compounds to labile compounds, the output 
flow of CO2 from the system, the input flow of O2, and 
the diffusion of organic labile and mineral compounds 
in the medium.  
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Figure 1: Sketch of  mineralization and immobilisation 
of C and N and nitrification process due to the microbial 

activity in INDISIM-SOM. 

The polymerized and humic pools have different 
decomposition rate, depending on its biochemical 
composition, and it is also modified according to the 
microbial biomass in the medium. Depending on the 
availability of labile organic matter and mineral 
compounds, the microorganisms choose one or another 
metabolic pathway to obtain energy and to synthesize 
biomass. So the viability of the microorganisms is 
subject to all of these considerations. 

INDISIM-SOM controls a group of microorganisms at 
each time step, using a set of random, time dependent, 
variables for each cell to characterise: prototype 
(heterotroph or nitrifier), position in space, biomass, 
reproduction mass and state in the cellular reproduction 
cycle. A physical lattice, subdivided into spatial cells, is 
considered. Each one of these spatial cells is defined by 
a set of random, time dependent, variables that include 
the concentrations of each kind of substrate particles. 
The complete set of variables enables the simulator to 
study the behaviour of each microorganism according to 



given rules: (i) Motion (random assignment of a new 
position in the space domain); (ii) Uptake of particles of 
the different abiotic elements; (iii) Metabolism of these 
uptaken particles to assign the energy necessary for  
upkeep the cell (cellular maintenance energy), the 
synthesis of new biomass (Fig. 2), and the excretion to 
the medium of end particles; (iv) Reproduction, with 
previous checking of the conditions for the cellular 
duplication; (v) Lyses of the cell if the conditions to die 
are satisfied, with the releasing of microbial biomass to 
the medium. The different and periodically tasks for 
each spatial cell of the medium are: (i) Mass-transfer 
reactions from complex (CP, CNP and CNH) to labile 
compounds (CL, CNL); (ii) Remove the CCO2 particles to 
mimic such an outflow; (iii) Input flow of O2; (iv) 
Diffusion of labile and mineral compounds particles 
(CL, CNL, NNH4, NNO3, CO2 and O2), assuming that 
diffusion takes place according to Fick’s relation, in two 
dimensions and discretized form. The polymerized 
compounds (CP, CNP, and CNH) remain in a fix position.  
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Figure 2. Sketch of metabolism for both groups of 
microorganisms to achieve cellular maintenance, 

increase of biomass and lyses depending on substrate 
uptake. 

As a result of the preceding tasks on both the 
microorganisms and the particles of the abiotic 
elements, the system changes into a new configuration. 

The generic aspects of INDISIM are discussed in 
Ginovart et al. (2002a) to which readers are referred, 
and the more specific aspects of INDISIM-SOM that 
provide short-term dynamics of C and N, resulting from 
the following processes in soil like decomposition, 
mineralization, immobilisation and nitrification can be 
found in Ginovart et al. (2005). 

DATA ACQUISITION 

We have made use of data collected by Vidal (1995) 
from incubation experiments conducted under 
laboratory conditions. Three soils of Catalonia (Spain) 
with different organic matter content and sandy loam 
texture, Calaf, Miralles and Caldes, were incubated in 

darkness for 90 days at a constant temperature of 30ºC 
and a moisture content to 80% water-holding capacity. 
Table 1 presents the specific properties of these soils. 
The analyses were performed on three replicates. For 
total soil N, the N-Kjeldahl method was used. In order 
to determine the easily hydrolysable N (Nh) the samples 
were distilled in an alkaline medium and the distillate 
fraction was collected in an acid solution (Vapodest 
12/Gerhardt). To determine the CO2, soil samples were 
incubated in a closed receptacle and the CO2 respired 
was trapped by the NaOH, and the free NaOH was 
determined by back titration with HCl (Vidal 1995).  

Table 1. Composition and characteristics of the three 
sampled Mediterranean soils. 

 Unit Calaf 
soil 

Miralles
soil 

Caldes
soil 

pH  7.2 7.3 7.2 
Organic C g g-1 0.02175 0.0116 0.0091

C/N  9.9 10.6 9.1 
Total N g g-1 0.0022 0.00116 0.001 
N-NH4

+ mg g-1 0.020 0.010 0.016 
N-NO3

- mg g-1 0.033 0.023 0.017 

Organic N mg g-1 2.18 1.15 0.98 
Hydrolysable N mg g-1 0.150 0.086 0.054 

Clay % 13 16 9 

RESULTS AND DISCUSSION 

The sets of values given in tables 2, 3 and 4 determine 
the composition and characteristics of the three 
simulated soil systems corresponding to Calaf, Miralles 
and Caldes soils, the temporal evolutions of which will 
be compared with the three sets of experimental 
incubation data. Table 2 shows the input data for 
microbial parameters of the population model used in 
the three simulations. Some of them have been obtained 
from literature and assumed, or inferred, o fitted by trial 
and error, to achieve an overall and good visual fit of 
measured and simulated data used. The substrate 
availability, the maintenance energy and death 
probability are obtained by calibration based on short-
term incubation experiments. A more specific 
discussion of these parameters can be found in a 
previous paper (Ginovart et al. 2005). The scaling of the 
simulator INDISIM-SOM to carry out these simulations 
has been made, and the input and output data for 
microorganisms are close to values typically observed 
for bacterial populations in natural environments or in 
laboratory conditions (Gras 2004; Gras and Ginovart 
2004; Ginovart et al. 2005). The common 
parameterisation chosen for the microbial population 
has succeeded in making a good agreement between the 
three simulations and their experimental data sets. Table 
3 shows the size of each model pool used in these 



simulations, which depends on the partitioning 
coefficients that allow assigning the C and N to each 
organic pool and microbial biomass. The initial 
simulated microbial biomass C for Calaf, Miralles and 
Caldes soils are 0.015, 0.018 and 0.025 g CMIC g-1CSOIL 
respectively. The partitioning coefficients as well as the 
ratio of microbial C to soil C are characteristics of each 
soil, and they are one of the main factors to fit the 
simulations to experimental data during the first stage of 
the evolution. The values of the decaying rates of the 
SOM-pools and flows gases rates are shown in Table 4.  

Table 2. Input data for the microbial parameters of the 
population model used in the simulations. 

 
Parameter 
description 

Unit 
 

Heterotrophic 
microorganis

Nitrifier 
bacteria 

Reproduction 
mass pmol 2400 21.5 

Minimum mass pmol 1920 16.8 
Reproduction 

time h-1 1 1 

Microbial 
biomass C/N 

ratio 

mol C  
mol-1N 

7 
 

5 
 

Maintenance 
energy gC g-1CMICh-1 0.004 0.008 

Yield to the 
synthesis of 

biomass 

g CMIC g C 
 

0,6  

Death 
probability h-1 0.005 0.01 

Humification 
rate of 

microbial 
biomass 

 0.5 
 

0.2 
 

The calibration of the simulator has been achieved by 
assigning values to all simulation parameters, mainly 
data for each microbial prototype and degradation rates 
for each organic pool. It is valid only under the 
conditions of the experiment and for mineral soil 
samples which has been dried sieved and rewetted. Such 
a mapping is not a trivial undertaking. Microbial 
parameter values used for the simulations presented in 
this paper were chosen to achieve an overall good fit. 
The simulation makes possible to study the time 
evolution of a large number of variables related to the 
soil-system. Microscopic and macroscopic variables 
may be analysed and discussed using the simulation 
output data. However, we only present here some results 
of our simulations in order to compare them with the 
three experimental evolutions of Calaf, Miralles and 
Caldes soils and discuss related issues. 

The experimental data replicates are shown jointly with 
the simulation results. To study the evolution of the soil 
system has been defined the initial configuration for the 
simulated system: levels of heterotrophic and nitrifier 

populations with their microbiological properties, as 
well as a homogeneous distribution of the different 
substrates in the medium. We have carried out 
simulations in order to evaluate the response of the 
system, by controlling the behaviour of the different 
elements of the soil involved in the mineralization of the 
C and N, and nitrification. 

Table 3. Input data for the parameters related to initial 
composition of simulated soils. Units: x106 pmols g-1. 

Simulated pools Calaf soil Miralles soil Caldes soil

CP 50.25 26.90 9.16 
CL  3.49  3.67  4.93 

CNP 0 0 0 
CNL 7.41 4.19 2.79 
CNH 144.05 75.33 64.65 
NNH4 0.36 0.18 0.29 
NNO3 2.36 1.64 1.21 

Table 4. Input simulation data for the parameters of 
mass-transfer reactions and output/input of gasses (h-1). 

Parameter description Values 
Kinetic parameters of hydrolysis process 

CP to CL 
CNP to CNL 
CNH to CNL 
CNH to CL 

 
0.000025 
0.000250 
0.000018 
0.000027 

Output rate of CO2 1
Input rate of O2 0.01

Figure 3 shows the cumulative CO2 curves produced by 
the three soils which represent the microbial activity, 
and they are the consequence of the respiratory 
metabolism of heterotrophic microorganisms. Figure 4 
shows the cumulative mineral N in the system. Carbon 
mineralization and nitrogen mineralization evolution in 
all studied soils show two different stages. The first one 
goes from the starting incubation until approximately 
20th day when a flush mineralization takes place. The 
flush in the N mineralization is little delayed in relation 
to CO2 production. At this period when labile organic C 
is available and most ammonium is reincorporated into 
the microbial biomass, the net N mineralization was 
very low. It seems that the labile organic matter that 
decomposed after wetting the dried sieved soil had a 
wide C/N ratio that did not released any surplus of N to 
the inorganic pool (Hadas et al. 1992). Then, it is right 
to think that the main energetic source to the microbial 
population is the CL and that the CNL is incorporated 
into the microbial biomass.  
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Figure 3: Cumulative CO2 produced: experimental data 
(points) and simulation results (lines) for the three soils 

fitted. 
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Figure 4: Net N mineralization in the three soils. 

Experimental data (points) and simulation results (lines) 
for the three soils fitted. 
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Figure 5: Cumulative Nitrate produced: experimental data (points) and simulations results (lines).  



Figure 5 shows the cumulative production of nitrate. It 
is possible to check a little delay in the nitrate 
production, the net production of NO3

- starts after the 
5th day. The explanation of this phenomenon is that 
during these first days exists a high competence 
between both microbial population for NH4

+ and 
oxygen (Bremmer and Mc Carty 1993, Nanippieri et al. 
1990). When there are labile C compounds, the NH4

+ is 
immobilized into microbial biomass, but if the 
microbial heterotrophic growth is limited then the 
nitrification succeed (Schmidt 1982, Pansu 1998).  
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ABSTRACT 

The paper describes the agent-based approach and 
software environment (based on OMNeT++ INET 
Framework) developed for simulation of distributed 
defense mechanisms which can be deployed in the 
Internet for counteraction to computer network attacks. 
According to the approach suggested, the cybernetic 
counteraction of “bad guys” and security systems is 
represented by the interaction of different agent teams. 
The main components of the software environment are 
outlined. One of the experiments on protection against 
attacks “Distributed Denial of Service” is described.  
 
1. INTRODUCTION 

The problems of information security modeling and 
simulation are actively discussed in the long period of 
time. There was developed the number of different 
models of particular defense mechanisms and they were 
simulated successfully. But, as before we lack for 
advanced models and simulation environments that let 
formalize the complex antagonistic nature of 
information security as complicated technical-
organizational process.  
 
This paper proposes an agent-based approach and 
software environment for simulation of counteraction 
between malefactors and defense systems in the Internet 
represented as an antagonistic interaction of different 
teams of software agents. Agent-based modeling and 
simulation of network security in the Internet assumes 
that agent competition is represented as a large set of 
semi-autonomous interacting agents (Kotenko 2005). 
The aggregate system behavior emerges from evolving 
local interactions of agents in a dynamically changing 
environment specified by computer network model. Our 
approach is based on agent teamwork frameworks 
(Cohen and Levesque 1991; Fan and Yen 2004; Grosz 
and Kraus 1996; Kotenko and Stankevich 2002; Tambe 
1997; Tambe and Pynadath 2001; Yen et al. 2001; 
etc.). We investigate our approach on an example of 
simulating defense methods against one of the most 
harmful classes of computer network attacks – 

“Distributed Denial of Service” (DDoS) (Mirkovic et al. 
2004).  
 
The idea of DDoS attack consists in reaching the global 
goal – the denial of service of some resource (for 
example Web-server) – due to joint efforts of many 
hosts (zombies) that are acting on attack side sending a 
huge number of network inquiries to the victim host 
(network). The main task of defense systems against 
DDoS is to accurately detect these attacks and quickly 
respond to them (Xiang and Zhou 2004). Traditional 
defense include detection and reaction mechanisms 
(Xiang et al. 2004). Adequate victim protection can 
only be achieved by cooperation of different distributed 
components (Mirkovic et al. 2005). So, the DDoS 
problem requires a distributed cooperative solution 
(Mirkovic et al. 2004; Mirkovic et al. 2005). There are a 
lot of architectures for distributed cooperative defense 
mechanisms (Chen and Song 2005; Papadopoulos 
2003; Keromytis et al. 2003; Xuan al. 2002; Xiang and 
Zhou 2004; Mirkovic et al. 2004; etc.).  
 
Our goal is to try to simulate different DDoS defense 
methods and develop the investigation environment 
which can help elaborate well-grounded 
recommendations on the choice of efficient defense 
mechanisms. In (Kotenko 2005) we described the 
ontology of DDoS attacks and defense mechanisms, 
presented specifications of structure of DDoS and 
defense agents’ team, described the formal model of 
computer network and determined software prototypes 
on Visual C++ 6.0 and Java 2 and experiments with 
them. In this paper, based on the main ideas considered 
in (Kotenko 2005), we define more exactly the used 
agent-based approach, consider a new powerful 
simulation environment developed on OMNeT++ INET 
Framework and demonstrate the possibilities of this 
environment on an example of one of many experiments 
on protection against attacks “Distributed Denial of 
Service”. The rest of the paper is structured as follows. 
Section 2 outlines suggested agent-based approach for 
modeling and simulation. Section 3 describes the 
software environment developed for simulation. Section 
4 presents one of simulation scenarios fulfilled. 
Conclusion outlines the main results of the paper and 
future work directions.  
 



 

2. AGENT-BASED APPROACH FOR 
SIMULATION OF DISTRIBUTED DEFENSE  

The problem of multi-agent modeling and simulation of 
cybernetic opposition processes is represented as the 
task of antagonistic interaction of the agents-
malefactors’ team and the defense team (Kotenko 
2005). The agents of different teams compete to reach 
the opposite intentions. The agents of one team 
cooperate to realize the overall intention (implementing 
the threat or defense of computer network).  
 
It is offered that each team of agents is organized by the 
group (team) plan of the agents’ actions. As result, a 
team has a mechanism of decision-making about who 
will execute particular operations. The agents’ team 
structure is described in terms of a hierarchy of group 
and individual roles. Leaves of the hierarchy correspond 
to the roles of individual agents, but intermediate nodes 
– to group roles. One agent can execute a set of roles. 
Agents can exchange roles during the plan execution. 
The communications between agents are caused by joint 
intentions and rules that every agent has. Pro-active and 
reactive communications take place in the team. As the 
agents’ teams operate in antagonistic environment, 
agents can fail. The lost functionalities are restored by 
redistributing the roles of failed agents between other 
agents and (or) cloning new agents. The team members 
have the shared mental model. The agents can make the 
“cutoff” of the team mental state due to forming the 
joint intentions on the different levels of abstraction. 
The hierarchy of intentions is jointly established by the 
team members to make the team reach its goal in 
coordinated way. This is the consequence of agents’ 
joint responsibilities.  
 
Let us represent the DDoS attack system as an agent 
team. The agents aim the shared goal – the realization of 
attack “denial of service” for some host or network. 
Analyzing the present DDoS methods it is possible to 
determine at least two types of attack components: 
“Daemon” executes the attack directly; “Master” 
coordinates the actions of other components. Daemons 
act on lower level. After receiving the messages from 
masters, they start or finish sending the attack packets 
or change the attack intensity. On the preliminary stage 
the master and daemons are deployed on available 
(compromised) hosts in the Internet. The important 
parameters on this stage are agents’ amount and their 
state of distribution. Then the attack team is established: 
daemons send to master the messages saying they are 
alive and ready to work. Master stores the information 
about team members and their state. The malefactor sets 
the common goal of team – to perform DDoS attack. 
Master receives attack parameters. Its goal is to 
distribute these parameters among all available 
daemons. Then daemons act. Their local goal is to 
execute the master command. To fulfill attack they send 
the attack packets to the given host. Master asks 
daemons periodically to find out that they are alive and 

ready to work. Receiving the messages from daemons 
the master manages the given rate of attack. If there is 
no any message from one of the daemons the master 
makes the decision to change the attack parameters. For 
example, it can send to some or all daemons the 
commands to change the attack rate. Daemons can 
execute the attack in various modes. This feature affects 
on the potentialities of defense team. Daemons can send 
the attack packets with the various rate, spoof source IP 
address and do it with various rates.  
 
The general approach to the DDoS defense is the 
following. The information about normal traffic is 
collected from different network sensors. Then the 
analyzer-component compares in real-time the current 
traffic with the normal traffic. The system tries to trace 
back the source of anomalies (due to “traceback” 
mechanisms) and generates the recommendations how 
to cut off them or how to lower the quantity of these 
anomalies. Depending on security administrator’s 
choice, the system applies some countermeasure. In 
compliance with the general approach we set the 
following defense agent classes: “Sensor” – agent of 
initial information processing; “Sampler” – the network 
data collector that forms the traffic model; “Detector” – 
attack detection agent; “Filter” – agent of attack traffic 
filtering; “Investigator” – agent of attack investigation.  
In the initial moment of time the defense agents are 
deployed on hosts corresponding to their roles: sensor is 
deployed on the way of traffic to defended host; 
sampler – on any host in defended subnet; detector – on 
any host in defended subnet; filter – on the entrance to 
defended subnet; investigator – on any host beyond the 
subnet. The joint goal of defense team is to protect 
against DDoS attack. Detector watches on its 
accomplishing. Sensor processes information about 
network packets and collects statistic data on traffic for 
defended host.  
 
Samplers are deployed in the defended subnet to collect 
the data on its normal functioning and to detect 
anomalies. The examples of implemented detection 
mechanisms are “Hop Count Filtering” (HCF) (Jin et al. 
2003) and “Source IP address monitoring” (SIPM) 
(Peng et al. 2003). The local sub-goals of sampler 
implementing these methods can be as follows: sending 
to detector the message of its workability; network 
packets processing; building the table of IP addresses 
for HCF and the table of hops for SIPM; anomaly 
detection; forming and sending the messages to filter 
the traffic from suspicious IP addresses. Sampler builds 
the traffic model in the learning mode. The traffic 
model is based on two tables mentioned. The first 
consists of “approved” IP addresses, the second – of 
“approved” set of distances to other subnets. It is built 
based on the following relations: <the first 24 bits of 
address – the amount of hops>. When sampler is in the 
normal mode it analyses each incoming packet, takes 
the IP address and calculates the hops amount. It looks 



 

in the corresponding tables the coincidences. If one of 
results is negative, then sensor sends to filter the 
command to filter the packets coming from this IP 
address. Each of mechanisms has the counter of 
detected “malicious” addresses to compare their 
effectiveness.  
 
Detector’s local goal is to make the decision if the 
attack happens. In developed prototype the following 
method is realized. If detector decides that there is a 
DDoS attack on the basis of data from sensors and 
samplers. It sends its decision and N addresses of attack 
hosts to filter and to investigator.  Filter’s local goal is 
to filter the traffic on the basis of data from detector. If 
it was determined that the network is under attack, then 
filter begins to filter the packets from the given hosts.  
The goal of investigator is to identify and defeat the 
attack agents. When investigator receives the message 
from detector, it examines the given addresses on the 
presence of attack agents and tries to defeat them. 
 
3. SIMULATION ENVIRONMENT  

To choose the simulation tool the comprehensive 
analysis of the following systems was made: NS2 
(NS2), OMNeT++ INET Framework (OMNeT++), SSF 
Net (SSF Net), J-Sim (J-Sim) and some others. We 
discovered that the OMNET++ INET Framework 
satisfies to these requirements best of all. OMNET++ is 
the discrete event simulator (OMNeT++). The change 
of state happens in the discrete moments of time. The 
simulation is being held by the future event list sorted 
by time. The event may be the beginning of packet 
transmission, time-out, etc. The events occur inside the 
simple modules. Such modules have the functions of 
initialization, message processing, action (alternatively), 
end of work. The exchange of messages between 
modules happens due to channels (modules are 
connected with them by the gates) or directly by gates. 
A gate can be incoming or outgoing to receive or to 
send messages accordingly.  
 
Agents are deployed on the hosts in the simulation 
environment. They are installed by connecting to the 
modules serving transport and network layers of 
protocol stack simulated in OMNeT++ INET 
Framework. The generalized representation of agent 
“sampler” structure is depicted in Figure 1. Sampler 
contains the transport layer (depicted as a message), 
needed to communicate with other agents, network 
layer (depicted as a blue cube) to collect traffic data and 
agent kernel (depicted as a blue shape of human figure). 
The latter contains the communication language, the 
knowledge base and the message handlers from the 
neighbor modules. The representation of sampler 
deployment into the simulation environment is depicted 
in Figure 2. One can see that agent is plugged into the 
host through the “tcp” module. Agent is also connected 
with the “sniffer” module that is used to analyze the 
network packets.  

 

 
 

 
 
At the basic window of visualization (Figure 3, at upper 
right), a simulated computer network is displayed. The 
network represents a set of the hosts and channels. 
Hosts can fulfill different functionality depending on 
their parameters or a set of internal modules. Internal 
modules are responsible for functioning of protocols 
and applications at various levels of OSI model. Hosts 
are connected by channels which parameters can be 
changed. Applications (including agents) are 
established on hosts. Applications are connected to 
corresponding modules of protocols. The window for 
simulation management (Figure 3, on the right in the 

Figure 1. Generalized representation  
of agent “sampler” structure”  

Figure 2. Representation of agent “sampler” 
deployment  



 

middle) allows looking through and changing 
simulation parameters. It is important that it is possible 
to see the events which are valuable for understanding 
attack and defense mechanisms on time scale. 
Corresponding status windows (Figure 3, at upper left) 
show the current status of agents’ teams. It is possible to 
open different windows which characterize functioning 
(the statistical data) of particular hosts, protocols and 
agents.  
 
Since all simulated processes take place in the Internet, 
the network model should be in the heart of simulation 
environment. One of the examples of computer 
networks for simulation is represented in Figure 4. We 
used different configurations of computer networks. 
Each network is represented as a set of hosts connected 
by the channels. Hosts can fulfill different functionality 
depending on their parameters or a set of internal 
modules. The routers are labeled with the sign “ ”.The 
hosts are connected with the channels. Their parameters 
can be changed. They are as follows: Delay – delay of 
packets propagation; Datarate – the speed of packets 
transmission. The hosts where attack agents are 
deployed are red; the hosts with defense agents are 

green. Above the colored hosts there are the strings that 
indicate the corresponding state of deployed agents. The 
other hosts are the standard hosts that generate the 
generic network traffic. Each network host can consist 
of the following modules: ppp is responsible for the 
data link layer (the router can have several ppp 
according to the number of interfaces); networkLayer is 
for the network layer; pingApp is responsible for 
applications using ICMP; tcp serves for TCP; udp is 
serving for UDP; tcpApp[0] is the TCP application 
(there can be a number of them); notificationBoard is 
used for logging the events on host; interfaceTable 
contains the table of network interfaces; routingTable 
contains the routing table; filterTable contains the 
filtering table. The applications (including the agents) 
are installed on the hosts by connecting to appropriate 
protocol modules. Each network for simulation consists 
of three sub-networks: (1) The subnet of defense where 
the defense team is deployed; (2) The intermediate 
subnet where the standard hosts are deployed. Hosts 
produce generic traffic including the traffic to defended 
host; (3) The subnet of attack where the attack team is 
deployed.  
 

Figure 3. Examples of windows used during simulation process  



 

4. SIMULATION EXAMPLE  

We are in the process of implementing simulation 
experiments for different cooperative active and passive 
defense mechanisms against DDoS attacks, including 
”hop-by-hop” IP traceback, backscatter traceback, 
overlay networks for ip-traceback, large scale IP 
traceback, server roaming, congestion puzzles, change-
point detection, selective pushback, aggregate based 
congestion control and pushback, etc.  
 
Let us examine one of simple simulation scenarios to 
demonstrate possibilities of the software environment. 
The routers in this network are connected by fiberglass 
channels with bandwidth 512 Mbit. The other hosts are 
connected by 10 Mbit Ethernet channels.  
 
Some time after the start of simulation, clients begin to 
send the requests to server and it replies. That is the way 
generic (normal) network traffic is generated. The 
formation of defense team begins some time after the 
start of simulation. The defense agents (investigator, 
sensor and filter) connect to detector. They send to 
detector the messages saying that they are alive and 
ready to work. Detector stores this information to its 
knowledge base. The formation of attack team occurs in 
the same way. The defense team actions begin after the 
team formation. Sensor starts to collect the traffic 

statistics (the amount of transmitted bytes) for every IP-
address. Detector gets statistics and detects if there is an 
attack. Then it connects to filter and investigator and 
sends them the IP-addresses of suspicious hosts. 
 
When attack actions begin, master requests every 
daemon if it is alive and ready to work. When all 
daemons were examined, it occurs that they all are 
workable. Master calculates the rate of attack for every 
daemon. Then master sends the corresponding attack 
command to every daemon. Daemons start the attack by 
sending, e.g., the UDP packets to the victim server with 
the given rate. Sensors and samplers send to detector the 
list of IP addresses and the amount of bits transmitted 
for the given time interval. Detector determines which 
hosts (IP addresses) transmit the traffic that exceeds the 
maximum allowable size. Detector sends these 
addresses to filter to apply filtering rules and to 
investigator to trace and defeat the attack agents. After 
applying the filtering rules by filter the traffic to the 
server was lowered. And agent-investigator tries to 
defeat attack agents. It succeeds to defeat two of them. 
The remaining daemon continues the attack. Master 
redistributed the attack load for it. But the attack 
packets do not reach the goal and are filtered at the 
entrance of the defended network. 
 

Figure 4. Example of a computer network for simulation  



 

5. CONCLUSION  

The main results of the work we described in the paper 
consist in developing basic ideas on agent-based 
simulation of distributed defense mechanisms (on an 
example of protecting against attacks DDoS) and 
implementing corresponding software environment. 
According to suggested approach, the cybernetic 
opposition of malefactors and security systems is 
represented by the interaction of different teams of 
software agents – malefactors’ team and defense team. 
The environment developed is written in C++ and 
OMNeT++ INET Framework. It allows imitating a wide 
spectrum of real life DDoS attacks and defense 
mechanisms. Different experiments with this 
environment have been fulfilled. These experiments 
include the investigation of attack scenarios and 
protection mechanisms for the networks with different 
structures and security policies. One of the scenarios 
was demonstrated in the paper. Future work is 
connected with building more realistic environment, 
and conducting experiments to both evaluate network 
security and analyze the efficiency and effectiveness of 
security policy against different attacks.  
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Abstract—The current trends and recent changes in logis-
tics lead to new, complex and partially conflicting require-
ments on logistic planning and control systems. Currently
available strategies and methodologies do not address these
new requirements sufficiently. The concept of autonomous
logistic processes intends to overcome these drawbacks to-
gether with latest information and communication technolo-
gies. Their analysis and design is subject to simulation stud-
ies. Two simulation systems for the analysis of autonomy in
logistics with an agent-based and a discrete event approach
are presented. Both systems are designed and suitable for
different aspects of autonomous logistic processes.

I. Introduction

Logistics planning and monitoring poses a technically
challenging problem. The various types of planning ac-
tivities include packing, scheduling, and route planning
with several constraints. The problem is highly distributed,
yet interconnected (as the organisations are autonomous).
Dynamic situations enter the system, e.g., in the form of
changed logistics requests. The simplest plans involve in-
teraction between the components that are distributed in
the logistic networks.

Discrete event simulation (DES) has been widely used
for the simulation of communication networks and trans-
port networks. Wenning et al. (2005) showed simulation
results of adaptive reactive routing protocols in transport
networks, while in (Becker et al., 2005) the combined simu-
lation of communication and transportation networks was
shown with respect to programming features of object-
oriented languages like templates, access control, and de-
sign patterns.

Agents represent a state-of-the-art approach for imple-
menting autonomous systems. A multiagent system is a
loose aggregation or society of agents each with clearly de-
fined roles, responsibilities and functionality. The small-
est controlling entity in this approach, an agent, is com-
monly described as anything that is able to ’perceive its
environment through sensors and act upon that environ-

ment through actuators’ (Russell and Norvig, 2003, p. 32).
The system architecture considered, a multiagent system
(MAS), is one that consists of a number of agents, which
interact with one another. Hereby a perceivable common
behaviour emerges.

A recent development in multiagent systems research is
their application in transportation and production logistics
(Klügl et al., 2005; Dorer and Calisti, 2005; Denkena et al.,
2003). In the TeleTruck approach Bürckert et al. (2000) de-
scribe a fleet scheduling system based on their concept of
a holonic MAS. Hofmann et al. (1999) concentrate on the
information exchange for tracking logistic entities. They
developed a decentralised agent-based search-on-demand
information infrastructure as a more flexible replacement
of EDIFACT-based pushing of information. The focus of
Moyaux et al. (2003) is on the supply chain and the well-
known bullwhip effect. They propose a MAS-based coor-
dination technique to reduce the fluctuations of orders.

The remainder of this paper is structured as follows: Sec-
tion II gives an overview of research on autonomous logistic
processes. In Section III two simulation systems for au-
tonomy in logistics with different purposes, one using an
agent-based and the other a discrete event approach, are
presented. Both systems are compared in Section IV. The
paper concludes with a summary and plans for further re-
search (Sec. V).

II. Autonomous Logistic Processes

The dynamic nature of modern transport networks in-
creases the complexity of decision-making in today’s logis-
tics. An exact or even heuristics-based solution for global
optimisation becomes impossible. Since the distribution of
planning and decision-making to autonomous components
is a widely accepted promising solution to handle complex
problems (Jennings, 2001), we consider it an appropriate
set-up for logistic systems.

We assume that both plans and reactions to changing
conditions will not be calculated on some central unit in
the network, but decentralised in those units which are



primarily affected (e.g., transportation hubs, vehicles or
even packages). This decentralised approach implies that
the unit which decides about its next steps might only have
limited knowledge about its environment.

A logistics system based on the above principles allows
the transfer of more decision competence from the logistics
service provider to autonomous representatives of the lo-
gistics system user (which, in a far reaching scenario, may
be a single package agent). Furthermore, it creates a new
approach to routing and mode-choice problems. Consider-
ing packages as autonomous, we may focus on transferring
models and routing algorithms from the network layer of
communication networks to logistics. The investigation of
algorithms is supposed to include different approaches from
artificial intelligence, operations research, and communica-
tion networks.

In logistics research an ongoing paradigm shift from
centralised control of non-intelligent items in hierarchical
structures towards decentralised control of intelligent items
in heterarchical structures specially in logistic processes can
be observed. Those intelligent items can be all sorts of lo-
gistic objects from raw materials, components or products
to transit equipment (e.g., pallets, packages) or transporta-
tion systems (e.g., conveyors, trucks) (Scholz-Reiter et al.,
2004).

III. Simulation of Autonomous Logistic
Processes

As one of the primary goals of the common work is the
development of concepts for autonomous logistic processes,
there has to be a way to check these concepts for feasibil-
ity and performance. This can be achieved by modelling
the processes in a proper way and creating and running
simulations with logistic scenarios that represent a logis-
tic world with integrated concepts for autonomous com-
ponents. From the simulation results, conclusions can be
drawn concerning the feasibility of the concepts, and com-
parisons can be made between different new approaches
and current logistic processes.

One of the approaches to be investigated for autonomous
logistic processes is the idea to transfer and adapt routing
methods from communication networks to routing of au-
tonomous logistic components. Following this approach,
it is not far-fetched to also use the simulation methods
utilised when doing research on communication networks.
In the communication networks community, a widely used
method to qualitatively and quantitatively investigate pro-
tocols is the discrete event simulation (DES). There are a
couple of simulation tools and libraries available for this.
The CNCL (Görg et al., 1993), a DES class library, has
been used as a basis to create a simulation environment for
autonomous logistic processes.

Moreover, the cooperation of autonomous logistic objects
implies that these objects have to communicate. Different
concepts of cooperation also differ in where or when com-
munication is required and what data volume has to be
transmitted. Therefore, it is necessary to investigate the
communication requirements of an approach in order to
validate its relevance for practical use. Due to this rea-

son, the DES is not only able to model the logistic compo-
nents, but also their communication. This makes the DES
environment capable of showing both the influence of the
cooperation concepts to the communication and vice versa.

Agent technology is a promising field to fit in the dis-
tributed nature of the logistic network paradigm, due to
the widely distributed heterogeneous open nature of agent
platforms. It has the potential to play a key role in building
and supporting virtual enterprises, enriching higher level of
communication and enabling more intelligent service pro-
visioning. At the same time multiagent-based simulation
has become an important approach in various domains. It
is obvious to evaluate and compare the different agents’
behaviours and performance in an agent-based simulation
before they are deployed in real-world logistics.

A. Agent-based Simulation

As a generic platform for simulating and evaluating logis-
tic scenarios with logistic entities as autonomous actors an
agent-based simulation system has been developed. This
system allows for a flexible mapping of logistic entities to
software agents and provides logging, evaluation, introspec-
tion, visualisation, and interaction features. In general, the
simulation platform is designed to support arbitrary logis-
tic scenarios from logistics in transportation and produc-
tion, including multi-modal transports and scenarios that
cover the complete supply chain. However, the current
simulation scenarios are focused on transportation logis-
tics and road traffic, i.e., agents are chiefly representatives
of trucks or their load.

A.1 Architecture and Control

The platform is designed upon the FIPA-compliant Java
agent development framework JADE (Bellifemine et al.,
2003). It supports the distribution of the simulated lo-
gistic entities to multiple computers. The top-level simu-
lation control instance is an agent called SimulationMan-
ager. It is responsible for the handling of simulation state
transitions (e.g., starting, pausing, stopping), the set-up of
the scenario and its agents including distribution to multi-
ple computers, and agent synchronisation. For each com-
puter configured to participate in the simulation (cf. III-
A.2) the SimulationManager starts a sub-controller agent,
called ContainerManager, on the respective machine. This
sub-controller is the primary contact point when send-
ing (broadcast) control messages and “world events” (i.e.,
events occurring in the modelled world) to the agents in
the simulated scenario. The sub-controller forwards these
messages to the agents on its computer thereby avoiding
cross-platform communication traffic.

The agent-based simulation is synchronised by sending
events for discrete steps. These steps have a fixed but con-
figurable length in model time. The simulation run-time
for one step varies depending on the calculations needed
for an agents’ actions during one step.

A.2 Configuration

The configuration of an agent-based logistics simulation
on the platform incorporates different aspects:



1. the initial state of the logistics scenario,
2. the mapping of logistic entities to software agent classes,
3. the computers that host the distributed simulation,
4. the visualisation of different maps and logistic entities,
5. the human users’ control permissions,
6. the logging properties, and
7. other control attributes.

The initial state includes the participating and au-
tonomous logistic entities (e.g., suppliers, customers, and
means of transport) and their respective types, properties,
and capabilities. Another important part of the scenario
specification is the transport network which consists of a
directed graph with typed and annotated nodes and edges.
The scenario is specified in a formal, machine-processable
way using an ontology in the W3C standard web ontol-
ogy language OWL (McGuinness and van Harmelen, 2004)
in its OWL DL sub-language. In order to specify a sce-
nario one uses existing domain description ontologies (T-
Box in description logic terminology) and states instances
of classes in these domain descriptions with their respective
properties in a new scenario ontology (A-Box) that imports
all necessary domain ontologies.

Background knowledge on the logistics domain is de-
scribed in five ontologies. The first is the general ontol-
ogy containing concepts and concept relations common for
most scenarios and sub-domains in logistics. The other four
ontologies are extensions of the upper ontology for a special
sub-domain. These ontologies are separated in transporta-
tion, production, information and communication technol-
ogy, and goods. The ontologies not only define the initial
scenario state, they provide a common formal language for
the agents to represent and communicate the state of the
simulated world.

A.3 Agents and Agent Interactions

Agents in the logistics simulator may be, e.g., suppli-
ers, customers, means of transport, transshipping facilities,
traffic nodes, cargo that is shipped, and services like rout-
ing, traffic information or brokers for transport capacity
offers and transport requests. The agents communicate by
passing messages in the FIPA agent communication lan-
guage ACL and coordinate using FIPA interaction proto-
cols (IPs), e.g., the contract net IP. The incoming ACL
messages are filtered and handled by multiple agent be-
haviours that are scheduled by JADE.

To be able to use the agent communication features pro-
vided by JADE, additional communication ontologies for
some services and agent interactions have been defined.
There are ontologies for communications in (1) transport
mediation and processing, (2) routing, and (3) sensor mon-
itoring. These ontologies are expressed in the FIPA Seman-
tic Language SL0. Messages from the simulation controller
and sub-controllers are also defined in a FIPA SL0 com-
munication ontology (Foundation for Intelligent Physical
Agents, 2002).

A.4 Scenario Visualisation and Analysis

The agents and simulation controllers may log any de-
sirable logistics metrics, e.g., fill rate, inventory, cost, cy-

cle time, or other information, e.g., their current position,
route, accepted orders, or detected incidents. This data is
stored in a relational data base for later analysis or live
monitoring as done by the visualisation tool depicted in
Fig. 1. This viewer enables a comprehensible presentation
of the scenario and the agents’ behaviours. The simulation
controller is able to decelerate or pause the simulation if
needed.

B. Discrete Event Simulation

B.1 Development Basis and Architecture

The DES environment was developed based on the Com-
munication Networks Class Library (CNCL), a class library
developed at RWTH Aachen for the simulation of commu-
nication networks (Görg et al., 1993). This class library
provides all the basics that are needed for event-based sim-
ulation like scheduling, event handling, random generators,
statistical analysis as well as other general classes. The ma-
jor components of a CNCL-based simulation are the sched-
uler and the event handlers. The event-processing simula-
tion objects have to be modelled as event handlers derived
from a generic event handler.

In the simulation, the objects send events to the sched-
uler which include information about the event’s destina-
tion, the time the event has to be fired and in some cases
objects that are attached to the event. When the time
for the event is reached, the scheduler forwards it to its
destination. In the object receiving the event, the event
handling method executes the object’s actions depending
on the content of the event. So the logistic objects are
modelled as object-oriented objects with event handlers.
The autonomy of the logistic objects is implemented in the
event handling method.

B.2 Logistic Model

The DES model is based on a scenario description. This
scenario description is composed of several instances of the
following transport related components:
Vertices are locations in the network with either a possibil-
ity of direction change or the possibility for transshipment
or both.
Sources are extensions to vertices, “generating” packages.
Details of the generation (package destinations, generation
rates) are also specified in the scenario.
Sinks are vertices to which packages are delivered. Explicit
specification of sinks can be omitted as the source details
already include implicit definition of sinks.
Edges are connections between vertices. Edges are consid-
ered to be directed.
Vehicles are transport units moving on the edges and car-
rying packages.
Packages are the goods to be transported. A package is
considered to be indivisible.

Furthermore, the scenario contains the following com-
munication relevant objects:
CommunicationUnit is the device enabling the logistic ob-
jects to communicate. A logistic object may have multi-
ple CommunicationUnits for different communication net-
works.



Fig. 1. Scenario viewer UI showing a small scenario with a map of northern Germany, trucks shipping containers, and waiting containers.

CommunicationUnitManager manages multiple Commu-
nicationUnits and selects one, according to certain require-
ments.
MetaCommunicationUnitManager performs the communi-
cation and enables tracking of the amount of communicated
data.

Most of the logistic and communication components
mentioned here have a couple of attributes, e.g. a vehicle
has a capacity, a maximum speed and others. The scenario
description is given in XML formatted input files. At the
initialisation of a simulation, these input files are parsed
and all objects contained in the scenario are created and
initialised with the respective attributes.

A sample scenario consisting of 18 German cities as ver-
tices and the freeways interconnecting them as edges is de-
picted in Fig. 2.
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Fig. 2. Sample Scenario for discrete event simulation

The simulation is specific to the interrelated communi-
cation and transport problem. It is neither a simulation
of just transport nor a simulation of just communication,
but an interconnected simulation, where each autonomous
logistic object acts on its own and its communication need
is recorded.

The output observed in the DES is the packet travel
time, utilisation of the vehicles, etc. in the format of his-
togram and probability density function. Furthermore the

routes taken by packages and vehicles are recorded. The
total amount of data communicated, amount of data per
vehicle, per communication system etc. is output with re-
spect to the communication.

IV. Comparison of the Concepts

The described systems share the goal of simulating as-
pects of autonomous logistic processes. However, they dif-
fer in a variety of important aspects because they were
designed for different purposes and application areas.

In the following the two concepts, i.e., agent-based and
discrete event simulation, are juxtaposed regarding a num-
ber of attributes and it is shown where the two concepts
are similar, differ or extend each other.

A. Flexibility

The agent-based simulation system primarily aims at
evaluation and analysis of intelligent agents and the mech-
anisms implementing their intelligence. It is a testbed for
different approaches to autonomous processes implemented
as agents, e.g., for logistic entities. Thus, it sets a high
value on flexibility in configuration of scenarios and their
actors as well as graphically supported comprehensibility
and traceability of the actors’ behaviours. Furthermore,
the MAS programming paradigm fits nicely the idea of
autonomous entities representing logistic objects. At the
same time it allows for an easy adaptation of agents tested
in simulations for real-world applications. This has already
been shown in a small demonstration setting.

The DES on the other hand is very specifically designed
to the problem of simulating autonomous logistic processes.
In the event-based simulation the autonomy is hard to
grasp, as it is closely integrated into the object-oriented
classes. The event-based simulation in addition has to
reimplement interaction protocols each time it uses them,
while the agent-based simulation has this feature available
built into the MAS. Additionally it is hard to have dif-
ferent behaviours, e.g., for different shippers, in the DES,
whereas in the agent-based simulation, the behaviours are
encapsulated and are easily exchangeable.



Concerning the level of detail of modelling, both the dis-
crete event and the agent-based simulation are very similar.
There are no hard limitations for how detailed the scenarios
can be, higher level of detail just means more events and
maybe additional objects in the DES whereas it means ad-
ditional messaging and presumably additional agents in the
agent-based environment. The only practical limit in both
cases is the feasibility of the simulation in terms of memory
and processing power requirements, i.e. limitations due to
the hardware that runs the simulation.

B. Time concepts

The stepwise simulation process is a possible drawback
of the current agent-based system because it may compli-
cate the transfer to real-world applications and causes an
administration overhead in large-scale simulations.

The discrete event simulation handles the time in such
a way that during an event no model time passes, while
computation time is consumed. Between events the model
time passes by, but almost no computation time is used,
except for event scheduling purposes.

Real simultaneousness is a problematic issue in both
types of simulation. If, for example, two vehicles reach
the same vertex simultaneously, possible transshipments
between them depend on which one of them is processed
first in the simulation. In the MAS, it depends on the order
in which the threads are processed in a time step, whereas
in the DES, it depends on the order of the events in the
schedule.

C. Structure

The structural components of the two simulation compo-
nents are closely interrelated with each other. For example
the ACL message of the agent-based simulation serves the
same purpose as the Event class in the DES. The agents’
Behaviour class is comparable to the EventHandler in DES.

The world model underlying the agent based simulation
provides an explicit semantic and enables higher level rea-
soning capabilities within and communication among au-
tonomous entities.

D. Reproducibility and Statistical Evaluation

The results of the DES are always reproducible. If the
same simulation is started with the same seed for the ran-
dom number generators, it always produces the same re-
sults. In agent-based simulation, the concurrency of agents
leads to an implicit random component that makes each
simulation run unique. The concurrency that is present in
MAS cannot be introduced into DES, as this would affect
the reproducibility.

For the discrete event simulation, methods for detailed
statistical evaluation can be taken from the CNCL library.
These evaluation methods provide the possibility to give re-
liable statistical results as they implement proven methods
like batch-means or limited relative error (LRE) evaluation.

Parts of the CNCL, namely the Random Number Gen-
erators (RNGs), the distributions, and the statistical eval-
uation classes have already been ported to Java in order to
complement the MAS. The resulting port is called jCNCL.

E. Runtime Behaviour

Regarding the runtime performance, a significant differ-
ence between the simulation concepts can be observed. The
DES simulation has been observed to be nearly 400 times
faster than the agent-based simulation in a scenario with
25 nodes arranged in a regular square grid and 250 homoge-
neously distributed vehicles. This can be seen as the price
that has to be paid for the greater flexibility and better
representation of reality in the agent-based system. For ex-
ample, while the DES objects send raw data in events and
method invocations, the MAS encapsulates all data which
has to be communicated into ACL messages normally in-
cluding String parsing. This slows down the simulation,
but is closer to real applications. In addition the JADE di-
rectory facilitator (DF) agent has been identified as a major
bottleneck. The runtime performance in the MAS simula-
tion system has been paid less attention yet. First analysis
has shown high potentials for improvements here, especially
by reducing multi-threaded behaviours within agents. In
order to speed-up multiagent simulations, Grid technolo-
gies have also been evaluated (Timm and Pawlaszczyk,
2005).

V. Conclusions and Further Research

In this paper two simulation systems for analysis of au-
tonomous logistic processes were presented. The properties
of the two systems are summarised in Tab. I.

Criteria DES MAS
Flexibility − +
Autonomy Encapsulation − +
Reproducibility + −
Statistical Evaluation + +
Runtime Performance + −

TABLE I: Summary of properties

The distributed multiagent simulation system provides a
flexible testbed to analyse and compare different algorithms
for autonomy in complex environments and also features a
scenario visualisation component. Its major advantage is
that it perfectly meets the notion of autonomous logistic
entities that directly interact with each other. Thus it is
supposed to be easily transferable for real-world applica-
tions.

The presented discrete event simulation system is more
specific and thereby it is particularly well suited for the
analysis of transportation and communication activities in
autonomous logistic processes. Moreover, in contrast to the
agent-based approach, the discrete event simulations are
reproducible on the computational level and thus provide
an authoritative testing environment.

Despite their different purposes, in particular the inves-
tigation of communication requirements, it is intended to
integrate the route planning and also the communication
analysis into the agent-based simulation. As a first step
to improve system comparability a converter for both sce-
nario specifications for the other system respectively will
be implemented.



As mentioned above, a second goal is to accelerate
the stepwise simulation process in the agent-based simu-
lation environment. In cooperation with TU Ilmenau a
distributed, event-based control with optimistic synchro-
nisation is implemented. Optimistic synchronisation ap-
proaches promise an improvement in performance by al-
lowing agents to diverge in time and synchronise them by
roll-back only if both partial simulations interfere with each
other.
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Abstract—
In control of urban traffic systems, synchronization of

traffic lights is one of the measures used to improve the

throughput, as it allows vehicles to pass an arterial without

stop. Classical approaches are off-line, top-down planned

and centralized. Moreover, they are inflexible since they

cannot cope with dynamic changes in the traffic flow or de-

pend too much on communication. This paper describes a

bottom-up simulation approach where each traffic light is an

agent and behaves like a social insect. Our approach is sim-

ulated using a microscopic model, with a scenario adapted

from a city in Brazil. The volume of vehicles in an arte-

rial and its vicinity was simulated under different situations:

without any coordination between traffic lights, with fixed

coordination, and with the approach proposed here, which

is more flexible: traffic lights adapt to the current volume

of vehicles by selecting the appropriate signal plan. Besides,

it considers not only the traffic in the arterial, but also in

secondary streets.

I. Introduction and Motivation

Approaches to reduce traffic jams have been proposed in
several disciplines like transportation engineering, physics,
and artificial intelligence, among others. A classical one is
to coordinate or synchronize traffic lights so that vehicles
can traverse an arterial in one traffic direction, with a spe-
cific speed, without stopping. Thus, synchronization here
means that if appropriate signal plans are selected to run
at the adjacent traffic lights, a “green wave” is built so that
drivers do not have to stop at junctions. There are several
reasons why this approach may fail.

In traffic networks without well-defined traffic flow pat-
terns like for instance morning flow towards downtown and
it similar afternoon rush hour, that approach may not be
effective. This is clearly the case in big cities where the
business centers are no longer located exclusively down-
town. Also, in some cities, “secondary” streets might be as
important as main arterials due to the saturation of these.
Finally, a priori determination of the appropriate signal
plans for the different times of a day is a complex task that
requires a lot of knowledge about dynamic traffic flow.

These issues show that simple offline optimization or
even on-line optimization of the synchronization in one

arterial alone cannot cope with changing traffic patterns.
This happens because traffic is a highly dynamic process,
thus the currently optimal signal plan can hardly be de-
termined in advance. With an increasing volume of traffic,
this situation becomes more and more unacceptable. Thus,
flexible and robust approaches are not only attractive, but
necessary.
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Fig. 1. Example of a green wave causing a traffic jam in secondary
streets

Figure 1, where the red cars are stopped and the green
ones are in movement, shows an example of the inefficiency
of a green wave computed offline, based on historical data.
In the particular moment depicted, the main arterial is
not so jammed as to require high priority. On the other
hand, “secondary” streets crossing the arterial are jammed.
Our approach seeks to replace the traditional arterial green
wave by “shorter green waves” in segments of the network.
Of course in some key junctions conflicts may appear be-
cause in almost all practical situations, a signal plan do not
allow synchronization in more than one traffic direction.

Bottom-up approaches offer more flexible solutions, as
they are able to adapt to changing patterns in traffic, and
allow the study of the emergence of groups of coordinated
traffic lights. This is not the practice in transportation
engineering: currently the synchronization is planned off-
line by the traffic engineer, or it is computed by algorithms
which take only the main arterial in consideration, chang-
ing only the direction of the synchronization.

This paper presents an approach in which each junction
(plus its traffic lights) is an agent and behaves like a social
insect that grounds its decision-making on mass recruit-
ment mechanisms found in social insects [3], [8]. Hence-
forth we use the terms crossing, junction, and traffic light
indistinctly. This is so because in fact, in each crossing or
junction only one signal plan runs in a set of traffic lights
(despite the fact that one sees two or three of these) so that
the set of traffic lights must be seen as a single entity.

Signal plans are seen as tasks to be performed by the
insect. Thus, from a metaphor of the social insects, in
our approach the ability of changing tasks in order to
suit the colony needs is located in each crossing or junc-
tion. Stimuli to perform a task or, sometimes, to change
tasks, are provided by the vehicles that, while waiting
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for their next green phase, continuously produce some
“pheromone”. Thus the volume of traffic coming from one
direction can be evaluated by the agent, and this may trig-
ger some signal plan switching. No other information is
available for the intersection agents.

Our approach was realized on a microscopic traffic simu-
lator. This is necessary in any agent-based approach since
it is desirable that the objects of the simulation are modeled
at individual level. Thus, the next section presents some
basic concepts about traffic simulation regarding synchro-
nization of traffic lights and the simulator. Section III then
discusses the agent-based model, while Section IV presents
the scenario we simulated as well as the results of these
simulations. Section V summarises the contributions and
discusses future extensions.

II. Traffic Signal Coordination and Simulation

A. Approaches

Traffic Network Study Tool (TRANSYT) [10] is one well-
known algorithm for traffic light synchronization. It runs
off-line and aims at optimizing the bandwidth of an arterial
via the design of phases and offsets from one intersection
to the adjacent one.

Similar tools are SCATS and SCOOT. However these
are both based on online traffic volume information coming
from loop-induced detectors installed in the roads. SCATS
(Sydney Coordinated Adaptive Traffic System) [6] was ini-
tially developed for the Sydney area. It is a real-time con-
trol system, based on a decentralized architecture. It opti-
mizes the length of cycle time and offsets, and allows some
phases to be skipped at times. SCOOT (Split Cycle and

Offset Optimization Technique) [5] is a centralized traffic
control system developed by the Transportation Road Re-

search Laboratory (UK). SCOOT also optimizes cycle and
offset, as well as saturation rate. Although both deal with
real time data, their concept is still based on synchroniza-
tion in one main path.

Agent-based systems offer more flexible solutions. In [1]
an approach is described in which each traffic light is mod-
eled as an agent. Each agent has pre-defined signal plans
to coordinate with other agents in the neighborhood. Dif-
ferent signal plans can be chosen in order to coordinate
in a given traffic direction or during a pre-defined period
of the day. This approach uses techniques of evolution-
ary game theory: intersections in an arterial are modeled
as individually-motivated agents or players taking part in
a dynamic process in which, due to the reward, not only
their own local goals but also a global one can be taken into
account. Moreover, each agent possesses only information
about their local traffic states.

The benefits of this approach are threefold. First, it is
not necessary to have a central agent to determine the di-
rection of the coordination. Second, agents can build sub-
groups of synchronization which meet their own local and
current needs in terms of allowing vehicles to pass in one
given direction. Third, it avoids communication between
agents when they have to decide which direction to priorize,
i.e. there is no explicit communication or negotiation.

However, payoff matrices (or at least the utilities and

preferences of the agents) are required, i.e these figures have
to be explicitly formalized by the designer of the system.
This makes the approach time consuming when many dif-
ferent options of coordination are possible (for example all
four traffic directions: south, north, east, and west) and/or
the traffic network is complex (for instance, not only a main
arterial has to be considered but also many transversal and
parallel streets).

B. Synchronization in Arterials: Basics

Signalized intersections are controlled by signal-timing
plans which are implemented at traffic signals. A signal-
timing plan (henceforth signal plan for short) is a unique set
of timing parameters comprising basically the cycle length
(the length of time for the complete sequence of the phase
changes), and the split (the division of the cycle length C
among the various movements or phases).

The criteria for obtaining the optimum signal timing is
that it should lead to the minimum overall delay at the
intersection. This is usually achieved by using simulation
or optimization programs. Several plans are normally re-
quired for an intersection (or set of intersections in the case
of a synchronized system) to deal with changes in traffic
flow.

The goal of coordinated or synchronized systems is to

synchronize the traffic signals along an arterial in order
to allow vehicles, traveling at a given speed, to cross the
arterial without stopping at red lights. Besides the param-
eters mentioned above, the synchronized plans also need
an offset i.e. the time between the beginning of the green
phase at two consecutive traffic signals (only when they are
synchronized).

Well designed signal plans can achieve acceptable results
in un-congested streets in one flow direction. However syn-
chronization in two opposing directions of an arterial is
difficult to achieve, if not impossible, in almost all prac-
tical situations. The difficulty is that the geometry of the
arterial is fixed and with it the spacing between adjacent in-
tersections. Only in very special cases the geometry allows
progression in opposite directions. Synchronization in four
directions is, for practical purposes, impossible. Therefore
an agent at a junction must select which plan to carry out,
in analogy to a task selection.

As a measure of effectiveness of such systems, one gener-
ally seeks to optimize a weighted combination of stops and
delays, a measure of the density (vehicles/unit of length)
in the road or network, or travel time. Here we use the
latter.

C. Microscopic Traffic Simulator

We use the Nagel–Schreckenberg model [7] which is a
microscopic model for traffic simulation originally based
on cellular–automata (CA). In short, each road is divided
in cells with a fixed length. This permits the representation
of a road as an array where vehicles may be positioned on
its positions. Each vehicle has a speed which is represented
by the number of cells it may safely advance at each time
step. The vehicle behavior is expressed by some rules that
represent a special form of car following behavior. This
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simple, yet valid microscopic traffic model can be imple-
mented in such an efficient way that it is good enough for
real time simulation and control of traffic.

As for the network representation, each road is described
as a composition of nodes – representing junctions – and
edges. The expression edge refers to directed edges repre-
senting one direction of motion on a road, i.e. one road
usually consists of two (oppositely directed) edges.

In the urban traffic scenario, more elements were added
such as traffic lights and more complex types of intersec-
tions. Thus, the simulation tool we developed consists of
different elements like lanes, edges, vehicles, sources and
sink (of vehicles), traffic lights, sensors and detectors. The
topological configuration and parameter for the simulation
dynamics are stored in a XML file. Basically, the simulator
checks the static and dynamic network data read from the
XML file for consistency and initializes the scenario. Dur-
ing the simulation it receives and updates dynamic data like
vehicle volume, handles the simulation output, and updates
the vehicle motions, traffic light, and data for statistics.

More details can be obtained in [9]. Here, we focus on the
traffic light since it is the main object for the coordination.
Each signalized junction has an agent which is in charge of
deciding which signal plan to run.

III. Using Metaphors of Task Allocation in

Colonies of Social Insects to Model traffic

light Agents

A. Task Allocation

Bonabeau et al. [2] present a mathematical model that
formalizes a hypothesis of how the division of labor may
happen in colonies of social insects. Interactions among
members of the colony and the individual perception of lo-
cal needs result in a dynamic distribution of tasks. Their
model describes the colony task distribution using the stim-
ulus produced by tasks that need to be performed and an
individual response threshold related to each task. Each
individual insect has a response threshold for each task to
be performed. That means, at individual level, each task
has an associated stimulus, like for instance the perception
of waste as a stimulus for cleaning behavior.

The levels of the stimulus increase if tasks are not per-
formed, or not performed by enough individuals. An indi-
vidual that perceives (e.g. after walking around randomly)
a task stimulus higher than its associated threshold, has a
higher probability to do this task (Eq. 3). This model also
includes a simple way of reinforcement learning where indi-
vidual thresholds decreases when performing some task and
increases when not performing. This double reinforcement
process leads to the emergence of specialized individuals.

These concepts are used in our approach in the following
way: each agent (traffic light/crossing) has a social insect
behavior. It has different tendencies to execute one of its
signal plans (each signal plan is considered an available
task), according to the environment stimulus and partic-
ular thresholds. Besides these individuals, this approach
also considers that each vehicle leaves a pheromone trace
that can be perceived by the agents at the junction. This
metaphor is realistic since many junctions have loop in-

duction sensors which detect the counting of vehicles (and
sometimes speed).

B. Computation of Stimulus

The liberated pheromone dissipates in a pre defined rate
in time and its intensity indicates how high is the the traffic
volume in the street portion. The pheromone trail can be
considered as a stigmergic communication among adjacent
traffic lights. The increase of the accumulated pheromone
in a certain direction can be seen by the insect as a change
in a task selection executed by its neighbor.

Each particular task in the Bonabeau et al. model [2]
has one associated stimulus. The intensity of this stimulus
can be related to a pheromone concentration, a number of
encounters between individuals performing the task, or any
other quantitative cue sensed by individuals. The traffic
light stimulus is the average of the accumulated pheromone
of all lanes (incoming and outgoing).

The accumulated pheromone in a lane, dl,t, is the
pheromone trail accumulated in the lane l at time t. While
the vehicles are waiting for the green light they remain re-
leasing pheromone so its amount increases. However the
pheromone also dissipates at a rate β.

dl,t =

w
∑

t=0
β−t(dl,t)

w
∑

t=0

β−t

(1)

where:
w time-window size
β pheromone dissipation rate for each lane l

The stimulus s of the plan j is based in a weighted
sum of accumulated pheromone in each phase of this
plan. Each phase has a time share (∆k = (timeend −
timebegin)/timecycle), that indicates how much green time
the plan allows to a phase. A higher time interval indicates
a phase priority in the plan.

sj =

n
∑

k=0

((1 − α)dink,t
+ αdoutk,t

)∆k (2)

where:
n number of phases of the signal plan j

dink,t
is the accumulated pheromone trail in the input

lanes in phase k at time t

doutk,t
is the accumulated pheromone trail in the output

lanes in phase k at time t

∆k is the time share of the phase k

α constant employed to set different priorities to the input
and output lane densities

C. Actual Plan Allocation

Behavioral flexibility of changing plans is a consequence
of environmentally induced changes in stimulus and thresh-
old. Every signal plan possess associated stimuli according
to the direction towards this signal plan is biased. Individu-
als may change task because high levels of stimulus related
to a direction exceed their response threshold. Equation 3
defines the response function (the probability of chose the
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plan j as a function of stimulus intensity sj) of the indi-
vidual i.

Tθij
(sj) =

s2
j

s2
j + θ2

ij

(3)

where:
θij is the response threshold for the individual i for exe-
cuting the task j.
sj is the stimulus associated with the task j.

D. Reinforcement

We use the specialization model, where the threshold
is updated in a self reinforced way. Each individual in
the model has one response threshold to each task. These
thresholds are updated (increasing or decreasing) according
to two different coefficients. The response threshold θ is
expressed as units of intensity of stimulus. The response
threshold θij of an individual i when performing task j
during time interval of duration ∆t is:

θij = θij − ξ∆tij (4)

where:
ξ learning coefficient
∆t time interval

The response threshold θij of the agent i when not per-
forming task j during time interval of duration ∆t is:

θij = θij + ρ∆tij (5)

where:
ρ forgetting coefficient

According to Gordon [4], real ants are directly influenced
by their success in performing a given task. Successful ants
are motivated to remain performing a task and unsuccess-
ful ants are motivated to stop performing the task and
change to another one. We have extended the Bonabeau
et al. [2] model in order to include a success function as
the coefficient that describes learning and forgetting at the
same time (when the l is negative the agent is forgetting).
Equation IV-B defines this extension.

θij = θij − l∆t (6)

where:
l is the learning/forgetting coefficient.
∆t is a normalized discrete time interval.

The success degree of the individual is given by Equa-
tion 7 and Equation 8, where a higher standard deviation
of accumulated pheromone σ (Equation 9, where n is the
number of street sections) leads to a smaller degree of suc-
cess.

l = 1 − 2σ (7)

l = 2e(−5σ) − 1 (8)

σ is the standard deviation of accumulated pheromone
trail in the sections.

σ =

√

1

n − 1

n
∑

k=1
(di − d)2 (9)

9

1

2

3

4

5

6

7
8

0

Fig. 2. Network and the traffic lights locations

where:
n is the number of street sections.
dk accumulated pheromone in section k
d is the mean accumulated pheromone trail in n sections.

The whole system tends to stay stable and suited to the
traffic flow but can change in order to adapt to a new en-
vironment situation. Traffic lights in the same street with
an intense traffic flow in a certain direction tend to adopt
the synchronized plans and give priority for this direction.

IV. Description of the Scenario and Results of

the Simulations

A. Scenario

The scenario is part of a real network located in the
city of Porto Alegre (Brazil). Figure 2 shows a simplified
schema generated by a 3D visualization tool of our agent-
based simulator. This set of streets was chosen due to the
high traffic flow.

Plan 2

Secondary laneset

Plan 1

Main laneset

Secondary laneset

100s
0s

Main laneset

16s 91s

50s

Fig. 3. Basic Signal Plans (the dark strip represents the green time)

The main street or arterial has 8 signalized junctions,
each with two possible signal plans kinds: coordinated and
non-coordinated. Besides, some other crossing roads also
have signalized junctions. We focus our measurements also
on two secondary streets: one is composed by crossings
“0” to “3” (Figure 2) while the other is composed by cross-
ings “5” to “9” Henceforth we refer to these as arterial,
secondary 1, and secondary 2. In each arterial junction,
signal plan 1 (SP1) gives priority to the main direction
(west to east in the Arterial and North to South in the
secondary streets) and it is synchronized with the adjacent
traffic lights in this direction. Plan 2 is not synchronized
with plans in neighboring junctions, and allocates equal
share of green time for each direction, as we can see in Fig-
ure 3. Each traffic light can have more then two different
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signal plans according to its coordination possibilities. For
instance, the traffic light located in node “1” has three dif-
ferent signal plans: one for coordinating to the neighbors
in the West-East direction, one for coordinating with the
neighbors in the North-south direction, while the last one
is not coordinated in any direction.

Regarding coordinated or synchronized plans (e.g. SP1),
the difference between this kind of plan running at two
adjacent junctions is the offset. For instance, two adjacent
junctions have the same basic synchronized plans but in
the one upstream there is an offset of, say, 15 second which
makes the green time start 15 seconds later than in the
previous junction. This indicates that vehicles departing at
one junction and traveling with the synchronization speed
V will be able to pass the next one 15 seconds later without
stopping.

Vehicles are inserted in the network at sources located
generally (but not only) at the borders of it. For instance,
vehicles are inserted in the main street from a source lo-
cated in the left side, where the blue edge appears (Fig. 2).
This insertion happens with different rates in each street.
We setup these rates according to real traffic flow infor-
mation. Similarly, at the network borders, vehicles are re-
moved from the scenario.

In the arterial, 36 vehicles/minute were inserted in its
3 lanes, defined by a 0.6 probability of a vehicle being in-
serted in each second of the simulation. Secondary 1 and
2 have an insertion rate of 24 vehicles/minute (the proba-
bility of a vehicle be inserted in each second is 0.4).

Besides, each junction has turning probabilities which
can be computed from real data. Therefore, each vehicle
either stays in the direction it is, or turns to another one.

Finally, the microsimulator allow us to define special ve-
hicles called floating cars (FC) which have a fix route and
collect data about the traffic conditions (e.g. regarding po-
sition and speed at each time step). Thus, we assigned
three of these FCs to each one of the three routes of inter-
est. In this simulation, all the vehicles (including the FCs)
have a zero probability of deceleration, thus, if there is no
jam, the vehicles tend to keep the maximum speed (in this
case 4 cells/step or 12 meters/second).

B. Results from Simulations

The simulations presented in this section were generated
using the simulator discussed in Section II-C with the sce-
nario presented in Section IV-A.

In the beginning of the simulation, the network is empty
and some time is needed for vehicles to reach all the por-
tions of the network. Thus, in order to have a stable situ-
ation in the network, with a representative number of ve-
hicle, we do not consider the initial time window.

The aim of the experiments is to compare the travel time
taken by each FC during its assigned route, using both our
approach and standard ones. Two situations are evaluated.
In the first, there is no synchronization (i.e. all junctions
run plans like SP2 in Figure 3). In the second case, we
compare our approach to the situation in which junctions
run synchronized plans but they are fix, i.e. the engineer
decides how all traffic lights are synchronized in a fix way.

TABLE I: Average time to complete a route (seconds)

Situation Route
Arterial Secondary

1
Secondary
2

No traffic
lights

100.00 37.25 36.08

Fixed
synchro-
nization

161.29 287.70 255.67

No syn-
chroniza-
tion

205.16 130.19 287.46

Swarm
with fix
threshold

305.01 117.738 58.05

Swarm
with
linear
threshold

291.52 126.73 57.85

Swarm
with ex-
ponential
threshold

299.37 120.07 56.49

In each case, we also evaluate and compare the different
possibilities of our extension of the specialization model
(the success function), as defined in Section III-D.Thus,
our approach was simulated in three different ways:
• using the original idea about the threshold, updating the
threshold with a learning and forgetting coefficients, Equa-
tion with a fix value for l.
• using the linear function to update the threshold, Equa-
tion 7;
• using the exponential function to update the threshold,
Equation 8;

In this paper we adopt α = 0.2, β = 0.5 and θ starting
with 0.5. When changing the threshold using the original
idea we adopt ξ = 0.5 and ρ = 0.05. Our extension uses the
linear function presented in Equation 7 and the exponential
function presented in Equation 8.

Table I shows values of average travel times for the FCs,
collected over three hour of simulation (10800 simulation
steps). The travel times were measured with three FCs in
each route (arterial, secondary 1 and 2). In the table we
give average travel times over the three FCs (in the same
route) and over the whole simulation time. The time to
complete a entire route without having delays caused by
traffic lights (free flow) is shown in the first row. This
time is shown here only for sake of comparison (a lower
bound); this situation could never occur in real traffic net-
works since the times were obtained simulating a situation
in which vehicles do not stop (or even reduce speed) at
crossings.

A situation more close to the actual one in this part of
the network in Porto Alegre is shown in the third line of
the table: no synchronization. In this case, the travel times
of the FCs (in each route) are much higher because they
stop very often.
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When only a fixed coordination in the arterial is used,
drivers in the arterial are of course better off. However,
this harms the traffic flow conditions in the two secondary
streets. In fact, for the Secondary 1 this is the worst situa-
tion since the FC takes 288 seconds to complete the route
(compared to 37 in free flow!). Therefore, as seen in Section
I, this coordination can be inefficient if the traffic volume
in the arterial is low. For instance, if the traffic flow in the
secondary streets increases while the arterial stays almost
empty, only a adapting approach can deal with this. Our
approach is able to perceive this difference and to adapt
the traffic lights to priorize the higher traffic flow.

The swarm coordination approach, using any threshold
update model, gives priority to the street with the worst
traffic conditions (in this case, the 2nd secondary street).
The three different threshold update models have a very
similar behavior in terms of priorization, this occurs mainly
due the lack of change n the traffic scenario, since the traffic
lights have almost always the same stimulus for each plan.
If the traffic conditions changes, the threshold model could
have an impact in the change of tasks (plans).

V. Conclusions and Outlook

This paper proposes an approach to reduce traffic jams
based on a swarm-inspired method of selecting signal plans.
Some approaches were presented to reduce traffic jams,
focusing on signal plan selection, either via classical ap-
proaches or via more flexible ones like the one proposed in
[1]. There is a clear need for even more flexible approaches
in which the preferences of the traffic lights regarding the
coordination or synchronization do not have to be explicitly
stated.

The swarm approach is well suited here because it profits
from the metaphor of vehicles leaving a pheromone trail
when stopped at a junction. This metaphor is used as a
kind of stigmergy between adjacent junctions.

The approach was realized in a microscopic traffic simu-
lator, to which models of social insects were added. These
insects thus perceive the pheromone trails and act accord-
ingly which in this case means a selection of an appropriate
signal plan.

The average time to complete a route in three different
streets was measured in order to compare the following
situations: i) the traffic lights are not coordinated; ii) they
are coordinated in the classical way, i.e., using a central
decision component (normally the traffic engineer) which
determines the unique synchronization for all junctions; iii)
they are free to decide, at local level, whether or not to
coordinate. This last approach is more flexible and depends
only on detectors installed at each junction.

Quantitatively, when the agents are free to decide co-
ordinating according to the swarm approach, the system
behaves almost as if a central decision support was given.
Our experiments shows that the agents achieve synchro-
nization without any management, that indicates a suc-
cessful swarm based application.

The present work foresees some extensions as for instance
increasing the set of signal plans an insect “controls”. Ad-
ditional signal plans can be designed either to coordinate

in other directions or to coordinate in the main direction
with other shares of green time and offsets. To implement
this, we depend on the traffic engineer who has to design
such plans.

Other possible extensions are the simulation of the ex-
tended network (which is currently being done and again,
depends on the engineers) so to consider parallel streets
and so on.
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ABSTRACT 

There is no simulation model on evacuation nowadays 
taking the architectural inducement into account, which 
means that most of the architectural environment which 
influences the evacuation behavior, is ignored. In this 
paper a concept model named AMUSE is presented 
based on an agent framework, with an agent that is 
designed to perceive the architectural environment as 
various clues, choose the right one and follow the 
related actions to evacuate in an underground space like 
real human beings would do. To investigate how the 
architectural clues take effect during the agent’s 
decision making process in evacuation, the authors 
classified 10 types of the architectural foreground clues 
constituting a complete architectural vocabulary.  In 
the future work, statistic data from a series of tests in 
virtual environments are planned to calibrate the model, 
which will finally result in a performance-based 
evaluation tool for the architect on the evacuation 
efficiency of the underground space design. 
 
RESEARCH AIM 

As argued by Rapoport and later on by Lawson, the 
architectural environment is composed of an 
architectural vocabulary transmitting a variety of 
meanings which is perceived by its users and influences 
their behavior (Rapoport 1982) (Lawson 2001). Erica 
Kuligowski performed a broad study on the 30 existing 
simulation models for evacuation simulation 
(Kuligowski and Peacock 2005), which indicated all the 
models use 2D plans, exits and stairs to define the 
architectural environment and don’t use an architectural 
vocabulary. Thus they are very weak in the simulation 
on the architectural inducement upon the human trying 
to escape. A simulation model with the ability to 
describe the architectural environment by a complete 
architectural vocabulary that drives the human 
evacuation needs to be developed. Such a model would 
be complementary to the existing sub models in the 
evacuation simulation, such as individual character 
model, group behavior model, fire & smoke spreading 
model, etc. With this architecture-based model, a 

practical performance-based evaluation tool on the 
evacuation efficiency of the underground space design 
is being developed. The evacuation simulation tool will 
contribute to the emerging public security problem of 
the booming underground space development in China’s 
metropolis in the coming 10 years. 
 
AN ARCHITECTURE-BASED EVACUATION 
MODEL  

The Assumptions 

First, since testing an evacuation model under real 
circumstances is not possible, the assumption is made 
that ‘normal’ behavior is also a good estimate in an 
emergent situation. It was argued by Arthur and Passini 
that “If a setting works well under normal conditions, it 
will have a better chance of working well in emergency 
conditions.” (Arthur and Passini 1992). 
Second, the architectural vocabulary of an environment 
can be investigated purely by masking the other sub 
environments such as the sign environment, the interior 
decoration environment, the light environment, etc. 
Third, without the interferences from the other sub 
models, the architectural vocabulary will not change 
from a normal situation to an emergent situation.  
Fourth, the human beings perceive the architectural 
vocabulary mostly by their vision. The status of an 
architectural clue in the vision can be “Visible” or 
“Invisible”, which is determined by the architectural 
environment, the human’s position, orientation, view 
field angle and maximum visible distance. 
Fifth, without the possibility of representing the pure 
architectural vocabulary as it exists in the real world, in 
this research it is represented and investigated in virtual 
environments.  
 
The Architectural Clues In The Underground Spaces 

In the Exosomatic Visual Architecture (Turner and Penn 
2002), the researchers did a successful simulation of the 
human’s natural movement (Gibson 1979), in which the 
agent’s step was driven by the distance from the agent to 
the surrounding boundaries of the walkable surface. 
Driving the agent merely according to the walkable 
surface might mislead the agent in some cases, when the 
visible region is different from the walkable region such 
as a crossing bridge with two atriums on the both sides. 



Therefore an additional method called “Sign Posting” is 
introduced by them, where a perceived spot in the 
environment can tell the further moving opportunity to 
the agent. The walkable surface detection plus the 
semiotic clue model is the basis of our simulation model. 
In our model, the Sign Posting spots are developed into 
a serial of architectural clue types, which tell the agent 
the information on evacuating direction rather than the 
natural movement. The authors called them Foreground 
Clues. Enclosing walls and handrails are considered 
Background Clues and will only have an effect on the 
agent’s movement if no Foreground Clues are perceived. 
In total 10 types of Foreground Clues were identified 

after studying architectural environments. In Table 1 the 
Foreground Clues are listed by order of priority during 
the evacuation according to a questionnaire of 102 
subjects in Shanghai. Other observations that were made 
through the questionnaire: 
• In underground stations, exits are not always 

perceived as a safe direction, because they 
sometimes lead to other underground spaces and 
not to the outside space. 

• Stopped escalators are used as normal stairs. 
• In contrast with the fire escape regulations, some 

subjects choose lifts to evacuate. 

 
 

Table 1: The Foreground Clues. 
 

Real Scene Foreground Clue Related Actions 

 

 

Outdoors 

 

Approach it. Egress simulation terminates on arrival. 

 

 

Exits 

 

Approach it. Go out on the nearest level to the ground, and 
look ahead on arrival. Forbid the exit in the future decision 
making process. 

 

 

Stairs/Slopes 

 

Approach it. Go out on the nearest level to the ground, and 
look around on arrival. 

 

 

Raised Ceilings 

 

Approach the cg of the planar projection. Look around on 
arrival. 

 

 

Doorways 

 

Approach it. Go out along the normal line direction on 
arrival. 

 

 

Columns 

 

Observe the ends of the columns’ axis. If there is no other 
Foreground Clue, move naturally without the detection on 
these columns. 



 

 

Natural Light Ceilings 

 

Approach the cg of the planar projection, look around on 
arrival. 

 

 

Escalators 

 

Approach it. Go out on the nearest level to the ground. 
Look around on arrival. 

 

 

Sight Lifts 

 

Approach it, look around on arrival. 
If without Foreground Clues, move naturally. 

 

 

Lifts 

 

Approach it, look around on arrival. 
If without Foreground Clues, move naturally. 

 
 
 

AMUSE 

The process of the evacuation in an architectural 
environment can be explained as the following sequence: 
(i) perceive architectural clues, (ii) interpret their 
meaning and (iii) take actions. Based on such a concept, 
the authors built the agent-based model AMUSE, using 
a “seeing, choosing and following clues” mechanism. 
All these architectural clues compose an architectural 
vocabulary, which supports the four evacuation 
strategies of Ozel (1987): 

A. Going to the visible security targets, such as 
exits, fire stairs. 

B. Following blindly, such as following the 
corridors or other persons. 

C. Going along a serial decision points. 
D. Going along a remembered path. 

The architectural environment is modeled as a 
Remembered Environment and a Visible Environment 
(See Figure 1). The Visible Environment consists of 
Foreground Clues and Background Clues. The former 
are the architectural entities such as exits, stairs, which 
support the strategy A & C. The latter are the walkable 
surface defined by walls and handrails, which support 
strategy B. In the Remembered Environment all the 
Foreground Clues seen by the agent before the 
evacuation are transformed into remembered 
Foreground Clues, such as remembered exits and stairs 

along the entering path, which support the strategy D. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The Use Case Diagram of AMUSE 
 
The agent perceives the architectural environment 
through its vision (See Figure 2). The Background Clue 
is only used for natural movement in the agent’s 
decision making process, when there is no available 
Foreground Clue seen or remembered. The Foreground 
Clues’ perception is based on the agent’s view rendering 
ability, which enables the agent to see the architectural 
clue as a human does.

  
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: The Activity Diagram of the Egress Use Case in AMUSE 

 
The communication between the agents is also based on 
the vision. The agents in the environment will be 
interpreted as Moving Obstacles and Moving Clues. The 
former means some Foreground Clues in the view field 
will be hidden by the other agent’s body shape. The 
latter means the agent will regard the other agent’s 
moving direction as stimuli, which will influence its 
following behavior. In our first prototype the agent will 
move at the speed of 1.5ms-1 with every step of 0.75m 
(Turner and Penn 2002). 
The agent’s decision-making process with regard to the 
evaluation of the perceived architectural clues is 
determined by the Evacuation Priority Score (Eq. 1). 
For All the Foreground Clues seen or remembered the 
agent will synthesize the relative weight, the distance 
from the clue and the direction angle with the clue, to 
calculate the EPS. The agent will sort the Foreground 
Clues and finally the Foreground Clue with the min. 

EPS will be chosen, and the related actions (see Table 1) 
will be implemented. The agent’s evacuation simulation 
will run until all agents arrive at a Foreground Clue type 
of Outdoor.  
 
 
       EPS = Wi×D×A                     (1) 
 
 
Where: 
Wi = the relative weight for every Foreground Clue 
type.  
D = the distance from the agent to the clue. When D=0, 
use a very small value to replace it. 
A = the direction angle from the agent moving direction 
to the clue.

 
 
AN ILLUSTRATION 

To illustrate the model AMUSE clearly, the authors used 
the Xujiahui Subway Station as an example to 
demonstrate how the model works (Table 2). When the 
agent is supposed getting off a train and starting to 

evacuate, it uses the architectural clues in its vision to 
evacuate until it arrives at the architectural clue type 
Outdoor which is the termination of the evacuation. 

 



 
Table 2: A Demonstrated Evacuation Route 

 
Real Scene Architectural Space Agent’s Behavior 

 

After getting off the train, the agent arrives at the platform. There 
are 3 Foreground Clues: the columns, the raised ceiling and the 
escalator in the view. Through calculations on EPS it picks the 
escalator for the next step. Then it implements the related actions 
to move to it. 

 

Arriving at the escalator, the agent “sees” the stair. Through 
calculations on EPS it picks the stairs instead of the escalator, and 
moves to it. 

 

Arriving at the stair, the agent comes out at the upper level. In the 
view there is the Foreground Clue “columns”. Then it moves 
along the columns. 
 

 

At the end of the columns, the agent “sees” the Foreground Clue 
“doorway”. Then the agent moving to the doorway.  
 

 

During moving, the agent “sees” another Foreground Clue “stair” 
in the front. Through calculations on EPS it moves to it. 

 

Arriving at the stair, the agent comes out at the upper level. Then 
the agent sees two doorways. It moves to the center of the two 
doorways. 

 

Looking to the right, the agent doesn’t see any Foreground Clue 
but Background Clue. 

 

Looking to the left, the agent sees two Foreground Clues: stair 
and outdoor light. Through calculations on EPS the agent turns to 
left, and moves to the outdoor light.  

 

Arriving at the outdoor light, the agent terminates the evacuation.

 
 



VIRTUAL TESTING IN THE FUTURE 

To implement the model in a computer program the 
authors still have some parameters to determine through 
tests, such as the related actions of the 10 Foreground 
Clue types and the relative weights W1…W10 (Table 1). 
In a virtual testing environment the following series of 
tests are planned: 
The first set of tests: 10 spaces, each containing one 
type of Foreground Clue, and subjects under evacuation. 
The program records the behavior patterns of the 
subjects during the evacuation, which can be used to 
adjust the related actions in Table 1. 
The second set of tests: at most 10 virtual scenarios. In 
each there are two types of Foreground Clues at 
different distances. By changing one’s distance 
dynamically and asking the subject to choose a clue to 
evacuate, we find a relative weight between all pairs of 
Foreground Clues. Finally, W1....W10 can be found. 
The same process will be repeated but for different 
angles. 
The third set of tests: several virtual environments 
according to the underground space in real world. The 
subjects enter from one entrance and move to a certain 
position through the shortest path. Then they are 
requested to egress. The program can record the egress 
path, which can be compared with the simulated path. 
From this comparison conclusions can be drawn about 
the accuracy and about the reliability of the model. 
Finally, the authors will develop a tool for the 
architectural design practices, based on the model 
AMUSE. 
 
CONCLUSION 

An architecture-based model AMUSE is proposed and 
presented in this paper. Ten types of architectural 
foreground clues that constitute a vocabulary abstracted 
from the architectural environment are concluded. These 
architectural foreground clues are a necessary part of 
any evacuation simulation method. 
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ABSTRACT 

A simulation model of a full automated warehouse 
was custom developed for EFACEC, a large Portuguese 
company in the warehouse design, building and 
consultancy business. EFACEC was preparing a 
proposal for a client and they needed the model to 
evaluate and test their options. They also wanted to use 
the model as a marketing tool to gain the contract. 

Two persons with previous experience in 
simulation formed the development team. The model 
was developed in four months with full time dedication, 
but was inflexible to support significant changes after 
EFACEC won the bid. 

Furthermore, the increasing demand for warehouse 
design made the development of specific hard coded 
simulation models for EFACEC inadequate. 

The need for a flexible tool, easier to use, lead to 
the development of a Decision Support System: 
AWARD (Advanced WARehouse Design). 

1. INTRODUCTION  

Computer simulation has become widely used in 
the analysis of complex problems and is now an 
important tool in decision making. Since the 1960s 
simulation has been used with success in solving real 
problems. 

In 1976 the concept of Visual Interactive 
Simulation (VIS) was introduced by Hurrion (Hurrion 
1976). With VIS a picture of the model running is 
displayed on the screen and the user can interrupt the 
model running, at any time, and interact with it in a way 
that he can influence the future behavior of the model. 

Visual Interactive Simulation aggregates a set of 
graphics, visual and interactive techniques which can be 
incorporated with different levels of extension in a 
simulation system. In the past years, there have been a 
large number of situations where VIS was successfully 
applied to different areas, including warehousing as in 
(Crookes and Valentine 1982), (Dangelmaier and 
Bachers 1986), (Marín et al. 1998), (Feliz-Teixeira and 
Brito 1999), (Burnett and LeBaron 2001) and (Macro 
and Salmi 2002). 

Warehouse design is a complex task and its success 
relies mainly on the designer's experience. The large 
number of technological options available and the 
difficulty in evaluating them justifies the search for 
better and more effective tools for warehouse design. 
The trend, in recent years, of building larger, automated 
warehousing systems has made warehouse design even 
more complex. 

The nature of warehouse design requires the 
manipulation of large amounts of data and is often an 
iterative process that forces the designer to go through 
the different design phases several times before 
reaching the final solution. This suggests an integrated 
computer environment that can give support to the user 
during all the design phases. 

2. THE PROBLEM 

EFACEC's engineers had two design options that 
were identical except in the number of aisles and in the 
number of racking levels. The first option has six aisles 
with five levels of racking, and the second one has five 
aisles with seven levels of racking. In figure 1 the 
warehouse layout of the six aisle option is presented. 

The warehouse must be capable of storing all the 
products coming from the different production plants 
and capable of supplying the company's retailers. 

It has two bays at the reception and can unload 
simultaneously two trucks. The products arrive by truck 
in full pallets with 36 cases each. The pallets are 
unloaded automatically by roll conveyors, and then are 
transferred to a chain conveyor by a lift table. 

One by one each pallet is moved by a rail trolley to 
another chain conveyor. During this path the pallet is 
identified by a bar code reader and has its overall 
dimensions automatically inspected. 

If any problem is detected the pallet is directed to a 
different circuit (turn left in the end of the trolley path) 
for manual inspection. When the pallet is in good 
condition it is taken by the chain conveyor (on the right 
at the end of the trolley path) to another rail trolley. 

This trolley moves the pallet to a chain conveyor on 
one of the racking aisles, according to the operational 
conditions. The pallet then waits in a table at the 
conveyor's end until it is picked up by the crane and put 
away in the racking. Each racking aisle has a dedicated 
crane. 



Figure 1: Fully automated warehouse layout 

The warehouse has two identical dispatch docks 
(see fig. 1), each one with two bays. 

Two trucks can be at the same time in one dock but 
only one can be loading. The existence of the two bays 
allows the preparation of one truck while the other one 
is loading. The product cases are loaded into the truck 
by conveyors. The loading sequence is defined by the 
computer according to the order information. As the 
truck must visit different company's retailers throughout 
the country the loading sequence must be made in the 
reverse order of the retailer's visit sequence to allow 
easy unloading. 

The product cases daily throughput is very high and 
diversified as this warehouse serves as central 
distribution point for retailers throughout Portugal. 

To cope with loading peak times and to prevent 
cases shortage EFACEC's engineers have designed a 
solution consisting of a set of cases buffering conveyors 
and depalletising tables (see fig. 1). The computer 
controls the opening of each buffering conveyor, 
according to the order's item list, allowing the cases to 
flow to the main conveyor and be loaded to the truck at 
a very high rate. When there is enough space in the 
buffering conveyors a pallet is automatically 
depalletised. Its cases are directed by a conveyor to the 
buffering conveyors that need to be replenished. 

The depalletising tables are fed by a conveyor that 
accumulates pallets acting as a buffer. When a pallet is 
needed in this area the computer issues an order to the 
racking cranes that pick up the required pallet. The 
pallet is then taken to the depalletising area by the 
conveyor system. The depalletising tables and buffering 

conveyors are dedicated to certain products. The 
decision was taken according to the products throughput 
rate.

There are a total of thirty products. The demand is 
stable and seasonal effects are not significant. The 
Pareto analysis of the daily throughput shows that 20% 
of the products are responsible for 90% of the 
throughput. 

The products are grouped in five classes according 
to the daily throughput. Table 1 presents the class 
boundaries and the number of products in each class. 

The twelve case buffering conveyors are dedicated 
to classes 1 and 2. Two case buffering conveyors and a 
depalletising table are dedicated to each product in class 
1. One case buffering conveyor is dedicated to each 
product in class 2 and one depalletising table is 
dedicated to the whole class. Four conveyors and one 
depalletising table are left out for future expansion or to 
be used in the case of a break down. 

Table 1: The Product Classes in the EFACEC's 
Warehouse 

Class Daily Throughput (cases) Nº of products 

1 > 1000 2 
2 > 250 4 
3 > 34 6 
4 > 17 6 
5  17 12 

The ten case buffering conveyors set is dedicated to 
classes 3, 4 and 5. One conveyor is dedicated to each 
product from class 3. The products from class 4 and 5 
use two conveyors. Two conveyors are left out for 

Dispatch
bays

Reception
bays

CharriotRoll
conveyors

Chain
conveyorsDepalletising

tables

Slow movers 

Cases buffering 
conveyors 



future expansion or to be used in the case of a break 
down. The order's items for products in class 4 and 5 are 
prepared manually in advance and placed in the 
corresponding conveyor. 

Products in classes 3, 4 and 5 are picked from the 
slow movers racking (see figure 1) and are handled 
manually due to its low rotation. The slow movers 
racking is replenished whenever a pallet is emptied. An 
order is issued to the racking cranes and the pallet is 
picked from the main racking and taken by the conveyor 
system to the slow movers zone. A transporter picks up 
the pallet at the conveyor end and puts it away in the 
racking. 

The pallets are picked in the main racking using the 
FIFO (First In First Out) rule. This rule is used to 
prevent the products from being stored for long periods 
of time that could lead to deterioration. When the rail 
trolley has a pallet ready to be taken to the racking the 
computer must decide to which aisle the pallet should 
go. The objective is to balance the number of product 
pallets in each aisle. The pallet is taken to the aisle 
which has the smallest number of pallets from that 
product. In each aisle the pallet is put away in the free 
cell that is nearest the aisle exit. 

In the two EFACEC design options all the 
warehouse parameters are the same except the number 
of aisles and the racking dimensions. Table 2 shows the 
different parameters used in each option. 

Table 2: The Number of Aisles, Levels and 
Racking Cells in the Two Design Options 

Option Nº of aisles Nº of pallets 

/ level / aisle  

Nº of levels Nº of cells 

1 6 156 5 4680 

2 5 132 7 4620 

The inorders and outorders profile are well known 
by EFACEC's client. The products arrive to the 
warehouse in trucks coming from the company 
production plants. The profile of outorders is defined 
based on the current distribution data. 

3. SIMULATION MODEL 

A Visual Interactive Simulation model was 
developed to evaluate EFACEC's design options. The 
model uses the SIMVIS libraries and utilities described 
in (Bastos and Moreira da Silva 1985). 

This simulation library was written at the 
Management Group (GEIN) of the Mechanical 
Engineering and Industrial Management Department 
(DEMEGI) of the Faculty of Engineering - Porto 
University - Portugal. The programming language used 
was FORTRAN and later C++. The library is based on 
the simulation event approach. 

Although SIMVIS was used to build simulation 
models, its main objective was the development of 
Data-Driven Generic Models. The SIMVIS author's 
strategy was to conceive a system with the basic tools 

necessary to support the development of model 
generators for specific domains. With the Data-Driven 
Generic Models the user can build models with a 
friendly interface using a dialogue that he can 
understand and without a great need of simulation 
expertise. A set of support libraries were also 
developed, at GEIN, to allow the software to be easily 
ported to other operating systems or be adapted to work 
with different graphics terminals. This was achieved by 
building separate libraries for the low level I/O and 
graphics modules, that are device and/or operating 
system dependent, and for the high level I/O and 
simulation modules, that are device and operating 
system independent. Each simulation model is defined 
by programming the events and all the user interaction 
and graphics display animation. 

The development of the warehouse simulation 
model had the following objectives: 

- to evaluate the warehouse overall performance; 
- to verify whether the dispatch bays and the cases 

buffering conveyor system were able to load the 
expected trucks in the required time and without delays; 

 - to verify if the depalletising tables and the pallets 
replenishing system were sufficient to supply the cases 
buffering conveyors without breaking the case loading 
flow; 

 - to establish the minimum number of racking 
cranes capable of doing the pallet storage and 
replenishment operations without bottle-necks; 

 - to convince the client of the quality of EFACEC's 
proposal; 

 - to be used as a competitive edge against 
competitors. 

A scaled design, similar to the one from figure 1, is 
used to display the running of the simulation model. The 
pallets movement on the conveyors, the movement of 
the trolleys and racking cranes are realistic displayed. 
The individual pallets whilst being transported are 
represented by a scaled square which is drawing using 
the product colour code. When the pallets are stored in 
the racking cell they are represented by a line segment 
with the same colour. 

After the depalletisation (because of scale) it is not 
possible to do a detailed display of the cases flow. This 
flow is represented by a line which connects the table 
with the destination conveyor. The same technique is 
used to represent the case flow between the buffering 
conveyor and the truck being loaded. The colour and 
position of the line is updated every time a change 
occurs. An icon representation is used to show the 
trucks at the bays or waiting to get in. 

The model structure is composed of three modules. 
The configuration module allows, for the layout of 
figure 1, the definition of the coordinates, the number of 
aisles and the number of racking levels. In the IDUMP 
module the user is asked to define the start date and 
time and the duration of the simulation. Next it 
generates the internal simulation model structure. 

The simulation module allows the running of any 
previously defined configuration. 



Figure 2: Screen Display during the Running of the “EFACEC” Model 

Figure 2 shows a picture of the display during the 
running of the simulation model. The running of the 
simulation can be interrupted at any time and the user 
can execute several SIMVIS commands called system 
interactions. The user can also execute any of the 
following commands developed specifically for this 
model and called user interactions: 

- INFSTO - transporters histogram statistics; 
- ESTATI - current warehouse state data; 
- INFCHA - trolleys histogram statistics; 
- INFPRO - histogram of the nº of pallets for 

each product / all products; 
- STOCK - change the transporters’ control 

logic. 

The STOCK interaction allows the user to change at any 
time the transporters’ control logic. Any of the 
following rules can be defined for each one of the 
racking cranes: 

- STORE - do only pallet storage operations; 
- PICK - do only pallet picking operations; 
- STO/PIC - do both pallet storage and picking 

operations giving higher priority to the 
picking operations; 

- BREAK - do nothing (breakdown situation). 

The warehouse simulation model was developed 
specifically for the evaluation of EFACEC's design 
options. Nevertheless new warehouse simulation 
elements were created that can be used in other 
situations. The modeling of conveyors is a good 
example. 

4. RESULTS 

The objectives described in 2. for the development 
of the EFACEC's simulation model were achieved. The 
running of the simulation model has given a thorough 
understanding of the warehouse design options. 

A major objective was to decide between design 
options 1 and 2 (see table 2). As the crane cost is high 
the option 2 was preferable. The question was to know 
if five cranes were enough to do the job. The simulation 
study of a typical 8 hours shift showed that five cranes 
were capable of doing the pallet storage and 
replenishment operations without delays. Figure 3 
presents the cranes statistics for a 4, 5 and 6 aisles 
options in an 8 hours shift. 
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Figure 3: Cranes Operational statistics  
(% of simulation time) 

As it is necessary to allow for a crane to be stopped for 
maintenance without affecting the pallet replenishment 
operations the four crane option was also analyzed. The 
simulation results showed that five cranes are sufficient 
for the replenishment operations with allowances for 
maintenance and future increase in the demand. 

The simulation study has also demonstrated that the 
dispatch bays and the case buffering conveyor system 
are capable of loading the expected trucks in the 
required time and without delays. A truck waiting to be 
loaded queue was never formed. 

The depalletising tables and the pallets 
replenishment system have proved to be effective. 
Under normal working conditions the trucks loading 
cases flow was never interrupted by cases shortage. The 
simulation analysis of the warehouse overall 
performance was fully satisfactory. 

The model was also used to explain the solution to 
EFACEC's client and to convince him of the merit of 
the project. The scaled animation and the quality of the 
graphics display have caused a great impact in the 
client. The fact that EFACEC was the only company to 
use simulation to evaluate the project was used as a 
competitive edge against competitors. The simulation 
project was fully successful. 

5. CRITICAL ISSUES 

Two persons with previous experience in 
simulation formed the development team. The model 
was developed in four months with full time dedication. 
EFACEC's engineers have given warehouse technical 
support and helped in the model validation. 

Although the simulation project was considered 
successful by everyone, its approach has revealed some 
limitations. EFACEC has gained the contract and later 
on there was a need to do significant changes in the 
initial warehouse configuration. EFACEC wanted these 
modifications to be included in the simulation model in 
order to be evaluated. Unfortunately the required time to 
do it and its cost made the solution unacceptable for 
EFACEC.

Furthermore, the increasing demand for warehouse 
design made the development of specific simulation 
models for EFACEC inadequate. The limited number of 
simulation experts and the required development time 

made this approach impractical. EFACEC knew that 
simulation was crucial in warehouse design but it has no 
internal expertise and people to do it. So other 
alternatives had to be looked for. 

6. CONCLUSIONS 

6.1. Alternatives for Warehouse Simulation 

When a warehouse simulation model has to be 
developed two options can be made: use a consultant or 
simulation expert; or develop the model within the 
warehouse management or design team. 

The use of a consultant or simulation expert can 
speed up the process of obtaining results and gives 
professional expertise. However, this option is usually 
more expensive and most of the time does not have the 
flexibility required. Also, communication problems can 
arise between the simulation expert and the warehouse 
team. The simulation expert is not aware of warehouse 
problems and the warehouse team have difficulties in 
understanding some technical aspects of the simulation. 
These difficulties are a major drawback and can 
compromise the success of simulation projects.  

Furthermore, with the growing need of simulation 
models in warehousing it is not possible to find always a 
simulation expert available to do the job. The 
development of the simulation model within the 
warehouse team appears so to be the most desirable 
solution. The question is: how appropriate current 
simulation systems are to be used by people from the 
warehouse business to develop warehouse models? 

For a simulation system to be effectively used by 
warehouse designers it must have a user friendly 
interface, a warehousing specific terminology and it 
must be easy to use and enable the development of 
simulation models in short periods of time. From all the 
different simulation approaches described, the most 
adequate to provide these characteristics is the Data-
driven Generic Model approach. 

Manufacturing and warehousing systems have 
some similarities. The existing manufacturing 
simulation systems can sometimes be used to build 
warehouse models. However common elements such as 
transporters or storage units have different contributions 
for the global efficiency of manufacturing and 
warehousing systems. Movement is the prime activity in 
a warehouse; machining processing is the prime activity 
in a production unit. 

The current simulation systems that could be used 
by warehouse business people are not appropriate to 
simulate warehouses. To model the complex logic of a 
warehouse system a programming or simulation 
language has to be used. For that, expertise in 
simulation and programming are required. This kind of 
expertise is not common to find within warehouse 
business people and the increasing need for warehouse 
simulation makes each time more difficult to find 
external consultants to do the job. In either case the 
development of dedicated warehouse simulation models 



is very time consuming and does not have the flexibility 
required. 

The Data-driven Generic Models approach is the 
right one to allow warehouse designers to build 
simulation models. However current simulation systems 
using this approach are not appropriate for warehouse 
simulation. Warehouse systems have special 
characteristics that require a new way of defining the 
simulation model and new modeling elements to 
represent its complex logic. 

6.2. Design Brief 

In manufacturing systems machine working is the 
centre of activity and transport and storage are auxiliary 
activities. In manufacturing systems job processing 
times and scheduling rules must be modelled accurately 
while travel times can be taken approximately, storage 
access logic simplified and physical locations ignored. 

In warehousing systems movement is the centre of 
activity. The system performance depends mainly on the 
efficiency of the storage and picking operations which 
in turn depends on the speed in which pallets are 
moved, picked and put away. As movement is the prime 
activity in a warehouse: storage physical locations, 
travel paths, transporters’ speed must be rigorously 
modelled. This explains why current manufacturing 
simulation systems are not appropriate for warehouse 
simulation. 

Physical locations and travel distances are crucial in 
warehouse modelling. The warehouse layout is a key 
factor in the success of the system. When developing 
warehouse models the spatial factor is essential for a 
good representation of the real system. 

A warehousing simulation system using the Data-
driven Generic Model approach should then have the 
following characteristics: 

- a user friendly interface using warehouse 
terminology; 

- an effective way of defining the physical layout 
in order to enable the model of movement with 
the required level of accuracy; 

- simulation elements which allow a correct 
modelling of warehouse logic. 

An example of this approach is AWARD (Advanced 
WARehouse Design), a software package to support 
warehouse design and management. AWARD 
development has been user oriented and incorporates 
the experience and background discussed above, as 
described in (Brito and Basto 1992). 
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ABSTRACT  

This paper presents an application of 
simulation modelling within a facility layout 
reengineering on behalf of a services’ 
organisation; Coventry City Council (CCC).  
This organisation was burdened with its 
operational activities that take place at its 
depot. The available parking places were not 
adequate to meet the fleet’s needs and, in 
addition, were disproportionally dedicated to 
the operational activities. Some parts of the 
depot were bustle with life whereas others 
were laid idle. Consequently, the poor depot 
design resulted in inefficiencies in terms of 
heavy congestion at the entry-exit points, at the 
resources (fuel station, waste transfersite etc.), 
Health and Safety issues, lack of control, low 
space utilisation, high risk of vandalism, and 
untidy appearance. Therefore, the major 
objective of this project constitutes the 
redesign of the depot’s layout after evaluating 
alternative viable plans and deciding on the 
most valuable. To address this facility layout 
problem, simulation modelling was employed. 
Testing various risk-free scenarios, managers 
could study the performance characteristics of 
the proposed layouts without affecting the real 
system. The recommended layout involved the 
reallocation of resources, the reorganisation of 
the network of roads, the operational vehicles 
to be parked at dedicated parking places, and 
explicit operating rules to be followed by the 
drivers.  

INTRODUCTION 

The dynamic character of today’s 
competitive environment forces organisations 
to an incessant reassessment in an effort to 
respond. Their facilities, though, should be 
considered as an integral part of this effort. 
Hence, organisations must continually 
revaluate their existing facilities to ensure that 
they are consistent with both the 
environment’s demands and the management’s 
strategic requirements. For the majority of 

organisations, though, the first response to any 
perceived facilities demands is to employ an 
architect or an industrial engineer. However, 
the design skills that these specialties tender 
are only one aspect in creating prudent, cost-
effective and long-term facilities restructuring. 
Amidst this convention, organisations need a 
clear strategy that incorporates an explicit 
facilities reengineering plan.  

This paper describes an experience 
where the authors used simulation modelling 
to redesign a depot’s layout after evaluating 
alternative viable plans and deciding on the 
most valuable in terms of efficiency. It 
involves work undertaken for Coventry City 
Council (CCC). CCC has a depot based in 
Whitley, Coventry. The depot consists of two 
distinct parking sites, one for operational 
vehicles and one for private cars. The depot 
has a number of diverse operational activities 
interacting with each other: Street Cleansing; 
Grounds Maintenance; Waste Services; Special 
Needs Transport; Highways Works; Street 
Lighting; Taxi Licensing. It accommodates 
about 300 operational vehicles that represent 
these activities. They arrive at the depot to tip; 
to fuel, to have access to the water supply; to 
wash out; to be inspected; and to park.  

This organisation was burdened with its 
synchronising operational activities due to 
disconnected and scattered storage structures 
and space constraints. The existing network of 
the logistic activities related to the arrival, 
loading, and departure processes of the 
vehicles in the depot showed no clear, 
underlying plan. Some parts of the depot were 
bustle with life whereas others were laid idle. 
The available parking places were not adequate 
to meet the fleet’s needs and, in addition, were 
disproportionally dedicated to the operational 
activities. Consequently, the poor depot design 
resulted in inefficiencies in terms of heavy 
congestion at the entry-exit points, at the 
resources (fuel station, waste transfersite etc.), 
Health and Safety issues, inaccessible 
resources, lack of control, low space 
utilisation, overcrowded aisles, high risk of 



 

vandalism, and untidy appearance. Moreover, 
the operational vehicles have not got priority 
over the private ones. In fact, the depot can be 
viewed as a number of finite operational 
vehicles arranged on the depot’s parking places 
and a number of resources (i.e. fuel station, 
waste transfersite, water supply, high pressure 
washing, and workshops). The spatial 
rearrangement of these facilities (vehicles, 
parking places and resources) in an effective 
manner is what OR people call the facility 
layout problem. Thus, although the facility 
layout problem may arise in many contexts and 
can be solved by various approaches, in this 
case the authors used simulation modelling to 
evaluate alternative layouts that derived from a 
strategic facility reengineering framework. 

This paper is organised as follows. 
Section 2 draws upon literature from the topics 
of facility layout problem and simulation 
modelling. Based on the review, a 
methodology was developed in order to render 
operational for this application (Section 3). 
Section 4 constitutes the main body of the 
empirical investigation. Section 5 discusses 
any implications. Finally, Section 6 provides 
the conclusions of the entire depot’s 
reengineering plan and suggests areas and gaps 
for further work. 

LITERATURE REVIEW 

Since the whole body of literature in the 
field of facility layout planning is extensive, 
this review is, therefore, selective. It deals with 
literature that provides an overview of different 
approaches for solving the facility layout 
problem and reveals the need to incorporate 
simulation modelling within layout 
reengineering. 

The facility layout problem concerns the 
spatial and non-overlapping arrangement of 
numerous interrelated activities to achieve 
some objectives. There is no single and user-
friendly OR methodology that can ensure 
provably optimal solution and good run times 
and incorporate the strategic mindset. 

In an effort to design and evaluate 
alternative layouts, many optimisation 
approaches were proposed. 
• Mathematical modelling demonstrates an 

optimal solution but only in case of small 
or greatly restricted problems (Foulds and 
Robinson, 1978; Montreuil and Ratliff, 
1989; Boswell, 1992).  

• Heuristics can usually give a sufficient (but 
not optimal) solution quickly in case of 
large-scale problems (Jaydeep et al., 2003). 

These algorithms are available as layout 
software packages.  

• Finally, literature provides also some 
hybrid algorithms that represent a 
combination of approaches. For instance, 
Dunker et al. (2005) presented an algorithm 
that combines dynamic programming and 
genetic search for solving a facility layout 
problem. 

Despite their effectiveness, these 
approaches imply difficult-to-use mathematical 
formulations and in addition, require 
accurately defined design objectives and 
constraints. Approaches based on graphical 
representation were developed in order to offer 
more comprehensible procedures, the 
possibility of adding multidimensional factors 
and not having accurately defined elements.  
• Systematic Layout Planning (SLP) 

represents this category (Muther, 1973). 
However, this approach focuses on a 
functional way of thinking. 

• Thus, in order to “get away from the 
functional mindset and meet today’s 
rapidly changing strategic operations 
needs”, the Strategic Facility Planning 
(SFP) was built on the earlier approach of 
SLP (Wrennall and Lee, 1994). 

However, none of the above methods 
looked at the facility layout problem as a large-
scale reengineering project. Thus, integrated 
facilities reengineering approaches were 
developed.  
• The most effective one seems to be that of 

the FacPlan method proposed by Lee 
(1996).  

 A step forward is that of simulation 
modelling. While it is certainly not a scientific 
measure, simulation models can be an 
extremely valuable, timely and cost-effective 
means to study the performance characteristics 
of a proposed layout. By providing system-
wide views of the impact of changes to the 
existing system without physically building, 
amending or interrupting the system, 
simulation offers a platform to validate the 
effectiveness of an altered design (Senko and 
Suskind, 1990). There are many contributions 
focused on simulation modelling in general 
(Law and Kelton, 2000; Banks et al., 2001, 
Robinson, 2004). What is worth mentioning, 
though, is that there are several contributions 
dedicated solely to the application of 
simulation to facility layout design. However, 
these applications are mainly dedicated to 
manufacturing systems design such as material 
handling system design, manufacturing cell 
design, warehouse or factory layout design 



 

(Law et al., 1993; Heavey and Browne, 1996). 
Nevertheless, literature provides only a few 
applications to the facility layout problem for 
services’ organisations. An example is that 
given by Lo et al. (2002). Running large-scale 
emergency exercises constitute a time- and 
cost- consuming process. Thus, in order to 
examine the existing layout and assist in 
planning the spatial arrangement during 
emergency situations, Lo et al. used simulation 
modelling.  

METHODOLOGY 

The authors implemented a compound 
methodology that can be considered as an 
innovative way to structure such a problem as 
no similar case has been presented in the 
literature: 

1.  a FacPlan method that consists of an in-
depth analysis of all the depot’s elements 
and  the design of alternative layouts (SFP 
approach). The phases of this approach are 
described thoroughly by Karagiannaki 
(2005). 

2. simulation modelling in order to evaluate 
the proposed layouts and attain a more 
efficient allocation of the resources. 

SIMULATION MODELLING 

Two alternative layouts were agreed to 
be evaluated using simulation modelling. 

Conceptual Modelling 

Modelling objectives 
• Determine which proposed layout offers 

the most efficient allocation of the 
operational vehicles and which operating 
rules it must incorporate so that with 95% 
confidence: 

1. the maximum queue size in each facility 
(exit gate, fuel station, waste transfersite, 
weigh bridge, water supply, high pressure 
washing) is less that 6 vehicles  

2. the average queuing time in fuel station, 
waste transfersite, weigh bridge and exit 
gate is less than 5 minutes and the average 
queuing time in water supply and high 
pressure washing is less than 20 minutes 

3. the maximum queuing time in fuel station, 
waste transfersite, weigh bridge and exit 
gate is less than 10 minutes for 80% of 
vehicles and the maximum queuing time 
in water supply and high pressure washing 
is less than 30 minutes for 80% of vehicles 

• Determine whether the agreed layout with 
its operating rules allows for a potential 
10% increase in the fleet of each 
operational activity without affecting the 
above objectives. 

Model content 
Table 1: Model scope 

Component Include/ 
exclude Justification 

Aggregation 
of vehicles of 
each 
operational 
activity 

Include 

Flow through the depot 
system during the day. 
The individual vehicles are 
represented by  their density 
(meaning the type of 
operational activity) and not 
directly as individual entities 

Operatives Include 

Flow through the depot 
system at the start and end of 
shift 
Depart from and arrive to a 
building-base 

Queues for 
each resource Include 

All resources need to be 
modeled to give full statistics 
on queues and resource 
utilisation 

Allocation of 
the fleet of 
each 
operational 
activity 

Include Experimental factor 

Allocation of 
each resource Include Experimental factor 

Operating 
rules Include 

Experimental factor 
Include agent-based 
behaviours; meaning the use 
of a set of rules that 
individual drivers follow (e.g. 
drivers usually choose the 
 shortest queue, or they will 
not join a queue if there are 
more than five vehicles in it) 

Traveling 
times Include Fixed, based on the speed 

limit in the depot 

Scale Include Design of the layout based on 
a 1:500 scale 

Visitors Include Visitors are represented as 
vehicles (not pedestrians) 

Priorities 
(islands-
crosswalks) 

Include 

The priority is given to the 
driver inside the island. The 
priority is given to 
pedestrians in the crosswalks 

Inspection 
time Include The drivers inspect their 

vehicles before departing 

Interrelation 
between the 
two parking 
areas 
(operational 
and private) 

Exclude 

Only pedestrians can walk 
through the two parking 
areas. Moreover, not all the 
operatives park at the private 
area. The exact number  of  
operatives coming into the 
depot from the private 
parking is not known 

Processes 
outside depot Exclude Beyond the purpose at hand 

Simplification 
• Worst case scenario. The number of vehicles 

of each operational activity was the 
maximum available. Thus, absence of 
operatives -because of illnesses or vacations- 
and in addition, fleet deficiencies -because of 
vehicles inspected in the workshops- was not 
modelled. 

• Only model the operational parking area. 



 

• Fridays and weekends were not modelled due 
to the different shift patterns and the different 
number of vehicles that operate these days.   

Model Coding 

The computer modelling was 
implemented using the standard version of 
SIMUL8 simulation software. The model 
layout was designed based on a 1:500 scale 
(Figure 1). Each run of the simulation model 
starts with all the vehicles parked at different 
blocks. The blocks are based on the shift 
patterns in order to permit the vehicles that are 
parked in the back rows to depart. Thirty nine 
of these vehicles are grounds maintenance’ 
vehicles (yellow vehicles), sixty two are mini 
buses (orange), forty are skips (green) and 
twenty six are street cleansing vehicles (blue). 

 
Figure 1: Print Screen of the depot’s model 

Based on shift patterns, the operatives 
depart from a building-base, follow the 
pedestrians’ clear path (red line) in order to 
reach the vehicles and spend some time in 
order to inspect and prepare the vehicles before 
leaving. Then, they leave the depot (the image 
of the parking place changes to an empty 
space). The vehicles follow the network of 
roads inside the depot and deal faithfully with 
the driving regulations. This signifies that they 
give priority to the pedestrians before any 
crosswalk and the driver inside the island has 
priority, as well. Vehicles return to the depot 
throughout the day to tip, to have access to the 
water supply, to fuel and for lunch breaks. 
There is no set times to these. Thus, the times 
used in the simulation model were based on an 
attempt to fit proper distributions to the data 
gathered. For the fuel station, especially, a 
specific set of rules was introduced in order to 
include the behaviour of the individual drivers 
and thus, to model the process of fuel as close 
to reality as possible (agent-based behaviours). 
For example, drivers usually choose the 
shortest queue, or they will not join a queue if 
there are more than five vehicles in it. Finally, 
the vehicles return to the depot approximately 
half hour before the end of shift to tip, fuel (if 
they did not manage to do so during the day), 
wash down and complete vehicle checks. 

When the operatives park their vehicles, they 
follow again the pedestrians’ path and return to 
the buildings.  

Verification and Validation  

To illustrate the concept of verification 
and validation, several forms of testing had to 
be employed. However, because of the 
complexity of the depot’s system and the time 
available, the authors found it inefficient to use 
some formal techniques for validating the 
model. Therefore, they were forced to validate 
the model through discussion with the 
managers who have a detailed knowledge of 
the system and feedback sought on whether the 
model is appropriate.  

FURTHER ANALYSIS 

None of the output statistics (maximum 
queue size, average queuing time and 
percentage of vehicles within the time limit) in 
itself can be considered as sufficient and 
necessary to lead to valid results. Each output 
serves different purposes and questions. Only 
by combining them will they offer an overall 
understanding of the system and thus 
convincing inference. In addition, it is 
imperative not to forget that the simulation 
models were based on the worst case scenario. 
Therefore, based on the models’ outputs, 
although some significant lengthy queues may 
appear, this is not the case. Their size can not 
be considered as strictly precise. However, it 
can be concluded that they definitely indicate 
problematic areas. 

Regarding the first agreed layout and its 
first experiment (that incorporates a change in 
the operating rules), the outcomes of the 
analysis are: 
• It appears that the fuel station and the waste 

transfersite satisfy the responses that 
determine the achievement of the objectives. 

• The water supply and the high pressure 
washing seem to operate properly as well. 
The fact that there is a significant maximum 
queue size for the water supply is based on 
the worst case scenario effects. Moreover, 
this occurs due to the rules that determine 
when to use this facility; meaning that all the 
sweepers have to use the water supply in the 
morning (before departing from the depot) 
and after the lunch time. Therefore, it is 
reasonable to observe a lengthy queue.  

• The outcomes regarding the exit gate indicate 
a problematic area. The maximum queue size 
is 13 vehicles. However, the average queuing 
time (1.5 minute) and the percentage within 
the time limit (100%) reveal that this lengthy 
queue occurs only at peak times; in this case 



 

in the morning (between 7:00 and 7:30am). 
Also, taking into consideration that in the 
current system such a queue size can be 
observed, the situation is not aggravating in 
this proposed layout, but it does not give an 
improvement, as well. 

• Regarding the weigh bridge, the outputs 
definitely indicate a bottleneck. However, the 
average queuing time (4.17 minutes) and the 
percentage within the time limit (82.35%) 
reveal that this lengthy queue occurs only at 
peak times (between 4:10 and 4:30). Figure 2 
depicts the time-series of the queue size. In 
an attempt to solve this bottleneck, the 
authors changed the operating rules 
(experiment 1). Indeed, the outcomes of 
experiment 1 proved that the queue size has 
been decreased. Figure 3 depicts the time-
series of the queue size for the experiment. 
Comparing the two graphs, it is obvious that 
the new rules resulted in smoothing the peak 
time, which leads to the decrease in the 
queue size. Of course, while solving the 
traffic in the weigh bridge, the remainder 
system was also affected; especially the fuel 
station and the waste transfersite as the 
change in the rules incorporated these 
resources. However, the results are still 
consistent with the objectives and no other 
problematic areas occur. 
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Figure 2: Time-series of the bridge queue size 

(Layout 1) 
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Figure 3: Time-series of the bridge queue size 

 (Layout 1: Experiment 1) 

The first alternative layout and its 
improvement -that the experiment 1 
represents- solved the bottleneck regarding the 
weigh bridge. Respectively, the second 
alternative layout and its improvement -that its 
experiment represents- solved the bottleneck 
regarding the exit gate. Based also on the fact 
there are no significant changes regarding the 
remaining outputs, it can be assumed that the 
two layouts are supplementary. Therefore, it 
can be concluded that the simulation model 
infers the combination of their experiments as 
the most efficient layout. This solution implies 
a wide range of tangible and intangible 

benefits. The tangible outcomes can be 
summarised as the decrease of any bottlenecks 
and the reduction in the queuing and 
processing times. The intangible ones can be 
considered as the aggregation of each 
operational activity’s vehicles, more control, 
tidier appearance, health and safety issues. 

In addition, it should be mentioned that 
although the above solution reduced the 
lengthy queues, some points of congestion still 
appear but only at peak times. If CCC feels 
that the queues that still occur at peak times are 
not satisfactory, the authors identify three 
experimental factors that can assist in giving 
an even more efficient layout: the operating 
rules that the individual drivers follow; the 
routes that the vehicles follow inside the depot; 
and the shift patterns of each activity. By 
combining these factors, a wide range of 
alternative solutions emerge.  

Furthermore, considering an experiment 
that incorporated a 10% increase in the fleet, it 
should be highlighted that there are space 
limitations (break-down point) that may not 
allow a further increase. In such a case, it is 
recommended that CCC repeat the entire 
reengineering project; meaning to redesign and 
propose new layouts and implement new 
simulation models. Here, it is worth 
mentioning that the outcomes of the existing 
simulation project can be used as benchmarks 
for evaluating the efficiency of the new 
layouts. 

CONCLUSIONS 

Regarding the simulation modelling 
implications of this paper, this approach can be 
viewed as a powerful facility evaluation tool as 
it can be employed within a facility layout 
problem and thus, assist in evaluating 
alternatives. The major outcomes that the 
CCC’s managers may experience, but also any 
managers that deal with a facility redesign 
problem can be summarised as follows: 

 The factors that effect the evaluation of 
the alternative layouts can be easily 
identified. In this instance, these 
experimental factors were: the reallocation 
of the parking places and the resources; 
the operating rules; the routes; and the 
shift patterns. 

  The use of simulation within layouts 
should be an iteration process and not be 
used once and thrown away. Rather, it 
should be retrieved by managers on an 
occasional basis. Thus, the outcomes of 
any simulation model can be used as 
benchmarks for evaluating the efficiency 
of the new layouts. 



 

 Simulation can incorporate agent-based 
behaviours, which play a vital role for a 
successful model development; meaning 
that it includes individual behaviours. 

The literature review revealed that there 
is no single and widely accepted technique to 
provide optimal solution to a facility layout 
problem. Thus, the authors suggest the 
combination of different approaches and 
techniques. In this case, they implemented a 
compound methodology (FacPlan method and 
the SFP framework it incorporates with 
simulation modelling) that can be considered 
as an innovative way to structure such a 
problem. Therefore, concerning any further 
work that can be employed, this paper can be 
seen as the launch for further examination of 
the use of simulation modelling with facility 
layout problems. Moreover, in order to capture 
the financial aspect of the proposed layouts, a 
financial analysis could be integrated with the 
alternatives. Thus, after performing the 
different simulation experiments, financial 
analysis could provide a significant tool to 
poise the various benefits that each alternative 
promises. 
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ABSTRACT 
 
Simulation-Based Early Warning Systems provide op-

portunities to control and analyze material flow systems 

by forecasting future system states. For this purpose a 

flexible reporting and extracting of simulation results 

respectively is essential but not supported by simulation 

tools in a standardized and simulator-independent way. 

There is a variety of general communication methods to 

exchange results with non-simulation applications (e.g. 

Simulation-Based Early Warning Systems). Neverthe-

less the data structure and representation have to be 

described for every isolated case. 

This article presents a solution approach to enable flexi-

ble generation of reports via XML and XSLT. For this 

reason an XML schema definition used for defining 

variable calculation rules is described and its implemen-

tation in representative simulation tools is pointed up as 

well as the link to simulation-based early warning sys-

tems. 

 

INTRODUCTION 
 
Different customer requirements, the rapid change of 

available technologies and the bigger flexibility of pro-

duction factors in the automotive industry lead to in-

creasing competition and complexity in process and 

product innovation. Appropriate methods to cope with 

these challenges are efficient production strategies. 

In this context, time is a very important factor. The 

sooner future developments are identified, the faster one 

can respond to them. Simulation-Based Early Warning 

Systems (SEWS) support a proactive control of real 

material flow systems. In consequence of real or poten-

tial state changes, proactive control (unlike reactive 

control) makes foresighted and target-oriented acting 

possible. 

The usage of simulation as a part of an early warning 

system to control real material flow systems makes 

great demands on simulation models and the system 

environment. One requirement is that a potential user of  

SEWS does not have to parameterize, start and analyze 

simulation runs. For this reason the simulation model 

has to be embedded invisibly into a SEWS and special 

programming constructs are required that allow simula-

tion models to be integrated in a production control or 

operating system (Banks 2000). 

The main objective of this approach is to support SEWS 

with efficient functions to generate reports flexibly and 

independently of the used simulator. The following 

section will give a short description of SEWS and their 

architecture. After that the flexible generation of reports 

via variable definition will be discussed. The last sec-

tion explains how simulation models can work with it. 

Finally the paper gives a conclusion and an outlook on 

future work. 

 

SIMULATION-BASED EARLY WARNING 

SYSTEMS 
 
The basic concept of SEWS is not new but not de-

scribed conclusively in literature and consistently im-

plemented in practice. One of the commonly used terms 

in this context is online-simulation, which is part of 

SEWS to forecast future system states. Generally 

online-simulation is the simulation of an existing real 

system based on a simulation model of this system. The 

simulation model has to be initialized with real data of 

the current system state. Results have to be calculated in 

an adequately short time (Schulze et al. 2003). There are 

a lot of terms and definitions which are related directly 

and indirectly with SEWS but it is possible to differen-

tiate them (Hotz and Schulze 2006). The following 

section defines and explains the term of SEWS and 

introduces the system architecture. 

 

Making SEWS Understandable 
 
Generally early-warning systems are mechanisms de-

ployed to inform persons at risk of imminent danger at 

an early stage. The purpose is to enable the user or the 

deployer of the early-warning system to prepare for the 

danger and act accordingly to mitigate against or avoid 

it (Greulich and Barnert 2003). 

Simulation models are used to predict the behaviour of 

real and complex systems which are stochastically in-

fluenced. Typically simulation models help to analyze 

the effects of different action alternatives without im-

plementation and negative effects for the real system. 

SEWS combine the functionalities of simulation and 

early-warning systems. The simulation-based forecast-

ing of future system states is the significant difference 

to classic early-warning systems which are based exclu-

sively on historical and current measuring data. 



Recapitulating the following definition of SEWS may 

be useful: 

“A Simulation-Based Early Warning System is a 

mechanism which is based on a simulation model of a 

complex real system and points negative effects or posi-

tive potentials out as soon as possible and informs the 

user of the complete system conveniently by forecasting 

and analyzing different action alternatives.” 

The potential users of SEWS are the responsible people 

who are commissioned to control the real system. In 

practice the acceptance of SEWS is affected by the 

capability of detecting exceptional circumstances, the 

generation of reasonable action alternatives and the 

flexible representation of important variables from 

simulation results. 

 

System Architecture of SEWS 
 
In principle the architecture of SEWS includes five 

primary components (Hotz and Schulze 2006): 
 
• Datasources: 

 
Relevant system data has to be collected from dif-

ferent data sources. These could be databases of op-

erating systems, production control centers or dif-

ferent production planning systems like enterprise 

resource planning or other planning and documenta-

tion databases. Maintenance data and data of finan-

cial controlling systems are also important. Specific 

scenarios necessitate collecting data from computer 

numeric controls, storage programmable logic con-

trollers for conveyors or machines and OPC-server 

directly. There are a lot of approaches to connect 

data from real production facilities with simulation 

models (Feldmann 2000) and represent simulation 

relevant data in XML (Jensen and Reinhardt 2003). 
 

• Framework: 
 
The main functions of the primary component 

Framework are data handling, the initialization and 

control of simulation models, the gathering and 

evaluation of simulation results. Furthermore it has 

to support an efficient communication with a 

SEWS-user and to generate appropriate action al-

ternatives in the case of exceptions in the material 

flow system e.g. machine failures or material tail-

backs. 
 

• Simulation Model(s): 
 

The ability to forecast and proactive control is pro-

vided by simulation models of the real system. A 

SEWS should be independent of specific simulation 

models or simulators. Some simulators are more 

capable because of their performance, their com-

munication abilities and their extensibility, others 

are not.  
 
• User and user interface respectively: 
 

The control center user is of utmost importance. He 

is supplier of data as well as beneficiary of the sys-

tem. Via a user interface he is able to configure the 

different functionalities of the framework depend-

ing on the real system. 

 

• Global XML-Structure  and Web Services: 
 

At the evolution of SEWS attention has to be paid 

to standardization, extensibility and reusability of 

the whole system and its components. XML is a 

standardized data exchange format and satisfies 

these requirements regarding extensibility and stan-

dardization. Web Services guarantee the reusability 

of commonly used functions which can be used by 

more then one SEWS. A Web Service is a service 

whose functionalities are described in XML and 

can be called over the internet and intranet respec-

tively (Graham et al. 2002). 
 
Figure 1 displays the system architecture of SEWS. 

 

 
 

Figure 1: System Architecture of SEWS. 

 

The following section describes the flexible report gen-

eration via variable definition. 

 

FLEXIBLE REPORT GENERATION VIA 

VARIABLE DEFINITION 
 
Using a variety of simulation tools causes the necessity 

of result format standardization. There are a lot of pos-

sible forms and methods to generate reports and results 

from simulation runs. If we want to apply a SEWS in-

dependently of the used simulator the report generation, 

the representation and the evaluation of simulation re-

sults have to be standardized.  

Defining and parametrizing variables via XML are the 

method of solution in this article. XML can be used in 

different technologies and can be represented in a vari-

ety of display formats. For this reason it is necessary to 

describe the processing of XML documents, because a 

variety of illustration facilities for XML data is avail-

able e.g. web pages. 

The variables are freely configurable by the control 

center user of a SEWS. He can flexibly define his own 

reporting as requested and thus independence can be 

achieved. The simulator and simulation model respec-

tively can process the calculation rules of these vari-



ables and return the results after or during a simulation 

run. 

First of all the following subsection illustrates the tech-

nology XML. Subsequently the definition of variables 

via XML and the generation of source code using XSLT 

will be described. 

 

The World is Speaking XML 
 
Recommended by the W3C (W3C 2006) the eXtensible 

Markup Language (XML) is a general-purpose markup 

language for creating special-purpose markup lan-

guages, capable of describing many different kinds of 

data. Derived from the Standard Generalized Markup 

Language (SGML), XML plays an important role in 

facilitating the sharing of data across different systems, 

especially systems connected via the Web.  

Markup languages based on XML like MathML 

(MathML 2006), XHTML and XSLT are defined in a 

formal way and allow programs to modify and validate 

documents without prior knowledge of their form. Fol-

lowing points make XML well-suited for data exchange 

(McLaughlin 2002, Skulschus 2004, Bates 2003): 
 
• Simultaneously human- and machine-readable. The 

support of unicode allows the communication of 

almost any information in any human language and 

it manifests as plain text files, independently of li-

censes or restrictions. 
 
• The most general computer science data structures 

can be represented (records, lists and trees). 
 
• A strict syntax and parsing requirements allow the 

parsing algorithms to remain simple, efficient and 

consistent. 
 
• The self-documenting format describes structure 

and field names as well as specific values. A hier-

archical structure suits to most types of documents. 
 
• The robust, logically-verifiable format is based on 

international standards. 
 
• Platform-independent and relatively immune to 

changes in technology. 
 
• Extensive experience and software availability 

because XML and its predecessor SGML have been 

in use since 1986. 
 
An XML document has to be well-formed and valid. 

Valid XML documents contain data that conforms to an 

XML schema that describes correct data values and 

locations. Schema definition formats for XML are the 

Document Type Definition (DTD) and the XML Schema 

Definition (XSD). XSD is the more powerful successor 

of DTD in describing XML languages because of its 

rich data typing system that allows more detailed con-

straints on an XML document’s logical structure. Fur-

thermore XSD is based on XML format and can be 

processed by ordinary XML tools.  

Widely used Application Programming Interfaces 

(APIs) for processing XML data are the Document Ob-

ject Model API (DOM) for random-access processing 

and the Simple API for XML (SAX) for serial process-

ing. Data binding is another possibility of processing 

XML data and makes them available for programming 

language data structure. An example for data binding 

systems is the Java Architecture for XML Binding 

(JAXB). 

There exist a lot of approaches to make the advantages 

of XML useful for simulation. One approach is to ex-

ploit the features of XML for modelling and simulation 

systems. Classes are generated which can be integrated 

in the target simulation system and support the user in 

constructing and editing models (Röhl and Uhrmacher 

2005). Another related approach is to use XML-based 

code generators for converting simulation models be-

tween different run-time platforms without manual 

changes (Wiedemann 2005).  

Usually XML is used for describing and exchanging 

data between different systems. Concerning a specific 

simulation problem, the relevant data are collected and 

represented in XML, so all applications involved in 

solving this problem work on the same data structure. 

Lee and Luo use XML to represent a machine shop data 

model and describe a mechanism for transferring data 

between a traditional database and XML files (Lee and 

Luo 2005). Further there are ambitions to describe 

simulation models formally in a universally valid way 

(Reinhardt et al. 2003).  

The problem of any approaches is that there is no avail-

able standard XML schema definition for simulation 

models and it is utopian that this problem can be solved 

in the near future. The reason is complexity in simula-

tion which makes it necessary to have simulation ex-

perts who are able to abstract problems from reality. To 

find a matching XML schema definition that supports 

every possible simulation problem under the restriction 

of necessary abstraction would be the solution of strik-

ing simplicity.  

For this reason a global XML schema definition for 

SEWS is not designed to describe simulation models 

completely. It simply has to support the data manage-

ment. The XML schema for describing variables which 

is defined in the following is only a fragment of the 

global XML schema definition for SEWS. 

 

Defining Variables with XML 
 
The precondition of flexible generation of reports is the 

presentability of variables. Simulation entities (e.g. 

loads, resources, workers, order lists, etc. …) own a lot 

of attributes depending on the used simulation tool. A 

flexible and open structure to describe different variable 

definitions and constellations is needed. Furthermore 

variables calculability consisting of several different 

parameters has to be supported.  

An appropriate XML schema definition makes this 

approach possible. A variable is defined by recursive 

use of the XML node operand. An operand represents 

either an element or further operations. At this point the 

recursivity starts because an operation consists of two 

operands and one operator. An element includes the 



following information about the related simulation en-

tity (generally an entity is a representation of real things, 

Chen 1976): 
 
• ElementType: Defines the type of simulation entity. 

Element Types are resources (e.g. machines), 

workers, loads, queues or order lists. 

• ElementID: Represents the explicit identification of 

a specific simulation entity. 

• AttributeID: Specifies the desired attribute. Its 

value has to be used for calculation. 

 
Figure 2: XML Schema Definition for Variables. 

 

A variable calculation rule can be represented by a di-

rected root tree (Neumann and Morlock 2002). Oper-

ands which contain an element are the leaves of this 

tree. 

To clarify this coherences a simple example should be 

given. Let a, b, c and d be elements used to calculate the 

variable x as follows: 
 

)()( dcbax −∗+= . 
 

This calculation can be displayed in a directed root tree 

(Figure 3). 

Furthermore an element can contain an absolute term or 

whole calculation rules of other variables. For this rea-

son very complex calculation rules are within the scope 

of possibility. 

 

 
 

Figure 3: Root Tree of Variable x. 

 

Defining variables in this way is not completely new. 

The Mathematical Markup Language (MathML) pro-

vides a similar systematic for representing mathematical 

expressions, symbols and formulae with the aim to 

integrate them into HTML documents. It deals with the 

presentation as well as information about the meaning 

of formula components.  

At this point we have reached the first step of flexible 

generation of reports. We are able to define complex 

calculation rules of variables. Figure 4 illustrates an 

example XML document with two variables (mill-

ing_output_1 and worker_idle_state_1) based on the 

following calculation rules: 
 
milling_output_1 = 

  RESOURCE�MILLING_MACHINE_1�OUTPUT + 

  RESOURCE�MILLING_MACHINE_2�OUTPUT 
 
worker_idle_state_1 =  

  WORKER�MILLING_WORKER_1�AVG_IDLE + 

  WORKER�MILLING_WORKER_2�AVG_IDLE 

 

 
 

Figure 4: Example XML Document of Variables. 

 

These variables are based on known attributes of simu-

lation entities and can be built e.g. with the aid of web 

pages (Figure 5). Now these rules have to be made 

available for the simulation model. 

 

 
 
Figure 5: Defining Calculation Rules via Web Pages. 

 
The idea to solve this problem is either to generate 

source code which is useable by the simulation model 

directly or to generate data files which can be read from 

the simulator and simulation models respectively. The 

<Variables> 
 <Variable> 
  <Operand operand_id="operand_1"> 
   <Operation> 
    <Operator>plus</Operator> 
    <Operand operand_id="operand_1_1"> 
     <Element  attributeID="OUTPUT"  
       elementID="MILLING_MACHINE_1"  
       elementType="RESOURCE"/> 
    </Operand> 
    <Operand operand_id="operand_1_2"> 
     <Element  attributeID="OUTPUT"  
       elementID="MILLING_MACHINE_2"  
       elementType="RESOURCE"/> 
    </Operand> 
   </Operation> 
  </Operand> 
  <Description>utilization of milling machines</Description> 
  <VariableID>milling_output_1</VariableID> 
 </Variable> 
 <Variable> 
  <Operand operand_id="operand_2"> 
   <Operation> 
    <Operator>+</Operator> 
    <Operand operand_id="operand_2_1"> 
     <Element  attributeID="AVG_IDLE"  
       elementID="MILLING_WORKER_1"  
       elementType="WORKER"/> 
    </Operand> 
    <Operand operand_id="operand_2_2"> 
     <Element  attributeID="AVG_IDLE"  
       elementID="MILLING_WORKER_2"  
       elementType="WORKER"/> 
    </Operand> 
   </Operation> 
  </Operand> 
  <Description>average idle state of workers</Description> 
  <VariableID>worker_idle_state_1</VariableID> 
 </Variable> 
</Variables> 

 



best fitting alternative is depending on the used simula-

tion tool. Anyway at this time XSLT comes into play. 

 

Code Generation with XSLT 
 
The eXtensible Stylesheet Language (XSL) describes 

how XML encoded files have to be formatted or trans-

formed. XSL is used in three W3C-recommended lan-

guage specifications (W3C 2006). These languages are 

XSL Transformations (XSLT), XSL Formatting Objects 

(XSL-FO) and XML Path Language (XPath). 

XPath is used to address the parts of an XML document 

whereas XSL-FO specifies the visual formatting of 

XML documents. 

Related to this papers topic the interesting specification 

is XSLT. It supports the transformation of XML docu-

ments into other document formats like HTML, RTF, 

TeX, plain text or even back into XML with new or 

changed values and attributes. 

For the transformation two things are necessary. An 

XSL document describes the transformation output and 

an XSLT processor is doing the actual transformation. 

There are different XSLT processor distributions avail-

able. The very most common distribution is Xalan-Java 

and can be used from the command line, in an applet, a 

servlet or as a module in other programs. 

Depending on the used simulator, XML documents can 

be transformed into different formats via XSLT 

stylesheets (Figure 6).  

 

 
Figure 6: XSLT Transformation (Burke 2001). 

 

Afterwards the simulator and simulation model respec-

tively uses this data. At the end of simulation runs or at 

specific points of time the variables have to be calcu-

lated and returned. The processing of calculation rules is 

discussed in the following section. 

The attributes of the XML node element is defined in a 

common way independently of the used simulator. It 

has to be translated into simulator specific attributes. 

XSLT stylesheets consist of template rules. During the 

XSLT processing the XML documents are processed 

according to a fixed algorithm to find XML elements 

and nodes respectively that meet certain conditions of 

template rules. Inside the template rules, instructions are 

processed like sequential instructions, which define the 

result document. 

Then the generally defined attributes can be interpreted 

depending on the target simulator. Figure 7 demon-

strates the stylesheet code for interpreting the element 

attributes of the example XML document in Figure 4 for 

the use in the Simulator “AutoMod”. 

The first template is invoked for every element-node in 

the XML document. The XML attributes related to this 

node (AttributeID and ElementType) are passed to a 

second template which is able to interpret the element 

type (in the example stylesheet: resource and worker). 

Depending on this element type a third template returns 

the simulator-specific attributes in cleartext. 

 

 
 

Figure 7: Stylesheet for interpreting element attributes. 

 
The following section describes the generated code and 

how it can be used by the simulation models and how 

the calculation rules are processed. 

 

MAKE SIMULATION MODELS WORKING 

WITH IT 
 
The objective target is to enable simulation models to 

calculate desired variables for a flexible reporting. At 

the moment one can produce useful output with the aid 

of XSLT and XML documents. Thus the next sections 

will describe how simulation models can be provided 

with this output, how simulation models process this 

data and how results can be calculated and returned. 

First the communication method will be discussed. 

Afterwards the initialization of calculation rules in 

simulation models will be described. The explanation of 

the actual calculation of results and their representation 

will complete this section. 

 

Simulation Model Communication 
 
The described approaches in the preceding sections are 

tested with the simulation tools AutoMod and SLX. 

AutoMod is a discret event-oriented simulator which is 

used in the area of material flow and logistics simula-

tion. The modelling can be done in a graphical user 

interface. Complex control routines and workflows are 

developable using a specific simulation language.  

<xsl:template match="Element" mode="auto_mod_attribute"> 
 <xsl:call-template name="auto_mod_attribute"> 
  <xsl:with-param name="attribute_id" select="@attributeID"/> 
  <xsl:with-param name="element_type" select="@elementType"/> 
 </xsl:call-template> 
</xsl:template> 
  
<xsl:template name="auto_mod_attribute"> 
 <xsl:param name="attribute_id"/> 
 <xsl:param name="element_type"/> 
 <xsl:if test="$element_type='RESOURCE'"> 
  <xsl:call-template name="amod_resource_attributes"> 
   <xsl:with-param name="attribute_id" select="$attribute_id"/> 
  </xsl:call-template>  
 </xsl:if> 
 <xsl:if test="$element_type='WORKER'"> 
  <xsl:call-template name="amod_worker_attributes"> 
   <xsl:with-param name="attribute_id" select="$attribute_id"/> 
  </xsl:call-template>  
 </xsl:if> 
 
 … 
 
</xsl:template> 
  
<xsl:template name="amod_resource_attributes"> 
 <xsl:param name="attribute_id"/> 
 <xsl:if test="$attribute_id='OUTPUT'"> 
  <xsl:text>total loads</xsl:text> 
 </xsl:if> 
 <xsl:if test="$attribute_id='AVG_OUTPUT'"> 
  <xsl:text>average loads</xsl:text> 
 </xsl:if> 
 <xsl:if test="$attribute_id='DOWN_TIME'"> 
  <xsl:text>average down time</xsl:text> 
 </xsl:if> 
 
 … 
 
</xsl:template> 



This simulator provides the opportunity to communicate 

with other systems based on integrated interfaces (e.g. 

ActiveX, OLE, Client/Server) and to read data from 

files. Furthermore different graphical import formats 

like IGES, VRML and DXF are supported (Chung 

2003). 

The Simulation Language with eXtensibilities (SLX) 

consists of two components. On the one hand the SLX-

Language which includes instructions to simulate dis-

crete processes as well as general instructions like 

higher programming languages. On the other hand it 

contains general components to develop simulation 

systems. SLX is based on a C-like kernel which is aug-

mented with basic functions for event-oriented discrete 

simulation which leads to the actual SLX kernel 

(Schulze and Henriksen 1998). For this reason almost 

all functionality of higher programming languages with 

their communication possibilities are available. 

There are a variety of potential communication methods 

for generated source code. Usually company networks 

provide slow transfer rates and should not burden with 

network traffic unnecessarily. For this reason network 

traffic has to be hold minimal. 

Making importable data files available to simulation 

models reduces communication costs to the required 

amount of data. This data files can be stored on the 

same computer the simulation model is running on. 

These files will be read or included at the beginning of 

simulation runs. 

AutoMod simulation models as well as SLX simulation 

models have to be compiled. Compared to SLX the 

compilation process for bigger models developed in 

AutoMod is in the range of minutes. Thus data for simu-

lation models are provided as readable data files. A 

model compilation is not necessary. Even the compila-

tion of big SLX simulation models requires less then a 

minute. For this reason SLX code can be generated on 

the fly and imported as SLX classes. The code genera-

tion is one task of the SEWS framework which controls 

the data transfer and the simulation models. Figure 8 

displays the flow of actions. 

 

 
 

Figure 8: Code Generation depends on the Simulator. 

 

To secure the existence of elements and their attributes, 

a validity check of calculation rules is inevitable in all 

cases. 

The next question is how the application of calculation 

rules in AutoMod and SLX can be done. This will be 

discussed in the following section. 

 

 

Initialization of Calculation Rules 
 
The simulator and the simulation model respectively 

have to generate the desired variables at the end of 

simulation runs or at specific points of time. Prior to this 

the calculation rules have to be known. The generated 

code or data files may be used for the initialization of 

simulation models. 

For the use in SLX there have to be defined classes 

which represent the structure of calculation rules ana-

logical to the XML schema definition document. This 

structure can be allocated with data at the initialization. 

Figure 9 displays the module variable_classes which 

contains the classes to describe the XSD document 

explained in the section before. 

 

 
 

Figure 9: Initialization Classes in SLX. 

 

The generated SLX code imports this module and in-

stantiates objects which are described in the XML docu-

ment using the defined classes. Figure 10 illustrates the 

generated SLX source code according to the example 

variable defined in Figure 4. First of all the elements 

with the identifier MILLING_MACHINE_1 and identi-

fier MILLING_MACHINE_2 are created and assigned 

with its element type RESOURCE and its attribute 

OUTPUT. 

Thereby OUTPUT is not a specific SLX attribute of a 

resource. It makes the connection between the generated 

source code and the example in Figure 4 easier. 

The operands (operand_1_1 and operand_1_2) are 

assigned to this element and it is integrated into one 

operation with the operator plus. This operation is a 

component of the first operand of the variable mill-

ing_output_1 which is inserted into the list of variables. 

These defined objects can be used in the source code of 

the simulation model. 

 

//***************************************************************** 
// Module Initialization Classes of Calculation Rules 
//***************************************************************** 
module variable_classes { 
 
 public class Element(string(*) elementID_){ 
  string(50) elementID; 
  string(50) elementType; 
  string(50) attributeID; 
  initial{elementID = elementID_; } 
 } 
 
 public class Operand(string(*) operandID_){ 
  string(50) operandID; 
  pointer(Element) element_; 
  pointer(Operation) operation_; 
  initial{operandID = operandID_; } 
 } 
 
 public class Operation(){ 
  string(50) operator_; 
  pointer(Operand) operand_1_; 
  pointer(Operand) operand_2_;  
 } 
 
 public class Variable(string(*) variableID_){ 
  pointer(Operand) operand_; 
  string(50) variableID; 
  string(100) description; 
  initial{variableID = variableID_; } 
 } 
 
 public class Variables(){ 
  set(Variable) variable_; 
 } 
} 



 
 

Figure 10: Generated SLX-Code for Instantiation. 

 

Calculating and Returning Results 
 
After providing generated source code and data files 

respectively to the simulation model, the structure and 

values of the calculation rules can be used. 

 

 
 

Figure 11: Calculating Rules in AutoMod. 

 

The main target is to enable SEWS to generate flexible 

reports independently from the used simulator. At spe-

cific points of time the variables have to be calculated 

and returned. Such points of time could be the end of 

simulation runs or the emergence of heavy exceptions in 

the material flow system. 

The recursive build and the tree structure of calculation 

rules prove an easy implementation of source code for 

calculating results in the simulation models. Elements 

represent the leaves of this tree structure and define the 

necessary attributes of simulation enitities. Their values 

are detected and used for calculation. Figure 11 illus-

trates an example source code in AutoMod. 

Afterwards variables have to be returned in an adequate 

format. The simplest way is to return the pairing of 

VariableID and the corresponding calculated value. 

This can be done in an XML document which has to be 

generated from the simulation model. Figure 12 demon-

strates a sample XML file which can be created easily 

with the output functions of simulators. This result file 

is readable and analyzable from the framework of the 

SEWS and other applications respectively. 

 

 
 

Figure 12: Result Representation via XML. 

 

And now this article comes full circle. It starts with the 

defining of variables for flexible generation of reports 

and ends with the returning of results. 

 

CONCLUSION AND FUTURE WORK 
 
At the transmission plant Rastatt of the DaimlerChrysler 

AG several branches of production shall be provided 

with a SEWS as an experiment to verify the utilizability, 

benefits and potentials of SEWS in the automotive in-

dustry. The manufacturing process in transmission pro-

duction basically consists of production areas, heat 

treating areas and assembling lines. Production areas 

manufacture important components like gears and 

shafts. These production areas are divided into machin-

ing before and after heat treating. The last step is the 

assembling of manufactured parts (Figure 13). 

 

 
 

Figure 13: Manufacturing Process in Transmission 

Production. 

 

To test the functionalities of SEWS adequate represen-

tatives were chosen. These are the FSG assembly line 

which manufactures the transmission for the Mercedes-

Benz A-class, the hardening stove A28 and the produc-

begin F_calculateRule function 

 set V_Operand_Type to F_GetOperand(Arg_OperandID) 

  

 if (F_isOperation(V_Operand_Type) = true) then 

 begin 

  set V_OperationID to F_getOperation(Arg_OperandID) 

   

  set V_Operator to F_getOperator(V_OperationID) 

   

  set V_OperatorFunction to F_getOperatorFunction(V_Operator) 

   

  set V_OperandID_1 to F_getOperandID(V_OperationID + "_1") 

  set V_OperandID_2 to F_getOperandID(V_OperationID + "_2") 

   

  set V_OperandValue_1 to F_calculateRule(V_OperandID_1) 

  set V_OperandValue_2 to F_calculateRule(V_OperandID_2) 

   

 set V_ReturnValue to  

     F_calculateValue(V_Operator,V_OperandValue_1,V_OperandValue_2) 

   

  return V_ReturnValue 

 end 

 else begin 

  return F_getElementValue(V_OperandID) 

 end 

end 

//*************************************************************** 
// Module Initialization Values of Calculation Rules 
//*************************************************************** 
import "variable_classes.slx" 
 
module variable_values{ 
 
 public class initialization(){ 
  pointer(Element) element_1_1_p; 
  pointer(Element) element_1_2_p; 
 
  pointer(Operand) operand_1_1_p; 
  pointer(Operand) operand_1_2_p; 
 
  pointer(Operation) operation_1_root_p = new Operation(); 
  pointer(Operand) operand_1_root_p; 
 
  pointer(Variable) variable_1_p; 
  pointer(Variables) variables_p = new Variables(); 
 
  initial{ 
   element_1_1_p = new Element("MILLING_MACHINE_1"); 
   element_1_1_p->elementType = "RESOURCE"; 
   element_1_1_p->attributeID = "OUTPUT"; 
   operand_1_1_p = new Operand("operand_1_1"); 
   operand_1_1_p->element_ = element_1_1_p; 
 
   element_1_2_p = new Element("MILLING_MACHINE_2"); 
   element_1_2_p->elementType = "RESOURCE"; 
   element_1_2_p->attributeID = "OUTPUT"; 
   operand_1_2_p = new Operand("operand_1_2"); 
   operand_1_2_p->element_ = element_1_2_p; 
 
   operation_1_root_p->operator_ = "plus"; 
   operation_1_root_p->operand_1_ = operand_1_1_p; 
   operation_1_root_p->operand_2_ = operand_1_2_p; 
 
   operand_1_root_p = new Operand("operand_1"); 
   operand_1_root_p->operation_ = operation_1_root_p; 
 
   variable_1_p = new Variable("milling_output_1"); 
   variable_1_p->description = "utilization of milling machines"; 
   variable_1_p->operand_ = operand_1_root_p; 
 
   place variable_1_p into variables_p->variable_; } 
  }} 
} 

<?xml version="1.0" encoding="UTF-8"?> 
<Results> 
 <Result> 
  <VariableID>milling_output_1</VariableID> 
  <Value>232</Value> 
 </Result> 
 <Result> 
  <VariableID>worker_idle_state_1</VariableID> 
  <Value>0.13</Value> 
 </Result> 
</Results> 



tion control center of the shaft manufacturing for heavy 

duty transmissions.  

Further developments to generate alternatives at the 

case of exceptions in material flow systems are neces-

sary. SEWS have to be provided with a certain intelli-

gence and learning aptitude. For this purpose an effi-

cient systematics has to be located which is functioning 

independently of the supplied material flow system. 
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ABSTRACT 

This study deals with the tuning of the tracking time 
parameter in the back calculation anti-windup scheme. 
When the controller output saturates, the back 
calculation method does not reset the integral action 
instantaneously but rather dynamically with a time 
constant Tt.  Here, a method is presented to adjust the 
parameter Tt in such a way that the process output 
acquires a ‘good’ performance. The proposed method 
exploits the advantageous sides of ‘big’ and ‘small’ 
values of Tt and the value of the parameter Tt is 
determined based on the parameters of the preferred 
process model. In addition to this approach, the optimal 
value of this tracking time parameter is searched using a 
basic genetic search algorithm with Integral Time 
Absolute Error (ITAE) criterion. Finally, the simulation 
results of back calculation algorithm that uses Tt 
adjusted by the proposed method and Tt determined 
through a genetic search algorithm are compared with 
each other. 
 
INTRODUCTION 

Even though many effective control strategies have 
been achieved in recent years, proportional-integral-
derivative (PID) controllers are still the most adopted 
controllers in industrial settings. They provide a more 
preferable cost/benefit ratio when compared with other 
techniques. However, the presences of nonlinear effects 
limit their performances and also cause the well-known 
phenomenon of integrator windup. All physical systems 
are subject to actuator saturation since all actuators have 
limitations. Actuator limits cause a nonlinear effect that 
can be expressed by a saturation term, and this 
nonlinearity is one of the major reasons of integral 
windup. 
 
There have been several studies and attempts to 
overcome integrator windup during the last three 
decades. One of the earliest ones was the work by 
(Fertik and Ross 1967). Their strategy has been one of 
the most popular anti-windup schemes and has various 

names as anti-reset windup, back calculation and 
tracking and integrator resetting. Khanderia and 
Luyben have studied experimental evaluation of several 
digital algorithms for anti-reset windup (Khanderia and 
Luyben 1976). Doyle stated the fact that any controller 
with slow or unstable modes will face windup problems 
if there are actuator constraints (Doyle and Packard 
1987a, Doyle et al. 1987b). He further introduced the 
extension of anti-reset windup to a general class of 
controllers, which is often referred to as high gain 
conventional anti-windup (CAW).  Hanus and co-
workers introduced the conditioning technique as a 
generalized way of back calculation strategy (Hanus et 
al. 1987, Hanus and Kinnaert 1989, Hanus and Peng 
1992). Åstrom and co-workers proposed an observer 
based methodology to restore the consistency between 
the saturated controller signal and the controller states 
(Åström and Wittenmark 1984, Åström and Rundqwist 
1989). Walgama and Sternby have exposed this 
inherent observer property in several anti-windup 
schemes (Walgama and Sternby 1990, Walgama et al. 
1992). Campo and Morari have derived the Hanus 
conditioning technique as a special case of the observer-
based approach (Campo and Morari 1990). A modified 
Internal Model Control (IMC) implementation has been 
proposed by Zheng to improve the performance of anti-
windup techniques (Zheng et al. 1995). Kothare 
introduced a unified framework for anti-windup design 
studies and claimed that prior proposed techniques were 
all only a special form of a generalized problem 
(Kothare et al. 1994). He further explained a simple 
method for defining that general problem. Visioli 
introduced a combined scheme of conditional 
integration and back calculation to eliminate integrator 
windup in systems with transport delay (Visioli 2003). 
Hansson was one of the few who tried employing fuzzy 
logic techniques for anti-windup design (Hansson et al. 
1994). An evolutionary design procedure for discrete 
time anti-windup controller for electrical drives is 
proposed in (Cupertino et al. 2004). 
 
This study concerns with the tuning parameter of the 
back calculation anti windup scheme proposed by  
(Fertik and Ross 1967). When the controller output 
saturates, the back calculation does not reset the integral 
instantaneously but dynamically with a time constant Tt.  
This constant is the tuning parameter of the method that 



 

 

governs how quickly the integral term is reset and 
therefore the selection of this parameter has a visible 
and considerable effect on the process performance. 
Here, we present a method to adjust the parameter Tt in 
such a way that the process output acquires a ‘good’ 
performance. The method gathers up the advantages of 
big and small values of Tt and determines the value of 
the parameter Tt using the parameters of the process 
model preferred. The simulation results of back 
calculation scheme that uses Tt adjusted by the proposed 
method and Tt determined through a genetic search 
algorithm are compared with each other. 
 
INTEGRATOR WINDUP 

For a control system with a wide range of operating 
conditions, it may happen that the control variable 
reaches the actuator limits (Åström and Hagglund 
1995). Moreover, switching between operating modes, 
which results as the substitution of the controller input, 
concludes in the same way. These facts break the 
feedback loop and disable control issues on the system, 
as the actuator will remain at its limit value 
independently of the process output. If the controller 
has integral part, the error will continue to be integrated. 
This means that the integral term may become very 
large or, in other terms, it winds up. Then, it is required 
that the error has opposite sign for a long period before 
the operations on the system return to normal. Briefly, 
any controller with integral action may give large 
transients when the actuator saturates or plant input 
substitution occurs. The controller does not drive the 
plant under those circumstances and as a result, the 
states of the controller are wrongly updated (Åström 
and Rundqwist 1989). The effect of windup is in the 
form of significant performance deterioration; large 
overshoots in the output and sometimes-even instability. 
 
Wide ranges of controllers that are used in industrial 
applications are mostly PID types. To deal with 
integrator windup phenomenon, controller parameters 
are designed ignoring the actuator constraints and added 

an anti-windup compensator in the integral part of the 
controller (Visioli 2003). 
 
BACK CALCULATION METHOD  

In the back calculation method, when the controller 
output saturates, the integral is recomputed so that its 
new value gives an output at the saturation limit. It is 
advantageous not to reset the integrator instantaneously 
but dynamically with a time constant Tt. 
 
Fig. 1 shows the block diagram for back calculation 
method where Ref and y represent the reference and the 
process output. The control system has an extra 
feedback path that is generated by measuring the 
difference between the actual actuator output (v) and the 
controller output (u) and forming an error signal es. This 
error signal is then fed back to the integrator through 
gain 1/Tt. The signal is zero when there is no saturation. 
Thus, it will not have any effect on the normal operation 
when the actuator does not saturate. When the actuator 
saturates, the signal es is different from zero. The 
normal feedback path around the process is broken 
because the process input remains constant. There is, 
however, a feedback path around the integrator. 
Because of this, the integrator output is driven towards 
a value such that the integrator input becomes zero. 
 
Tracking time constant has a visible effect on system 
performance when back calculation is employed. Tt 
governs how quickly the integral term is reset. Smaller 
tracking time constants reset integrator quicker, which 
may seem to be an advantage at first. Hence, general 
rule implies that tracking time constant should be 
between integrator time constant and derivative time 
constant. A rule of thumb that has been suggested is to 
choose dit TTT ⋅=  where Ti and Td are the integrator 
and the derivative time constants of the PID controller, 
respectively (Åström and Hagglund 1995). 
   

   
 

 
Figure 1: Block diagram of the back calculation anti windup scheme  



 

 

TRACKING TIME ADJUSTMENT  

As it is mentioned above, an empiric expression can be 
used for the selection of the parameter Tt for PID 
controllers. Such kind of a rule of thumb it does not 
exist for PI controllers. However, Tt can be chosen 
equal to the integral time constant Ti at the beginning 
and then it may be increased or decreased manually in 
order to achieve a fine-tuning. Small values (with 
respect to the required value) chosen for Tt decrease 
the saturation time of the controller output and also the 
settling time of the process. In that case, the process 
response will be slow and will not produce an over-
shoot. Big values (with respect to the required value) 
chosen for Tt provide a long saturation time at the 
controller output and it will also produce over-shoots 
in the system response; that is, the system response will 
be fast but with an over-shoot. 
 
Another way in setting the parameter Tt is that it can be 
searched by running a global search algorithm through 
a proper cost function is chosen. 
The procedure given in this study for the adjustment of 
the parameter Tt is generated in such a way that the 
advantages of choosing ‘big’ or ‘small’ values for Tt 
are both exploited. The main principles can be 
expressed as follows:  
 
i. If the controller output is in saturation, Tt is chosen 
very big until the system output reaches to a certain 
percentage value (%c) of system reference. Hence the 
effect of the feedback through the gain 1/Tt is lessened 
as much as possible. This causes a long stay in 
saturation and also a very fast increase in the process 
response. The problem at this stage is the 
determination of the percentage value c.  
ii. If the process output reaches to the predetermined 
percentage value, this time, Tt is decreased to a Tt

new 

value so that the effect of the feedback through the 
gain 1/ Tt

new
 is activated.  As the integral action is 

suppressed, very big over-shoots will not occur at the 
process output. Suitable Tt

new values have to be 
determined for different types of systems. 
 
In order to determine process parameters dependent c 
and Tt

new values, the systems are expressed by the 
following first-order dead-time system transfer 
function  

sLe
1Ts

K)s(G ⋅−

+
=               (1) 

where T, K and L represent the time constant, open-
loop system gain and dead-time, respectively. Transfer 
functions of high order processes might also be 
transformed to the transfer function given in Equation 
(1) using the phenomenon presented in (Skosgestad 
2002). 
 
Ziegler-Nichols tuning rules are used to determine the 
PI type controller parameters and the proportional gain 

(Kp) and integral time constant (Ti) of the controller are 
obtained as follows: 

LK
9.0K p ⋅
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Determination of the Percentage Value (%c) of the 
System Reference 

As it is explained above, the value of Tt has to be 
changed when the process response reaches to a 
percentage value (%c) of the reference value. After 
some tests that has been performed with different types 
of process models, we have seen that this percentage 
value depends on the open-loop gain K and the 
maximum value of saturated controller output umax  ; so 
that, this value can be determined using an empirical 
formula that has been derived by the aid of the contents 
of Table 1. The empirical formula that provides the 
value of c, is quite easily derived by fitting a linear 
curve using the values in the two rows of the Table 1 
as in Equation (3). 
 
Table 1: The variation of umax.K against the value of c 
for Ref=1. 

umax.
K 1 1,2 1,4 1,6 1,8 2 2,2 2,4 2,6 ∞ 

c 100 80 70 60 50 40 30 20 10 10 
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The meta-rule used in this derivation is that: “As the 
system gain K and umax increases, the process response 
fastens and the integral action must be decreased at the 
early stages of the response.” 
 

In this formula, if 
Ref

Ku max ⋅ <1, a steady-state error is 

seen at the system response. Therefore, the choice of 

%c becomes meaningless. If 
Ref

Ku max ⋅ >2.6, it is 

assumed that %c can be fixed to the value 10 since the 
values lower than 10 demonstrated no significant 
positive changes or effects on the system performance. 
 
The Adjustment of Tt 

In the derivation phase of a formula for the Tt
new, 

various experiments on systems with different T and L 
have been conducted. It has been observed that the 
empirical formula might be arranged in the linear form 
of i

new
t TT ⋅α= . The pale graphic of Fig 2 shows the 

real data for the variation ofα  against the ratio     T / L 
due to various experiments conducted. The dark 
graphic of Fig. 2 is the curve that we have fitted to the 
variation of α  and it can be expressed as  
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Consequently, the following empirical formula has 
been deduced for time constant dominant systems, so it 
provides us the new value of Ti denoted by Tt

new: 
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The meta-rule that has been used in this derivation can 
be expressed as follows: “As T and L decrease, the 
process response fastens and so the total integral action 
must be increased.” 
 

 
Figure 2:  The variation of α against the ratio T / L 

 
The procedure for the tracking time constant 
adjustment can be summarized in the following steps: 
 
Step1: Determine open-loop gain (K), time constant (T) 
and dead-time (L). (If the system is not of the first 
order dead-time type system, then transform it to this 
type.) 
Step2: Find the parameters of PI controller using 
Ziegler-Nichols rules. 
Step3: Find the %c and Tt

new
 values via empirical 

formulas or optimal global search algorithm. 
Step4: When the controller output saturates, set 
Tt=10·Ti up to the time when the system output reaches 
to %c of the reference. 
Step5: Then, set  Tt = Tt

new. 
 
SIMULATIONS RESULTS 

To see the performance of the tracking time 
adjustment, the following simulations are done in order 
to be fair in comparison. The results of back 
calculation with the proposed Tt adjustment method are 
compared with the results of back calculation with 
constant Tt determined by running a genetic search 

algorithm. The optimization criterion is determined as 

∫=
t

0

dt)t(etITAE .      

                                                     
Simulation 1 

In the first simulation, the following first-order  
process model with a dead-time is considered:  
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Figure 3a: The illustration of the system responses of 

the first-order dead-time system 
 

 
Figure 3b: The illustration of the control signals of the 

first-order dead-time system  
 
The maximum controller output value is set to 1.2 
(umax=1.2) and the controller parameters Kp and Ti are 
found 4.5 and 3.33, respectively. The genetic search 
algorithm has given the constant Tt as 3.33.  Following 
the steps given for the new adjustment method, %c is 
calculated as %80 using the Equation (3). Tt is set to 
10·Ti up to the time that the system output reaches to 
%80 of the reference value. Then, Tt is decreased to the 
Tt

new value that is determined as 0.18·Ti using the 



 

 

Equation (4). The corresponding system responses and 
controller outputs are given in Fig.3a and Fig.3b, 
respectively. 
 
As it is seen from Fig. 3a, the new method provides 
even better response than the genetic search algorithm. 
The minimum ITAE value obtained by using back 
calculation with constant Tt (determined by running a 
genetic search algorithm) is obtained as 13.1; however, 
the ITAE value obtained by the application of back 
calculation with the proposed Tt adjustment is 12.39. 
 
Simulation 2 

The second simulation is performed on a fourth-order 
process with the transfer function given as follows: 

( ) 2)1s1.0)(1s(1s20
)2s30()s(G

+++
+

=               (6) 

This system is than approximated by the following 
first-order dead time: 
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The maximum controller output value is assumed to be 
1.5 (umax=1.5), and then the controller parameters Kp 
and Ti are calculated using the approximated system 
(12) as 4.2 and 0.5 respectively. The genetic search 
algorithm has determined constant Tt as 0.25. 
Following the steps given for the new adjustment 
method, the parameters Tt

new and %c are calculated via 
empirical formulas as 0.25·Ti and %27.5, respectively. 
The system responses and controller output are given 
in Fig.4a and Fig.4b, respectively. 
 

 
Figure 4a: The illustration of the system responses of 

the fourth-order system 
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Figure 4b: The illustration of the control signals of the 
fourth-order system 

 
As seen also from Fig. 4a, in spite of being a high-
order system, the new method gives a good and 
effective performance of system output. ITAE values 
of the constant Tt obtained via a genetic search 
algorithm and the new adjustment method are 0.2521 
and 0.2628 respectively. Even though, the system is of 
order four, adjustment procedure is applied on a very 
simplified first order model; whereas, genetic 
algorithm is used directly on the real forth order 
system. However, the results of both approaches are 
satisfactory and they are in comparable levels.  
 
CONCLUSION 

In this study, a method for the adjustment of the tuning 
parameter of the back calculation anti windup scheme 
is proposed. The structure of back calculation anti 
windup scheme is not changed. The proposed method 
exploits the advantages sides of ‘big’ and ‘small’ 
values of Tt. and the value of the parameter Tt is 
determined based on the parameters of the preferred 
process model. The adjustment procedure has two 
stages. Tt is chosen very big until the process output 
reaches to a certain percentage value (%c) of system 
reference. This causes a long stay in saturation and also 
a very fast increase in the system response.  If the 
system output reaches to the predetermined percentage 
value, this time, Tt is decreased to a Tt

new value.  As the 
integral action is suppressed, very big over-shoots are 
prevented at the process output. Thus, the process is 
forced to give a fast response with a considerable 
satisfactory overshoot. For the determination of c and 
Tt

new two empirical formulas have been derived. Even 
though, the formulation of the method is based on the 
first order time delay process models, the results 
obtained for high order systems are also very 
satisfactory. 
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ABSTRACT

The paper proposes a simulation model used to analyze
and testing several operative and security scenarios in a
container terminal.
In particular all the main state variables describing
system behavior has been completely parameterized so
the user, by means of a general graphic interface, is able
to generate different operative conditions regarding all
the port main activities. The user actions are
opportunely reflected in the performance indexes output
section giving the possibility to analyze system behavior
thanks to graphic and statistical tools.

INTRODUCTION

Every year several millions of containers move, trough
the world wide network of container terminals and
seaports, almost every kinds of goods and items. For this
reason container terminals are the most important "ring"
of the global supply chain.
There are various kind of activities that characterize the
operative conditions of all the multimodal terminals, for
example unloading goods from ship to yards and vice
versa, docking of ships, inspections of containers,
maintenance services and so on. The activities have
different level of complexity but all are important to
improve the performance and the security of the
structures. For what concern security the attention is
increased after September the 11th 2001, in fact all the
security procedures have been reviewed to improve the
defense to threat and terrorism attack.
Actually the terminal management was already a
complicated matter in which the theories and the
analytical models proposed by researchers very often
lock horns with practical real problems. The security
problems, perhaps one of the most important at the
moment, add, let’s say, more “degree of freedom” in
terms of new system parameters and more difficulties in
system improving (considering the obvious negative
effects provided by security procedures on system
performances).

In this context, for instance, several research works
(Longo and Bruzzone, 2005) have proved the increase
of the security level in terminal containers leads to the
total block of the main activities with a huge impact on
supply chain performances.
The authors propose an approach based on the complete
parameterization of a container terminal simulator
giving to the user (system’s experts) an advanced
interactive tool for scenarios testing, what if analysis and
problems solving.
Starting from a container terminal simulator
(implemented during the previous year for studying port
operations and security procedures in a real container
terminal) the main state variables have been
parameterized choosing ad-hoc values ranges and
statistical distributions have been implemented in a
easy-to-use graphic interface. The user actions (at
simulation begin or run-time) can be observed in terms
of consequences on system behavior and performances
using the default output section or specific graphic tools
or analyzing by means of statistic tools as shown in the
application example proposed in this paper.

CONTAINER TERMINAL DESCRIPTION

The main port activities that we have considered to build
the model are summarized in Figure 1, the layout
proposed shows also the main infrastructures of a
generic multimodal terminal. In this research work the
terminal container was modelled using a simulation
package based on java language. The uploading and
unloading of the ships at the dock are performed by
portainers-crane. These kinds of crane are powered by
electrical engines and move on rail.
Forklifts are used for moving the containers
trough/from/to the yard (storage area). The operations of
docking and sailing of the ships are supported by
Tugboats.



Figure 1: Schematization of the container terminal

CONTAINER TERMINAL INPUT PARAMETERS

In the following section all the container terminal
operations are described in terms of main variables and
operative parameters. We can subdivide all port
activities in five main sections, each one reporting
specific parameters:

• ships arrival;
• ships characteristics;
• technical equipment;
• external trucks characteristics;
• inspection phase.

In the Ship Arrival section the slider relative to the ships
mean inter-arrival time can be varied as shown in figure
2. The inter-arrival time, IT, that is the time between
two consecutive ships arrives, is considered as Poisson
process; consequently it is inferred from a negative
exponential distribution as reported in equation 1.

IT = Distr_NegExp(1/MeanIT); (1)

IT: inter-arrival time;
MeanIT: mean inter-arrival time;

In addition the number of ships per arrival can be set
used a text box not shown in figure 2. The Ship
Characteristics section is made up by two sliders (see
figure 2) enabling the possibility for the user to vary the
minimum and maximum number of containers to unload
from the ship. The exact number of container to unload,
NC, is inferred from a uniform distribution following
equation 2:

NC = Distr_Uniform(minNC, maxNC) (2)

NC: number of containers to unload;
minNC: minimum number of containers to unload;
maxNC: maximum number of containers to unload;

The technical equipment section is made up by 6 sliders
(see figure 2). It’s possible to set the number of

tugboats, the mean tugboat speed (the actual tugboat
speed, TS, is inferred form a triangular distribution, see
equation 3), the minimum and maximum container
unloading time (the actual container unloading time,
CUT, is inferred from an uniform distribution, see
equation 4), the number of forklifts and the mean forklift
speed (the forklift speed, FS, is inferred from a
triangular distribution, see equation 5).

TS = Distr_Triangular(minTS, meanTS, maxTS)     (3)

CUT = Distr_Uniform(minCUT, maxCUT)              (4)

FS = Distr_Triangular(minFS, meanFS, maxFS)      (5)

minTS: minimum tugboat speed;
meanTS: mean tugboat speed;
maxTS: max tugboat speed;
minCUT: minimum container unloading time;
maxCUT: maximum container unloading time;
minFS: minimum forklift speed;
meanFS: mean forklift speed;
maxFS: maximum forklift speed;

The External Truck Characteristic section is referred to
trucks that, arriving from the external side, enter the
port, pick-up the containers and move the containers
outside the port (or vice versa). There are two sliders
(see figure 2) respectively used to set the number of
trucks and the mean truck speed according to a
triangular distribution (see equation 6).

TrS = Distr_Triangular(minTrS,meanTrS,maxTrS)  (6)

TrS: Truck speed;
minTrS: minimum truck speed;
meanTrS: mean truck speed;
maxTrS: maximum truck speed;

Particular attention has been paid for the inspection
phase section. As previously mentioned the simulator
aims to consider both the technical port operations and
security procedures related to containers inspection
phase. The parameters implemented in  this setion
regard:

• percentage of containers to be inspected;
• manpower specifically working on the

inspection phase;
• type of procedures for containers  inspection;
• space for containers storage before the

inspection;
• number of trucks specifically used for

inspection operations;



• lower bound, upper bound and number of
intervals for containers service time data
collection;

• lower bound, upper bound and number of
intervals for containers waiting time data
collection.

• lower bound, upper bound and number of
intervals for inspected containers per hour data
collection;

All the parameters above described are implemented in
the graphic user interface shown in figure 2.
System’s experts can use the sliders, the text boxes, the
check boxes to modify the container terminal operative
conditions both for specific port activities and security
procedures related to containers inspection.
The parameters changes can be made at the beginning of
the simulation and run time during the simulation. In the
last case the simulator is equipped with a reset button to
delete all the statistics and results previously collected.

CONTAINER TERMINAL OUTPUT SECTION

The impact on system behavior and performances
caused by changing the input parameters can be
observed in the output section. All the statistics relative
to the performances indexes defined in the simulation
model are plotted on graphics, diagrams, histograms as
well as can be exported on excel or text files. In the
simulation model the statistic output are subdivided in
two main sections: Inspection Operations and Port
Operations as shown in figure 3.
In particular the collected values regard the following
performance indexes (refer to figure 3):

• number of inspected containers per hour
indicated as Inspection Output (in addition the
model evaluates the mean value and the
standard deviation);

• inspection service time; it is evaluated on
hourly basis. In  other words each collected

value is the mean service time of the containers
inspected during the last hour, indicated as
Service time (in addition the model evaluates
the mean value and the standard deviation);

• inspection waiting time; it is evaluated on
hourly basis. Each collected value is the mean
waiting time of the containers to be inspected
during the last hour, indicated as Waiting time
(in addition the model evaluates the mean value
and the standard deviation);

• containers daily flow entering the port
indicated as Containers flow-in (in addition the
model evaluates the mean value and the
standard deviation);

• containers daily flow exiting the port indicated
as Containers flow-out (in addition the model
evaluates the mean value and the standard
deviation);

• total number of containers entered in the port
indicated as Total Containers in;

• total number of containers exited by the port
indicated as Total Containers out;

• actual number of stored containers in the port
indicated as Stored Containers;

• cranes utilization; (one indicator for each
cranes located in correspondence of the cranes
animation, not-shown in figure 3);

All the performance indexes are shown in the animation
during the simulation.

TOOL POTENTIALS AND APPLICATION
EXAMPLES

All the main activities of a generic container terminal
were involved in the simulation model in order to
recreate the high complexity of a container terminal
functionality.
The animation (see figure 4) shows containers
movements, from ship arrivals to containers unloading,
from storage in the Yard area to the inspection.

Figure 2: Seaport Simulator graphic user interface



The simulator can be used not only to test different
configurations (in terms of infrastructures and layout)
and scenarios but also to make several what if analyses.
For instance suppose to consider the container terminal
design and management. Very often system’s experts
need to evaluate the impact of different parameters on
performance indexes in order to correctly use available
resources.

Figure 4: Simulator animation

The application example proposed in this paper regards
an analysis on the total number of containers stored
inside the terminal.
The objective is to identify the most important
parameters (here in after factors) having an impact on
the total number of stored containers (here in after
performance index).
To reach this purpose the simulator has been used in
combination with Design of Experiments (DOE) for
planning simulation runs and Analysis of Variance
(ANOVA) for studying factors relevance and evaluating
a statistic input-output model.

PLANNING THE SIMULATION RUNS

As before mentioned the simulation runs have been
planned using the Design Of Experiment. The factors
taken into consideration for experiments are described
as follows.
Ships mean inter-arrival time; the ships inter-arrival
process has been implemented in the model by means of
a Poisson’s process.
Cranes mean unloading time; this factor has been
implemented in the model by means of a uniform
distribution.
Forklifts number per crane; this factor expresses the
number of forklift available for each crane.
 Trucks Number; this factor has been used for modeling
the flow of containers entering and exiting the port.
Each factor is characterized by two levels reported in
table 1. The factorial experimental design has been used
for studying the factors effects on the performance
index, executing all possible combinations of the factor
levels.  In particular a 24 factorial experimental design
with 16 simulation runs has been executed replicating
each run twice and, in addition, a single run replicated
three times in correspondence of the center points.

Table 1: Factors levels

Factor ID Level 1 Level 2
Inter-arrival

Time
IT 720 minutes 1080 minutes

Unloading
time

UT 1.5 minutes 4.5 minutes

Forklifts
Number

FN 10 14

Trucks
number

TN 25 50

From a previous Mean Square Pure Error analysis, made
on the same simulation model, it was evaluated a

Figure 3: Simulator output



simulation run length equals to 150 days. After the
execution of each simulation run the mean value of the
performance index (the total number of stored
containers on 150 days) has been evaluated.

ANOVA FOR ANALYZING SIMULATION
RESULTS

The simulation results have been analyzed by means of
ANOVA approach to explain data variability as function
of factors levels taken into consideration. The results of
analysis of variance are shown in table 2. The first
column is the source of variation, the second column is
the degree of freedom the third column is the adjusted
mean squares, the fourth column is the Fisher statistic
and the last column is the probability used to confirm
ANOVA hypothesis.
As well known from the theory of Analysis of Variance
if the probability P reported in table 2 is greater than the
confidence level used during the analysis ( � =0.05) then
the factor influence on the performance index can be
neglected.
The ANOVA results show that the factor FN (forklifts
number) has no impact on the number of stored
containers.

Table 2: ANOVA results considering 4 factors

Source DF Adj MS F P
IT 1 4764013 173,95 0
UT 1 6073484 221,76 0
FN 1 52569 1,92 0,184
TN 1 5929707 216,51 0

IT*UT 1 4022157 146,86 0
IT*FN 1 8224 0,3 0,591
IT*TN 1 3733961 136,34 0
UT*FN 1 20554 0,75 0,398
UT*TN 1 5910782 215,82 0
FN*TN 1 30320 1,11 0,307

IT*UT*FN 1 9214 0,34 0,57
IT*UT*TN 1 3727133 136,09 0
IT*FN*TN 1 14663 0,54 0,474
UT*FN*TN 1 33476 1,22 0,284

Error 17 27388
Total 31

Such information can be used for correctly designing the
number of forklifts working for each crane; taking into
consideration the terminal operating conditions, 10
forklifts for each crane can be considered as a suitable
number.
The Analysis of variance has been repeated considering
only three factors (neglecting the number of forklifts).
The results obtained confirm the previous analysis. All
the main effects, the second order effect and the third
order effect have an impact on the total number of
stored containers.

The ANOVA approach allows evaluating a linear
statistic model to express the performance index (the
number of stored containers, SC) as function of the
factors. Equation 6 reports the model and the relative
coefficients in output from analysis of variance.

TNUTIT

TNUTTNIT

UTITTN

UTITSC

***28.341

**78.429**56.341

**53.354*47.430

*65.435*84.38584.570

−
+

++
−−−=

(6)

Equation 6 can be used considering the factors levels

expressed as (-1) for Level 1 and (+1) for Level 2.

The linear statistic model is a powerful tool to correctly
set the number of resources in relation to yard area
utilization (available space for containers storage).
Figure 5 shows the main effect plot obtained using
equation 6. Varying the ship mean inter arrival time
from 720 minutes (12 hours) to 1080 minutes (16 hours)
the total number of containers stored in the yard area is
subjected to a strong reduction. An analogous behavior
can be observed varying the cranes mean unloading time
and the trucks number.

Figure 5: Main effect plot

CONCLUSIONS

Nowadays it’s extremely clear the need to face container
terminal problems keeping under consideration two
different aspects: security procedures from one side and
standard operative procedures (that define technical and
economic efficiency) from the other.
In addition it becomes quite difficult to correctly
integrate the aspects before mentioned.
The approach presented in this research work use
simulation as cognitive and analysis tool giving to
system’s experts (thanks to an easy graphic user
interface) the ownership of the analysis and the
achievement of the established objectives.
The container terminal scenario has been modeled using
a Java-based simulation software. The simulation model
recreates the high complexity of the container terminal
in terms of ships arrivals, unloading operations, port
equipment, security procedures and so on.



The tools potentials have been tested with an application
example regarding the Yard area design and
management evaluating and testing an input-output
model.
At the moment further researches are still on going
trying to improve the analysis tools available for the
users and the functionality of the graphic user interface.
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ABSTRACT 

With the emergence of complex computer games and 
advanced gaming hardware, possibilities for 
overcoming some of the deficiencies in traditional 
game AI are becoming feasible. These deficiencies 
(repetitive, predictable, inhuman behaviour) are caused 
by the reliance on simple, reactive AI techniques for in 
game characters, and can be overcome by using more 
sophisticated AI and agent techniques. The aim of our 
research is to create new forms of intelligent characters 
(agents) that will exhibit human-like intelligence and 
provide more challenging and entertaining virtual 
opponents and team mates for computer games. We 
present here an overview of the Belief Desire Intention 
(BDI) model of agency, and its applicability to 
computer games, and present our prototype application 
that implements a BDI agent system within the 3D 
computer game Unreal Tournament via GameBots and 
JavaBots technology. We also outline our future goals 
for improving the system via the introduction of multi 
agent scenarios that require cooperation between self-
interested autonomous entities.  

INTRODUCTION

With this continued popularity of computer games, 
game players are expecting new challenges with more 
sophisticated games and game playing experiences. 
Increases in processing power are now giving game 
developers opportunities to develop novel techniques 
to incorporate into their games. With graphics 
capabilities now reaching the point where game 
environments are becoming almost photorealistic, as 
seen in games such as Half Life 2 (Valve software, 
2004),  some of this power must become available for 
AI systems. Currently developers are looking for new 
and inventive ways to keep the game players 
entertained. One way games have evolved over the last 
few years is with the introduction of on-line play, 
where players can compete against other players from 
across the world. This has been developed at great 
expense and risk to game developers (Hunt, 2003). 

One reason players are turning towards online play is that 
they can identify problems with current artificial agents 
in computer games, and prefer to play against 
‘intelligent’ opponents. Competent gamers can now spot 
the ‘cheats’ game developers use to simulate intelligent 
looking behaviour within AI ‘bots’. This can lead to a 
breakdown in the players’ immersion within an online 
world (Welsh 2005). It is unclear whether game players 
inherently dislike playing against artificial opponents, or 
whether they dislike playing against unintelligent 
opponents; however, whether intelligence is real, or 
simulated, when the illusion of intelligence is removed 
players can feel let down by the experience. It is 
anticipated that artificial intelligence will continue to be 
an important factor in the next generation of computer 
games. The challenge is to produce artificial intelligence 
for computer games characters that can utilise the 
increased power afforded by improvements in games 
hardware, and make AI agents  appear as human-like as 
possible so as to improve the game playing experience. 

Developing better AI for computer games is not a simple 
task, as the game environments tend to be ‘open’ 
(dynamic, continuous, nondeterministic), which are the 
most difficult environments for designers to construct 
agents for (Russell & Norvig, 1995).  The agents that 
appear in game worlds need to be reactive, autonomous, 
and goal-oriented if they are to survive; another complex 
design problem. To produce agents capable of this 
behaviour in these environments we propose using the 
Belief-Desire-Intention (BDI) model of agency 
(Bratman, 1987). In this model, agents are constructed 
using humanistic concepts such as goals to achieve, 
beliefs about the environment, and plans to achieve 
goals, based on beliefs. Using BDI, we can simulate the 
decision making processes performed by humans, using 
the same information available to humans, in order to 
make the agent act in a human like way. It is expected 
that this will make computer game characters appear 
more realistic, and therefore, improve the experience of 
playing against artificial game characters. The paper is 
constructed as follows. In next section, we outline the 
philosophical roots of BDI, including its folk psychology 
and practical reasoning background. We then outline the 
design of our system for integrating a BDI reasoning 
engine into the computer game Unreal Tournament, and 
detail the three layers of the system including 



deliberation, communication, and virtual environment. 
We follow this with our experimental results, including 
the initial implementation where agents interact with 
the game environment, exploring, attacking enemies, 
producing paths through the environment, following 
path, and building health by locating health packs. We 
conclude with our future aims, including the addition 
of a multi-agent layer for common goals amongst 
agents. 

BACKGROUND 

The reasoning system used by agents in our 
architecture is based on the Belief Desire Intention 
model of agency, as postulated by Michael Bratman 
(1987). This in turn is based on folk psychology, and 
has its foundations in the discipline of practical 
reasoning. According to Stich and Ravenscroft (1994), 
folk psychology has evolved out of the common sense 
expressions people use to describe the behaviour of 
themselves and others in terms of mental concepts such 
as beliefs, desires, hopes and fears. It is not a theory 
formulated by experimental research, and as such, has 
some detractors as to its philosophical worth, Sellars 
(1956). However, folk psychology does have its uses, 
and gives developers a simple tool for describing the 
actions of others. Using folk psychology descriptions, 
an agent can be developed with simple to understand 
statements e.g. if health is low, get health pack. It can 
also use the description to maintain an understanding 
of its environment, itself, and the other entities. As 
there may be many conflicting options open to an 
agent simultaneously, the notions of practical and 
means-end reasoning are introduced to drive action. 
Practical reasoning is the process of weighing up all 
the alternative options available to the agent that are 
consistent with its beliefs and desires. Means-end 
reasoning identifies how to achieve these goals by 
using the abilities available to it. Practical reasoning 
agents are rational; that is, they only adopt goals they 
believe are achievable and logically consistent. For 
example, an agent ‘A’ wishes to be in state ‘X’, and 
believes that by doing action ‘Y’, it will be in state ‘X’; 
therefore it does ‘Y’. An agent will not act irrationally. 
It will not attempt to do something it does not believe 
it can do. 

To apply folk psychology principles to a computational 
device requires that the ideas are formulated 
mathematically, and reduced in complexity. To this 
end, BDI architecture becomes a good candidate. In 
BDI, these concepts are reduced to two main functions; 
beliefs about the environment, and the desires to be in 
certain states in that environment. Bratman also 
introduced the concept of intention whereby agents 
commit themselves to achieving certain goals, and will 
try every method at their disposal to achieve the 
intention, until it becomes impractical / illogical to do 
so. This commitment differs from mere desires, which 
can be considered ideal aims. By using intentions, the 
agent can discard information that is inconsistent or 

irrelevant to the adopted goals, and the processing 
requirement is therefore much reduced. The foundations 
of BDI have been formulated into a set of logics by 
groups including Rao and Georgeff (1995), and 
implemented in a number of successful systems, 
including, JACK( Agent Oriented Software, 2006), and 
Jadex(Braubach et al, 2006). With the development of 
these tools, it proves the feasibility of developing agents 
that use humanistic concepts on computer systems.  

We are currently implementing a BDI based agent 
architecture for agents as opponents in First Person 
Shooter (FPS) games. AI in FPS games has been 
evolving for over a decade. In the first increments of the 
games, such as Quake (1996), the AI was very simple. 
Opponents simply stayed in one location in the game, 
and ran towards opponents shooting their weapons when 
they came into sight. Different skill levels were achieved 
by making AI more accurate, increasing the damage 
caused by weapons, or by simply adding more enemies to 
games. Later games achieved more realistic behaviour by 
introducing state machines that allowed agents to exhibit 
a wider range of behaviours, such as wandering, 
attacking, exploring etc. Concepts such as path finding 
were also introduced that enabled characters to navigate 
the map. AI has continued in its progression to current 
levels, which has become very sophisticated. Valdes 
(2004) indicates how far AI has come with particular 
reference to the game Halo2, where agents are beginning 
to reason about the gaming environment based on 
perceptual input. However, sophisticated as this AI is, it 
is still based upon state machines, path finding, and 
scripted behaviour. Welsh (2005) points out that human 
players are very good at identifying anomalies in systems 
such as these. In our system, we are modelling the 
thought processes game players use. It is expected that in 
this way we can overcome some of the deficiencies 
created by the reliance on state machines and scripting, to 
produce agents that appear more human-like. 

SYSTEM DESIGN 

Our framework, (Figure 1), is constructed using three 
layers that integrate several tools available as open 
source projects. The layers are: 

Intelligent Agent  : Jadex 
Game Environment :  Unreal Tournament 
Communication Layer :     JavaBots/GameBots 

Each layer is described in more detail below. It should be 
noted that our implementation is client-server based, and 
as such, requires an extra layer for external 
communication with the game engine. This means the 
agent is a combination of two separate entities. The first 
entity is situated within the Unreal Tournament game, 
and can be considered an avatar for our intelligent agent. 
The intelligent agent guides the avatar by sending 
commands over the network, and builds up a view of the 
environment by receiving perception messages. There are 
several reasons the system is implemented in this way; 



not least is the desire to implement our system in a 
modern commercial computer game. It is not possible 
to incorporate our AI directly within the game due to 
limitations in access to the engines source code. 
However, this architecture has the benefit of forcing 
the agent to play the game in the same way as human 
players, based on sensor information. In addition, this 
type of architecture allows experimentation with 
human / agent teams in an extensible framework, and 
allows many agents to connect to the game server 
simultaneously. 

Figure 1: System Design 

Intelligent Agent 

The intelligent agent layer consists of a reasoning 
system, a knowledge base of plans, and data structures 
for storing environment information. The reasoning 
system is developed using Jadex (Braubach et al, 
2004). This is an agent platform that allows the 
creation of BDI agents in the Java programming 
environment i.e. it allows the creation of agents that 
use the mental attitudes of belief, desire, and intention 
to model human like reasoning processes. Agents are 
created via the specification of beliefs, goals, plans, 
events, and capabilities. Goals relate to the state an 
agent would like to achieve and can be of several 
types; achieve, maintenance, and perform. Achieve 
goals are used to perform an action, such as move to a 
waypoint. This type of goal can either succeed or fail. 
Maintain goals are used to monitor the agent, e.g. make 
sure health stays above 50. If the agent’s health drops 
below this level, then some action is triggered to 
rectify the situation. Perform goals are used to perform 
actions that are consistent with a state that don’t have a 
target state to reach e.g. ‘explore’ where an agent will 
continue to search an environment for as long as it 
wishes. To accomplish goals, relevant plans are used. 
Plans are created via extending an abstract Plan class 
that allows messages to be sent between plans and 
agents. In the ADF, a plan’s applicability to a goal is 
specified with a trigger statement. There may be many 
plans applicable to specific goals, therefore the plans 

applicability can be further reduced with clarifiers such 
as context conditions, which states that plans can only be 
created if certain belief conditions are met. Beliefs 
specify agents’ knowledge of the world, and are used to 
trigger goals, and plans success or failure. Beliefs can be 
any Java object. In our system, we have created objects 
to store an agent’s status, enemy locations, navigation 
info etc. Using this system, we have developed AI agents 
that have the ability to respond to environmental events, 
identify appropriate plans to handle the events, and 
execute those plans in a timely manner. While executing 
plans, the agents monitor the environment, and internal 
belief structures, in order to ensure plans are still 
relevant. 
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Our intelligent agent connects to a game environment,
and interacts with it through perceptions and performing
actions. We have chosen to develop our system using the
game engine Unreal Tournament (Figure 2); a three-
dimensional, networked FPS computer game. The game
includes several game types. These include Death Match;
a free-for-all match with the winner decided by the 
highest number of frags achieved over a certain time
period, Domination; where players compete to capture
and defend domination points for a specified amount of
time, Capture the flag; where players have to retrieve the
opposition’s flag and bring it back to their base, while
defending their own flag and Team Death Match; where
teams work together to achieve the highest frag rate in a 
set time period. The game can be modified in several
ways via an editor and a scripting language. New levels
can be created in the graphical designer Unreal Edit.
Game rules and physics can be modified via the scripting
language Unreal Script. Lewis and Jacobson (2002) point
out the benefits of this solution. The engine is
inexpensive. The graphics rendering capability is 
superior to anything that can feasibly be created by small
research groups. Also, the game logic is fully
implemented i.e. the game comes complete with standard
functions such as collision detection, physics systems,
game maintenance etc. Other benefits include the large
user base of players of the game. This gives access to
domain experts for knowledge elicitation, and groups for
evaluation of the completed system. The use of a game
engine is not an ideal solution however. It would be
better to develop a complete computer game where all
functions are accessible at a source code level; a level 
that is unavailable through the use of game engines.
Game engines require us to work within the limits
imposed by the game engine developers, which can cause
problems. Norling (2004) carried out work related to our
research using the Quake engine. A number of
limitations were reported where certain behaviours could
not be modelled due to the deficiencies in information
sent from the game server. However, in the short term,
Unreal Tournament offers a neat solution to our
visualisation and game environment requirements.
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Figure 2: Screen shot of Unreal Tournament 

Communication Layer 

To facilitate communication between the intelligent 
agent and the game world we have adopted the use of 
the dual middleware product of GameBots/JavaBots 
(Marshall et al, 2006). GameBots is an extension to 
Unreal Tournament that resides upon the game server. 
It is written in Unreal Script and extends the basic AI 
and networking components shipped with the game. 
GameBots allows external processes to access internal 
AI functions through a network socket connection. For 
every game loop, agent perception data is sent as a 
synchronous message packet across the network to a 
client. This information consists of currently visible 
navigation points, inventory items, and other visible 
agents. Status information is also sent including the 
agent’s health, location, weapons etc. Event messages, 
such collision information, damage reports etc, are sent 
when they occur in the game via asynchronous 
messages. The communication is a two way process, 
and GameBots can receive messages that consist of 
actions for the agent to perform. Actions include rotate, 
walk, run, shoot etc, and also more complex operations 
such as find path, which queries the navigation system 
of Unreal Tournament, and sends a path list back in the 
form of an asynchronous message. The client portion 
used by the intelligent agent is called JavaBots; a Java 
based system developed to connect to GameBots. It is 

an extensible API that contains example bots, 
visualisation applications, and a Bot Runner application 
that allows agents to be connected and visualised via a 
GUI interface. We have taken the original JavaBots 
project and removed the extra functionality to produce a 
very simple API that simply listens for messages, and 
sends instructions back to Unreal Tournament. We have 
removed the sample bots and Bot Runner classes, and 
instead use functions within Jadex to maintain the 
connection to the game. 

Figure 3: Navigation messaging system 
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Figure 3 shows an example of the messaging system in 
which GameBots sends a message block containing 
navigation point information to the intelligent agent, 
where it is recorded in a belief structure. In Unreal 
Tournament, the game agent has a set view cone of 
around 45 degrees. At any point in the game, the game 
agent is capable of observing a discrete portion of the 
game environment contained within this view cone, 
which is not occluded by walls. Figure 2 shows a scene 
from Unreal Tournament to indicate a typical view. In 
the view, and game agent can see inventory items 
(Heath Packs), and waypoint nodes. The waypoint 
nodes can either be reachable, or unreachable. In the 
illustration, there is a gap between the game agent, and 
a platform containing the health packs; it can therefore 
see them, but cannot reach them directly. The 
navigation node to the right of the illustration is visible 
and reachable directly. Therefore, the agent can run 
directly to it.  This information is grouped into a single 
message block, and sent to the intelligent BDI agent. 
The intelligent agent receives this message, parses it, 
and populates its belief sets. New nodes (nodes an 
agent has not seen before) are added to the list of 
known nodes. Nodes at the position of the agent are 
marked as ‘visited’ to indicate the agent has explored 
the position. Two other data sets are populated; visible 
nodes and reachable nodes. At each frame, these sets 
are cleared, and populated with the new data contained 
in the message i.e. only nodes that the agent can 
currently see are stored. All historical data is deleted.  

Visualisation Layer 

In addition to the single agent messaging system, 
GameBots also has a useful feature that exports the 
complete game state connection. This information 
includes the location of all objects, agents and 
waypoints currently in the game. It is not intended for 
agents to use this information to influence behaviour, 
as this would give the agents an unfair advantage by 
giving it extra perceptions unavailable to human 
players. However, it is a useful method for developers 
to view the current game state for evaluation purposes. 
We are currently expanding the Java visualisation 
application to incorporate Java3D functionality. This 
will give us the ability to view the game in 3 
dimensions, and gain a better understanding of what is 
taking place within a game session. 

EXPERIMENTAL RESULTS 

A prototype application has been developed that shows 
the potential of the architecture. The intelligent agents 
are able to connect to Unreal Tournament, build a 3D 
view of the environment, and navigate the world. The 
agents are also capable of some basic behaviour in the 
game. This includes exploring, navigating, hunting and 
escaping. The overriding maintenance condition of the 
agent is to maintain health above 50. Once health drops 
below this level, the agent attempts to disengage from a 
combat situation, and find health until its health has 

reached 90 or above. This behaviour is achieved via a 
maintenance goal that inhibits the ‘explore’ and ‘attack’ 
goals. When the agent is attempting to build its health, it 
will observe the environment to see if any health packs 
are currently visible and reachable. If it can see a health 
pack, it will move towards it and pick it up. If there are 
no visible health packs, it checks its memory to recall the 
location of the nearest health pack to its current location. 
At this point, it queries Unreal Tournament to find a path 
to it and then follow this path to the health pack. If, on 
route, it spots another health pack that it had not 
previously seen, it will temporarily drop the goal of 
following the path in favour of collecting the new health 
pack. It will then resume the goal of following the path 
(assuming it still requires health). If the agent encounters 
an enemy agent while following the path, it will retreat, 
and choose a path to an alternate health pack. This 
behaviour is created using achieve goals. At each level, 
the agent can either succeed or fail. If a section of the 
plan fails, the agent is capable of retrying the goal, or 
dropping the goal and starting again at any level. If the 
agent is not finding health packs, the agent will then 
explore the environment. It will view its reachable nodes 
list, check if any of them have not been explored before 
and if it finds an unexplored node, it will move towards 
it. If it cannot see an unexplored node, it will run to a 
random reachable node. This behaviour is created using a 
perform goal, and the agent will continue with this 
behaviour until some event causes it to drop the 
behaviour. An example of a condition where the agent 
will drop the goal is if the agent spots an enemy. When 
an enemy is spotted, the agent will engage in an 
attacking behaviour that includes firing its weapon, 
running towards the enemy, and jumping left and right 
until it has either killed the enemy, its health drops to a 
point where the maintenance condition forces it to try to 
escape, or it is killed. The behaviour of the agent is 
presently for illustrative purposes, and is not intended as 
a sophisticated behaviour system. However, it does prove 
that developing a more complex agent is possible with a 
combination of goals and plans within the BDI 
framework.  

CONCLUSIONS AND FUTURE WORK 

It has been proposed that the goal based, deliberative 
architecture, BDI, has the potential to produce more 
human like behaviour in computer game characters, 
which will, therefore, exhibit more realistic behaviour 
than can be achieved with simple reactive AI techniques 
alone. We have identified a set of tools, and implemented 
a prototype application that incorporates the commercial 
computer game Unreal Tournament, the reasoning layer 
BDI through Jadex, and linked the systems using the 
communication system GameBots/JavaBots. We have 
created a set of agents that perceive their environment 
via sensory information gathered from the game, and use 
this information to build up a beliefs base. Using these 
beliefs, and a set of desired conditions, the agent uses its 
plan base to bring about beneficial states of affairs. The 
implementation currently allows the agent to explore the 



environment, attack enemies, find health packs, and 
navigate the game map by following a path list. In the 
next stage of development, we will expand upon this 
basic bot, and add more sophisticated behaviour and 
tactics. We will also implement team based behaviours, 
which will require agent negotiation techniques and 
social abilities. In addition, we will expand upon the 
BDI framework, and incorporate a layered architecture 
where fast, reactive behaviour can be accomplished in 
lower levels, and high level cooperative goals can be 
accomplished at higher levels. 
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ABSTRACT            
Virtual reality (VR) technology has been more and 
more mature over the last decade. Development of a 
virtual environment for training purpose is considered 
one of the most practical applications of the VR 
technology. Since the VR technology involves all kinds 
of sensors in exchanging information between the real 
world and the virtual environment, it is 
computationally intensive in terms of data processing 
at an individual sensor and information integration 
among all the sensors. In general, the information 
integration has to be well synchronized in order to 
meet the training needs. At the same time, real-time 
processing capability is also considered critical. Many 
more practical issues could be uncovered only when a 
virtual training environment is actually being 
developed. Based on this belief, this study is 
experimenting on the development of a virtual 
environment for training billiards players. The 
technical difficulties encountered and the 
corresponding resolutions are considered beneficial to 
the development of other practical virtual training 
environments. This paper summarizes the design and 
implementation details about our experimental virtual 
training environment and reports the algorithms for the 
synchronization of the information from different 
sources.   
                                
. INTRODUCTION    
          
Ever since the computer was invented, a lot of things 
that used to be impossible have become possible and 
many imaginations have become the reality.  
Constructing a 3D world inside a computer and 

interacting with it have been the goals that virtual 
reality (VR) technology is targeted at. Over the last 
decade, the VR technology has become more and more 
mature. These days, low cost and high performance 
computers and the advanced sensor technologies 
become the driving force for the VR technology to 
quickly find its real-world applications. Development 
of a virtual environment for training purpose is 
considered one of the most practical applications of the 
VR technology.      
              
A high-quality virtual training environment is required 
to offer the trainee a real-world experience while 
interacting with virtual objects. This includes not only 
the high-quality 3D graphics representation of the 
virtual environment and virtual objects but also the 
high-performance interactivity. The 3D graphics 
representations need to be dynamically and smoothly 
updated based upon the user interaction. The 
interactivity, on the other hand, requires well 
synchronized real-time processing of the sensor data. 
These are all computationally intensive. The limited 
resources and processing power on a single PC become 
very difficult and even impossible to meet the needs.  
In this study, a virtual environment for training 
billiards players has been developed. Behavior 
identification, 3D sound effects, and the force torque 
sensor feedback are identified as three essential 
components. The synchronization of the real-time 
processing of the sensor data is achieved through the 
SCRAM Net+.   
       
 SYSTEM ORGANIZATION     
            
To construct a high-quality virtual training 
environment, it is a common recognition that there 
must be visual, auditory, and haptic sensors and the 
sensor data must be well synchronized. This study 



 
 

basically follows the same direction with the emphasis 
on the synchronization among the behavior generation 
using rigid object physics, 3D sound effects, and the 
haptic feedback. In order to do so, VORTEX, 
3D-Sound Space and PHANToM are used in the 
construction of our experimental virtual environment.     
        
Since it is impossible to have one PC to handle the 
processing of all the data, three PCs are used with each 
dedicated to a particular sensor or device. The three 
PCs are connected through SCRAM Net+. Figure 1 
shows the system organization. The details are 
described as follows.  
      
PC for vision 
(1) Graphic rendering and simulation 
(2) VORTEX – the rigid object physics engine    
      
PC for auditory 
It generates stereophonic sound using Roland 3D 
Sound Space and RSS Data Stream Management 
system.   
      
PC for haptic computation    
      
It is used as the user interface and returns haptic 
feedback through the GHOST and PHANToM      
         

. 
PARALLEL PROCESSING ISSUES    
      
With the nature of the system organization, the 
following parallel processing related issues have been 
identified. 

• The transmission of position data 
• Presentation of haptic sensation 
• Synchronization of sound effects    
       
           

 
 

Figure.1: system organization     
     

The transmission of position data 
 
The three PCs are doing their jobs cooperatively by 
sending their data through the shared memory of the 
SCRAM Net+. When a user starts interacting with the 
VR environment, for example, the interaction is 
communicated to the VR environment through 
PHANToM. The interaction event is then simulated by 
VORTEX. Based on the simulated results, RSS10 will 
play the sound effects and the PHANToM will react 
with haptic effects to the user whenever it is necessary.    
          
The position data such as shift or rotation that are 
generated through the interaction with PHANToM is 
transmitted to VORTEX through the SCRAM Net+ 
with a delay of less than one millisecond. The results 
simulated by the VORTEX must be transmitted to the 
PC for a haptic reaction data computation and the PC 
for the processing of the 3D sound effects. All the data 
are written into the shared memory in the form of 
coordinates and a transformation matrix.     
          
As soon as a simulation result is updated, are the 
updated coordinates written to the shared memory. 
However, since the updating of the simulation result is 
intermittent and non-linear, the receiver has to behave 
in the same way. There is a possibility that a moving 
virtual object passes through other virtual objects as 
shown in Figure 2 and thus the unexpected simulation 
happens.    

. 

 
Figure.2: A penetration problem    

 
In the rigid object physics, the impulsive force 
occurring at the collision is generally calculated from 
the inertia tensor and relative velocity based on the 
shape data. As velocity information is indispensable 
while applying the rigid object physics to objects 
colliding with each other, instead of updating the 
coordinates, updating the velocity is considered 
necessary.     
           
It is, however, impossible to correctly simulate the 
state of a virtual object because an error slowly 
accumulates if the state is updated based on the 
velocity. Therefore, both the current coordinates and 
the velocity of a virtual object are considered 
necessary while updating the shared memory. In this 
case there is potentially a danger of error accumulation. 



 
 

For instance, right after both the coordinates and the 
velocity of a virtual object have been transmitted, the 
virtual object suddenly stops moving. In this case, its 
coordinates are invariant but in the PCs receiving the 
coordinates and velocity of the virtual object, the 
virtual object keeps moving.     
       
This gives rise to the inconsistent information between 
two PCs in regard to the position of the virtual object. 
The slower the updating is, the more significant the 
error becomes. Because of the error, velocity is 
considered inadequate for the application that concerns 
the accuracy of locating the virtual objects. In the 
regular cases, using the coordinates is recommended. It 
is suggested to take the velocity into account as well 
only at the time that collision is going to happen.    
              
Consider the situation that a moving virtual object 
collides with a still virtual object. In this case, a user 
hits a virtual billiard ball using PHANToM. The 
PHANToM here is the billiard cue. The collision of the 
PHANToM with a virtual billiard ball is detected by 
GHOST. Since the coordinates of the virtual ball is not 
sent to the VORTEX yet at the moment when GHOST 
detected the collision, collision is not happening in the 
VORTEX. At this moment, changing the control from 
the coordinates to the velocity makes it possible to 
apply the rigid object physics in the VORTEX.    
     
It is necessary to transmit to the VORTEX the 
coordinates and velocity right before the collision 
occurs. This is because the collision has already 
occurred if the coordinates at the collision are 
transmitted. Figure 3 illustrates how to change the 
control by velocity (the right) from that by coordinates 
(the left). Not coordinates at the time collision were 
detected but the ones one step before (just before 
collision) and velocity are transmitted to the PC for 
VORTEX.    
     
It was a concern that inappropriate movement may 
happen due to the skipped coordinates update for one 
time interval. The experimental results show that 
haptic the movement within one time interval is so tiny 
and the haptic simulation in GHOST is repeated 1000 
times per second and thus nothing unnatural is 
noticeable. This technique makes it possible to change 
control from that using coordinates to that using 
velocity at the best timing and vice versa. As a result, 
applying rigid object physics at collision becomes 
possible while keeping precise operation     
 
The presentation of haptic sensation 
When performing parallel computation in a real time 
simulation, it is necessary to run simulation while 

maintaining synchronization between two PCs. 
Processor speed in two PCs are so different from each 
other that it is difficult to synchronize them as the time 
taken in each process are quite different.     

 
Figure.3: How to change process    

        
The presentation of haptic sensation 
When performing parallel computation in a real time 
simulation, it is necessary to run simulation while 
maintaining synchronization between two PCs. 
Processor speed in two PCs are so different from each 
other that it is difficult to synchronize them as the time 
taken in each process are quite different.     
           
VORTEX needs at most 60 Hz but GHOST does 
1000Hz. The smooth presentation of touching sense is 
generally required at least from 200 to 300 Hz. If 
VORTEX were synchronized with GHOST, smooth 
touching sense is difficult to return. To ensure that 
GHOST gets enough velocity to return smooth haptic 
feeling, asynchronous execution of two PCs is 
proposed.    
        
Figure 4 illustrates how the data is exchanged through 
the shared memory system. It shows how VORTEX 
and GHOST are accessing the shared memory along 
the time axis. Since GHOST is running at high 
processing speed, it writes data into the shared memory 
with high frequency, but reads data out from the shared 
memory only after VORTEX has finishing writing. 
Therefore, although it is parallel computation, 
accessing data asynchronously makes it possible to let 
the individual PC perform its own job without 
affecting others.   

 
Figure.4: Operation from two PCs to a shared memory.  



 
 

Synchronization between sound generation and 
collision detection    
      
In a general sound revitalization instrument, when a 
sound is being generated, it is impossible to revitalize 
several sound effects simultaneously. Any new 
revitalization command is simply ignored until the 
current sound effect has been fully generated.  
Because of this limitation, when more than one sound 
effects are needed in a short period such as the 
simulation of the repeated collision, none of the sound 
effects will be generated. In addition, when multiple 
objects collide with each other at the same time in the 
real world, a loud sound will be heard. With the current 
limitation, instead of a loud sound, a monotonous 
sound will be generated.  
      
In the system, when virtual balls collide in an 
extremely short period, the sounds accompanying with 
the collision are considered as a unified sound. When 
more than one virtual ball collide with each other, the 
sound effect is generated by recording in advance the 
real sound accompanied with the collision of the real 
balls in the real world and then replaying the recording. 
Different levels of sounds are also recorded in advance 
according to the velocities of virtual balls. Each sound 
must be recorded as short as possible so that the 
recording could be repeatedly replayed as needed.   
      
      
CONSTRUCTION OF VR SPACE    
    
In order to offer a real-world experience to the players, 
the virtual space must be made with high interactivity. 
In general, if a simulation is only for a simple scenario, 
it is sufficient to build only one VR space.    
      
This system, however, is constructed with 3 PCs and 
each of the PCs is handling visual, auditory and haptic 
sensations, respectively. Since each of them is handling 
different type of tasks and thus the time spent is largely 
different. If we build only one VR space which 
includes everything, in the case that a particular PC 
spends extra long time to finish its task, the other two 
PCs will have to be idling during that period of time. 
In this study, in order to speed up the overall 
processing, instead of one VR space, three VR spaces 
are constructed with each on one PC. Since each 
individual VR space is handling one type of tasks 
(visual, auditory, or haptic), only the data related to the 
particular sensor or device is held in the memory. The 
memory usage could be reduced substantially.    
      
Figure 5 illustrates the information needed for each of 
the VR spaces. The PC for vision space keeps track of 

the coordinates of virtual objects. The PC for sound 
space locates the existence of the player and also the 
sound sources so that the virtual sound could be 
generated to the best effect. The PC for haptic sensor 
has to keep track of all data of all the virtual objects 
including the cue, stand and balls for detecting the 
collision between the cue and virtual objects.   
      
 

 

Figure.5-1: Vision space 
 
      

      
 

Figure.5-2: Sound space     
 
 

   
Figure.5-3: Haptic space   

    
 

Although there are three separate VR spaces, the 
player needs to feel like interacting with a single VR 
space. Otherwise, the player will not have the 
real-world experience. This requires synchronizing the 
three VR spaces seamlessly. This is achieved through 
the SCRAM Net+. When one VR space has changes, 
the updates will be written into the shared memory of 
the SCRAM Net+. The information in the shared 
memory will be read by the other VR spaces. By 
controlling each VR space separately, the visual, 



 
 

auditory and haptic sensations are eventually 
synchronized.    
     
 
FLOW OF PROCESS   
      
Figure 6 shows the outline flow of a system,   
     

 
Figure.6: A flow of the system.    

       
1.  The visual, auditory and haptic simulation is 

started at each PC. 
2.  Each VR space is constructed. 
3.  When a user operates a cue, GHOST acquires the 

coordinates and posture of PHANToM through 
SCRAMNet+, and detects collision detection 
between a cue (PHANToM) and a ball which is hit 
with the cue. And haptic feedback is returned to the 
user via PHANToM and the collision information 
is written into SCRAMNet+. 

4. VORTEX reads coordinates of the object whose 
position is changed and updates simulation. As a 
result, as soon as the collision is detected, the result 
will be written to the SCRAM Net+. Finally, it 
visualizes the virtual world on a display. The same 
process is repeated (Hereafter this is regarded as 
one cycle).  

5.  RSS10 acquires the name, coordinates and 
velocity of a set of virtual objects which collided 
from the SCRAM Net+ and then generates 
stereophonic sound and output the sound effects.     

     
VORTEX and GHOST at the acquisition of data do not 
have to wait for the other output in order to access the 
SCRAM Net+. This makes it possible for both of them 
to guarantee the updating frequency of simulation. The 
above, however, is a basic regular flow. The other 
special cases such as switching from coordinates to the 
velocity and other information exchanging are 
performed only when it is needed.    

 A flow of a vision system     
      

 
Figure 6: A flow of a vision system.   

     
1.  In addition to a transformation matrix of 

PHANToM, collision information is also collected. 
Whether there is a collision between PHANToM 
and a virtual object is detected by GHOST. 

2.  If the collision is detected with GHOST, the 
control is switched to be velocity-based. The 
SCRAM Net+ is accessed again in order to get 
coordinates and velocity of PHANToM right 
before the collision. 

3. After setting the coordinates and velocity of 
PHANToM right before the collision with the 
object, the control which prevented PHANToM 
from updating coordinates must be canceled. It 
transmits information to make PHANToM write its 
coordinates hereafter. 

4.  The simulation is updated again and in order to 
make collision between PHANToM and an object 
by all means happen at this step, once again control 
is changed back to the coordinates-based mode 
from the next step.  

5.  Updated coordinates of all virtual objects and 
current cue coordinates are written to the SCRAM 
Net+     
     

A flow of an auditory system. 
 
1.  Access the SCRAMNet+ and read all the updated 

information from VORTEX. The information 
includes the coordinates of all virtual objects and a 
position of PHANToM. 

2.  Check if collision among virtual balls or with the 
frame of the billiards board is detected with 
VORTEX. Also check to see if a virtual ball has 
been hit with the cue.  



 
 

3.  When collision is detected, the number of collision 
and information concerning pairs between objects 
colliding with each other is acquired in order to 
select the sound source for the generation of the 
sound effects. 

4.  After a sound source is selected, sound generation 
command in MIDI is transmitted to Roland Sound 
Space. 

 

 
 

Figure 7: A flow of an auditory system 
    

A flow of haptic system 
 
1.  Once the haptic space is constructed, the 

coordinates of virtual objects will be transmitted 
into the haptic space. Note that the coordinates of 
the virtual objects are all simulated by VORTEX. 

2.  Not only coordinates and the posture but also the 
velocity of PHANToM are acquired, and they are 
stored in memory to make it possible to use them 
when VORTEX switch the control to from 
coordinates-based mode to the  velocity-based 
one. 

3. If collision has been detected before, the 
transmission of the current PHANToM coordinates 
is restrained in order to make VORTEX shift to the 
velocity-based control mode. During that time, the 
SCRAM Net+ does not allow any data to be 
written until VORTEX finished reading velocity 
information. Here it is examined whether 
VORTEX has updated its state or not.  

4.  In the case that it has not been examined yet after 
collision, the transmission of new coordinates will 
not be done. Only PHANToM coordinates are 
updated. Collision analysis among virtual objects 
will not be completed because there is the 

possibility of consecutive collisions. 
5.  When it is not examined or when collision does 

not happen yet, collision detection is performed. If 
there is collision, collision information and the 
coordinates and velocity stored right before are 
transmitted.   

       

 
Figure 8:  A flow of haptic system    

    
VIRTUAL BILLIARDS GAME    
     
A virtual billiards game is selected to evaluate the 
method proposed in this paper. The game board and a 
near view of a billiard ball which is going to be hit 
with a cue are shown in Figure 9.      
                         

  
Figure.9:  Virtual billiard game   
    

Figure 10 shows a cue controlled with PHANToM. 
Translating or rotating the interface instrument gives a 
virtual cue the same movement.    
       
Improvement of processing speed by parallel 
computation.    
     
The processing speed of each PC is measured. The 
time taken to complete one cycle of process using each 
PC is measured 100 times and the maximum and the 
minimum of the results were recorded. Processing 
speed when a single PC manages 3 jobs was measured 
afterwards. 



 
 

Experimental result 
It is understood that large amount of processing time 
can be reduced by parallel computation. It seems that it 
is not impossible to perform 3 jobs with a single PC, 
but Table 1 shows that both haptic and auditory 
rendering is not fully realized. On the other hand, 
enough iteration necessary for giving a user high 
reality is achieved by each PC exploiting parallel 
computation.    
      

        
Figure.10: User interface    

     
Table 1:  Comparison between processing speed 

 
 
Evaluation of the system     
      
Ten subjects were asked to operate a virtual billiards 
game and to evaluate the validity of visual, auditory 
and haptic sensation and how much they are 
synchronized. Results are shown in Figure.11 and 
Figure.12. Figure 11 implies that good evaluation is 
obtained concerning both auditory and haptic sensation. 
It can be considered that parallel computation 
succeeded in constructing VR space in which haptic 
sensation synchronizes with auditory one. But 
evaluation on visual sensation was not so good. 
Concerning behavior of virtual objects, high reality is 
attained as simulation is performed based on rigid 
object physics. Rendering system provided with 
VORTEX does not have enough functions which GL 
offers and cannot draw any shadows of virtual objects. 
It is still necessary to evaluate how close the current 
behavior is to the real billiards game. In terms of 
improvement, at the very least, the friction factors need 
to be incorporated in the future.              

Figure 12 shows that enough synchronization among 
them is established. One of the goals of this study is to 
make the real-time processing possible while dealing 
with the different type of sensor data. In that sense, the 
experimental results are positive.    
        

 

Figure11: Evaluation on visual, auditory and haptic 
sensation.   

     
CONCLUSIONS    
    
Game construction with high reality is obtained by 
integrating rigid object physics, haptic feedback and 
stereophonic sound system. For developing a system 
with much higher reality than that realized in this study, 
the operability which gives a user the feeling as if he 
were playing a real game is necessary. One of 
promising ways is to build a Mixed Reality system 
permitting a user to hit a virtual ball with a real cue.  
 
 

 
Figure.12. Evaluation of synchronization among three 

sensations.   
    

The system needs not only installing both position 
sensors on the body and impact generation device on 
the tip of the real cue, but also technique realizing 
complete registration between real and virtual 
environment permitting a user to hit a virtual ball with 

    Task Time [ms] Frequency[Hz] 
 vision 16-20 48-60 
 auditory 8-12 83.3-120 
 hap tics 3.6-5.1 196-277 

All of them 25-31 32-40 



 
 

a real cue.    
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ABSTRACT 

Developing computer simulation games incorporates 
different computing aspects such as computer graphic, 
artificial intelligence, simulation itself, software 
engineering, etc. This paper is focusing on building 
intelligence into business simulation games by 
embedding intelligent agents into its software. Agents 
are proposed to generate simulation scenarios; define 
initial conditions of the game and/or respond to players’ 
decisions by changing an economical environment 
according to the goals set by a game leader, and the 
agent’s behavioural rules.  Other applications of 
intelligent agents such as when an agent simulates a 
tutor or acts as a virtual player are also discussed in the 
paper. 

INTRODUCTION

Computer business games with built in capability to 
change its parameters permit educators to generate 
different simulation scenarios, each playable as an 
independent game. A game manager decides about the 
complexity level of designed scenario dependent on the 
specific goals of the course and background of the 
participants’ knowledge. Usually, the process of 
scenario development and subsequent control over it 
during the game session is carried out manually. Due to 
the wide range of the game parameters it is not easy to 
perform this task. Here, a human factor can lead to 
inconsistencies in designed scenario or a high 
probability of run-time errors. Application of software 
agents to perform some tasks of the game manager 
would be advisable. An agent could also be a tutor for 
the game participants and give explanations or advices 
if necessary, or play the role of a virtual opponent to the 
players.

BUSINESS SIMULATION LABORATORY 

A computer business simulation game may be 
interpreted as a sequential decision-making experience 
with reality, which is simulated and animated on the 
computer. Trainees can see the impact their decisions 
have upon the problem situation and future events, and 
can react to these effects and make new decisions 

(Merkuryeva G., 2000). The business simulation game 
as a teaching-learning aid may be considered as: 

a simplified mathematical abstraction of a situation 
related to a real business world, 
a set of case studies with an added feedback and time 
dimension, 
and a business simulation laboratory. 

The business simulation laboratory generates a learning 
process through business simulation providing: 

simulation of situations related to a real world 
business, 
experimentation with different decisions, 
quantitative evaluation of decisions and their 
consequences, 
modelling of business dynamics in time, 
time reversal, i.e. going back and playing again. 

In business simulation games a player is intended to act 
as a manager or a head of department of a fictitious 
company. The player is provided with great amounts of 
initial data and information received during the game 
session, such as sales figures, market forecasts, and 
financial statements. This is an excellent approach for 
“learning by doing”. Here, game participants can apply 
knowledge and get experience to solve problems or 
share it with other participants during the seminar, 
under the support of the course educator. 

A feedback and time dimension added by using 
simulation provides: 

the possibility to see the impact that decisions have on 
future events in the reports fed back to the decision 
maker by the game process. It means that in a very 
brief time the manager is given a chance to study both 
long and short term results of his/her decisions; 
possibilities to react to these effects and make new 
decisions in the light of the altered circumstances, just 
as in the real business world, later decisions are 
adjusted by the effects of those that have been made 
before.  

INTELLIGENT AGENTS  

The classical definition of an agent presumes that it is 
an entity capable of information processing at various 
levels of sophistication and able to affect the world in 
which   it   operates   (Russel  S.,  Norvig  P.,  1995).  In 



other words, agents include data as well as methods of 
this data processing and methods of interacting with the 
environment provided by a certain interface. Behaviour 
of such agents depends on production rules like in 
expert systems. With sensors agents can communicate 
with the game environment and other agents. If the 
agent is intelligent it takes the best possible action in a 
situation (Russel and Norvig, 1995).  

It is assumed (Luger, 2005; Fay, 2000), that intelligent 
agents have to perform the following tasks: 

to get and interpret information from the environment, 
to convert strategic goals to operational level 
decisions,
to impact the game environment, 
to recognise the strategic goal achievement measure 
and activity success. 

As mentioned in (Stenmark, 1998), agents must have 
certain properties. An agent should be: 

Autonomous. The agent must have control over its 
own behaviour and be able to work and launch 
actions independent of the user or other actors.  
Reactive. The agents can detect changes in the 
environment and react to those in a timely matter by 
answering to events and initiate actions.  
Communicative. The agent is able to interact and 
communicate with users and other agents.  
Goal-driven. Agents have a purpose and act in 
accordance with that purpose until it is fulfilled. 

Other aspects often mentioned are following: dynamic
(agents should be able to operate depending on time and 
space), adaptive (agents learn and change their 
behaviour based on previous experiences), temporal 
continuous (agents should not be started or stopped for 
explicit tasks but rather be a continuously running 
process), and/or mobile (agents should be able to move 
from one machine to another one, and across different 
architectures and platforms).  

According to (Jacobi at al, 2004), at the beginning an 
intelligent agent can be created with a minimum of 
background knowledge presented in the form of rules, 
and then by learning an appropriate “behaviour” 
becomes more experienced. Initially, an agent has its 
attributes, methods, behavioural rules and a “blank” 
learning component. Attributes could include various 
assets in terms of personnel, equipment and capability. 
Methods are doctrinal base ways of operation. 
Behavioural rules provide boundaries and constraints 
for an agent as well as define its behaviour. Initial 
setting of a learning component may come from a 
historical precedent in case of training system, or 
intelligent data as in the case of a planning system. The 
agent interacts with the environment as well as with 
other agents. A generic agent structure is shown in 
Figure 1.By acquiring knowledge from different 
sources, an agent gradually learns how to better achieve 
the desired objective. Thus, incremental learning agents 

become more competent. From accumulating 
knowledge about different situations, the agents can 
handle them increasingly successfully. 

Figure 1: Generic Agent Structure 

Agents are assumed to have at their disposal different 
resources (Jacobi et al, 2004), i.e.: 

inputs from the environment that give partial, noisy 
information; 
the ability to process input information and use it to 
update a real world model; 
learning mechanisms that dynamically affect the 
model;  
communication capabilities to interact with other 
agents. 

AGENT-BASED SIMULATION 

Agent-based simulation is an approach to model 
systems comprised of autonomous, interacting agents 
(Macal and North, 2005). It can be successfully applied 
in different areas such as ecology, sociology, 
economics, traffic simulation, etc. Agent-based 
modelling is used to model markets (here an agent 
represents a potential customer), supply chains (an agent 
represents a specific company), population (when an 
agent simulates a family, a citizen, or a voter), etc. 
Agent-based models provide an insight into the general 
behaviour of the system assuming the behaviour of its 
elements, without having any global knowledge about 
the system (Borshchev and Filippov, 2004). To model 
complex systems, the multi-agent approach is used. 
Each agent is defined by a set of rules according to 
which it may interact with other agents. This interaction 
then generates the overall system behaviour.

In contrast to the process-based approach that provides 
traditional simulation, agent-based simulation takes the 
agent perspective (Macal and North, 2005). This means 
that, in addition to standard model building tasks, the 
practical agent-based modelling requires: 

Identifying agents and getting insights into their 
behaviour, 
Identifying relationships between agents and getting 
insights into agent interaction, 
Getting agent-related data, 
Validating the agent behaviour models (in addition to 
the model as a whole), and  



Running the model and analysing the output from the 
standpoint of linking the micro-scale behaviour of 
agents to the macro-scale behaviour of the system. 

Agent-based simulation can either provide a 
superstructure for modelling components based on other 
traditional modelling techniques, or the agent-based 
models can be independent. Since business games are 
models of an economic system, agents can be 
successfully applied here too. 

BUSINESS SIMULATION SCENARIOS 
STUCTURING SCHEMES  

In general, a scenario can be defined as a set of possible 
sequences of future events – not a forecast but one 
possible future. In the case of business simulations it 
may be interpreted as a structured record of the 
economic events that correspond to changes of 
conditions in the system and its elements over time. 
According to ( nonov, et al. 1999), a scenario usually 
describes the behaviour of the system, the process of 
changing its parameters and identifying the conditions 
of the system behaviour, as well as depicting how the 
system’s components interact with each other. The 
synthesised scenario allows reflecting adequately the 
process of system behaviour, developing its 
organisational strategy and implementing reactions to 
changes in a real situation, generating strategic plans of 
action, providing qualitative analysis of consequences 
of actions, and also predicting loss, possible damage and 
undertaken risk. 

There are different scenario development methods 
(Kulba, 2004). They could be classified as follows: 

formalized that result in an automated procedure; 
partly formalized, i.e. based on an automated 
procedure but adjusted by experts; 
or, non-formalized, i.e. based on expert opinion. 

Several scenario representation forms exist: signed 
graphs (Kulba, 2004), structures like the one presented 
in Figure 2, frames (Luger, 2005), and decision trees 
(Kindley, 2002). Scenarios contain different 
components (Luger, 2005; Stankenburg and Dam, 
1999), i.e.  

composition of the company; 
definition of environmental conditions;
definition of initial conditions that should be valid in 
order to run a specific scenario; 
definition of stimuli during scenario or sequence of 
scenes that the scenario is divided into, i.e. which 
events shall occur at what time during the scenario; 
definition of results that are valid if scenario is 
completed; 
definition of hypotheses or the “things” that support 
the content of the scenario. 

An example of scenario representation is given in 
Figure 2. Here, the initial conditions of the scenario are 

interpreted as assets and liabilities of the company to 
start with, i.e. a number of operational plants and their 
capacity, stocks of raw material and finished products, 
bank loans, etc. As business simulations present 
experimental tools to modelling production of goods or 
services, the corresponding infrastructure can be 
interpreted as hypotheses. Game participants perform 
different roles in the scenario, for instance as managers 
of different departments in a company. During the 
game, participants have to achieve a certain level of the 
development that actually defines the result in the 
scenario scheme. Finally, a dynamic game can easily be 
divided into several periods, defining a sequence of 
scenes.

Figure 2: Example of a Scenario 

ENHANCING BUSINESS SIMULATION GAME 
WITH INTELLIGENT AGENTS

As an example of a business computer simulation game, 
the International Logistics Management Game (ILMG) 
is selected. According to the classification in (Eilon, 
1963), it can be defined as a total enterprise (or general 
management), interacting, computer- and internet-based 
game for teaching purposes. The ILMG game provides 
a virtual economic environment controlled by the Game 
Management in a multitude of ways (Grubbström et al. 
2005). Scenarios in the game are introduced to simulate 
real world situations and force trainees to acquire skills 
and experience in managing different functions of the 
company in various situations. 

Simulation Game Management  

Game participants operate as different corporations 
within international markets producing goods or 
services and competing in the same market.  They have 
to make different strategic and operational decisions 
within a scenario framework defined by the Game 
Management in order to improve their company 
performance and to achieve the following goals: earn 
profit, capture substantial market share, and achieve 

Scenario:  Bicycle: production 
and trading 

Properties:
Product

 Markets 
 Raw Materials 
 Reports 

Overviews 

Roles:   
Customers

 C=Companies 
 Vendors 

Initial Conditions:  
C have money 

 C have assets 
 Customers ask for 

 products 

Results:  C operate 
successfully 
 C go bankrupt 
 Customers are 
satisfied 

Customers are not
satisfied 

Scene 1: 
C make market analysis   for each 
C make strategic decisions   Market 

Scene 2: 
C make tactical decisions     for each 
Market
C make operational decisions     according to  

    existing Assets 

Scene 3: 
C analyse Reports 
C analyse Overviews 

IF results are not satisfactory 
THEN C adjust the business 
strategy AND C improve their 
tactics AND
GOTO Scene 2

Scene 4: 
IF time is not over THEN C make decisions 
AND GOTO Scene 3 

Scene 5: 
End of the game 



high customer satisfaction. The corporation can make 
the following strategic decisions (Grubbström and 
Bikovska, 2006): Establish and locate a new plant or 
distribution centre, open a new market to sell products, 
adopt a new product. The following are examples of 
operational decisions: production batch sizing and 
scheduling, product pricing and advertising, arranging 
transportation of finished goods from one region to 
another, or raw material procurement. The structure of 
the game software is given in Figure 3.  

Figure 3: ILMG Software Structure 

Decisions entered by participants are transferred 
through Internet to the Game Control Centre, then 
processed there, and their consequences in the form of 
different reports are transferred back to terminals. The 
Game Management can view the data of all users and 
apply necessary scenario alterations. Online game 
sessions, when participants do not have to physically be 
in a classroom, can be considered as an advanced 
feature of the game.  

Introducing Intelligent Agents    

Intelligent agents can be introduced in the game in 
different ways (see Figure 4): (a) agents may perform 
tasks of the Game Manager related to the development 
of the game scenario, (b) play a participant role, (c) and 
perform a tutor function in the game.  

Corporation 1

Corporation 2

Satelite 1

TerminalSatelite 2

Corporation 3

Internet

Server

Remote access 

Game 
management

Game Control Centre

ILMG

ILMG

ILMG

Agent

Agent

Agent

Figure 4: Embedding Intelligent Agents into the Game 
Structure 

The development of a scenario in ILMG encompasses 
building a “script” before the game starts, i.e., defining 
a specific set directions or instructions to be followed by 
users as well as defining a set of environmental 

parameters and an initial company’s state; as well as 
monitoring the run and making necessary alterations in 
scenario during the game session. The ILMG scenario 
can be created corresponding to the needs of a specific 
training and the participants’ knowledge background. 
The decision environment and the reports could be 
made as complex as in a real life or could be simplified 
as necessary. Initial conditions of the game and 
company state are set up by changing different 
parameters that can be divided to several groups (see, 
Figure 5): regional parameters, regional-related 
production parameters, technical coefficients of 
products, market related parameters, financial 
parameters, etc.  

Figure 5: Scenario Window in Game Control Centre 

Some session parameters (i.e. prime rate, business cycle 
index of the region, regional productivity index, and 
regional wage level) can be easily edited during the 
game that allows changing an economical environment 
to simulate different situations. 

Agent Supporting the Game Manager  

An agent can perform tasks of the Game Manager 
(Figure 6) related to the development of the game 
scenario, i.e. to define initial conditions of the game 
according to a composed story or developed case study, 
monitoring the game session, and making necessary 
changes in scenario.  

It is well-known from experience that the human factor 
significantly can create inconsistencies in the designed 
scenario which, with a high probability, may lead to 
serious mistakes in the game. Intelligent agents would 
have the capability to increase the quality of the game 
scenario and the reliability of its software. Production 
rules embedded in the game software are used to set up 
parameters of the economical situation according to 
defined policies.  

Here, from Figure 2 parameters of economical 
environments and company initial states presents agent 
attributes, methods as well as behavioural rules are 



represented by scenes, and an initial learning component 
is an empty knowledge base.  

Figure 6: Agent Performs a Scenario Generation

In order to generate production rules, inductive learning 
algorithms can be used. Monitoring of the game 
scenario is based on the dynamic comparison of 
parameters of the economic environment and state of 
the companies in the game with scenes defined by the 
scenario introduced.  

Agent as a Virtual Player and a Tutor 

If a business game of this type is used for individual 
training, the agent could substitute another competitive 
company and be introduced to simulate its behaviour. 
The structural scheme of an agent-based simulator is 
given in Figure 7. In ILMG, this opportunity has been 
introduced as a standard (ILMG Dummy). 

Figure 7: Virtual Player within the Game 

When the agent plays a tutor role, it may define weak 
points in the players’ activities, give necessary 
explanations in the form of causal relationships, and 
may suggest possible ways to solve the problems or if 
the participants need any support in their decision 
analysis. If the number of participants is large, it may 
not be so easy to manage the game due to its online 
mode and lack of time to make a deeper analysis of the 
current situation. The corresponding scheme of Agent-
Tutor and Trainee interactions is given in Figure 8. 

Figure 8: Proposed Agent-tutor and Trainee Interaction 

CONCLUSIONS 

Intelligent agents have found a wide range of 
applications in different fields. In this paper possible 
applications of intelligent agents in order to enhance 
intelligence of business computer simulation games are 
discussed. Main functions and roles of agents in the 
ILMG Game are introduced. Here, intelligent agents 
support the generation of simulation scenarios of the 
game session as well as perform a tutor task, or play the 
role of a virtual opponent. For the first agent 
application, business simulation scenario structuring 
schemes to define a suitable one are analysed in the 
paper. Future directions of the research can be finding 
of appropriate agents’ learning approaches and methods 
as well as their practical realization.  
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ABSTRACT

The importance and attraction of the Multi-Agent Sys-
tem (MAS) topic are increased, nowadays. The tech-
niques for the modeling of such systems are indivisible
part of their software processes. They have to be applied
with emphasis on the special requirements or properties
of Multi-Agent Systems, e.g. autonomy of elements, in-
telligence of elements. This paper describes the ideas
and methods to model and develop Intelligent MAS,
based on the internal agent behavior, its reconfiguration,
and intelligent selection of the most suitable or applica-
ble Process Realizations. The fundamental elements of
our MAS Model, UML Activity Diagram extensions or
intelligence within the Agent’s life are mentioned in this
paper.

INTRODUCTION

The MAS technology is based on the concepts of
the Complex Systems (e.g. macromolecules, ants
colony, economical systems), and on the facilities and
capabilities of software information systems (Kubik
2004) which are taken into account during the analysis,
design and implementation of a given MAS.

The MAS can be formed as an general information
system that is composed from a number of autonomous
elements (called Agents). In this context, the Multi-
Agent System is a framework for Agents, their lives,
their communication and mobility and it is an environ-
ment where the goals of the particular Agents should
be obtained too.

The Agents are such elements of MAS. They are the
software entities created in order to meet their design
objectives. These objectives are subordinated au-
tonomously with respect to the environment, sensorial
perceptions, internal behavior and to the cooperation
with the other Agents.

AGENT WITHIN THE MAS

The several types of Agents could be found in one
Multi-Agent System as well as in the “real world”
which is realized by this MAS. These “Types of
Agents” are able to denote as Agent Classes, according
to the goals, internal architecture and behavior of
particular Agents. The combination of two perspectives
is concerned with the agent’s classification - outside
behavioral view (proactive or reactive agents) and
the view of internal specification (deliberative or
process specifications) (Radecky and Vondrak 2005).
The classes that describe a process approach in the
combination with reactive or proactive perspectives
are the main goal of this work and research. These
classes cover the concept of “Intelligent Agents” that
is formed on the principles of an internal agent behavior.

Each Agent is determined by its own objectives and
the way to meet these objectives is founded on the
internal behavior of a given Agent. Internal behavior of
such Agent is specified by the algorithms. The Agent
lives, behaves and reacts to stimulus and environment,
according to the requirements of the algorithms. Any
Agent in the MAS has the main internal life Process,
called Primary Process, consequent on the Agent’s clas-
sification. This Primary Process can be decomposed
into a number of Sub-Processes that refine the internal
behavior on.

It is necessary to take into account the fact that each
Agent is an absolutely autonomous element of MAS
and thus the internal behavior have to be based only on
the Processes, Activities, knowledge and facilities that
belong to a given Agent. Then, the destination behavior
of whole MAS is formed by communication of separated
Agents and by interconnection of several internal agent
behaviors. This interaction is realized through the
use of message passing adapted to the demands of MAS.

In the context of MAS modeling and agents behaviors,
the term Agent expresses only the “Type of Agents”.
The real separate Agents are the instances of this type.
It is analogous with the terms Class and Object from
the object oriented approaches. The real Agents are
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Figure 1: The example of new communication Activity stereotypes and illustration of decision point. These
Send/Receive Activity nodes are able to be used beside the other standard Activity and Process nodes. Internal
implementation of these new Activities is concerned only with preparation, en/decapsulation and receiving/sending
of the message.

not issues of MAS design and modeling phase but they
will appear in the implementation phase, simulation and
operation of a given MAS.

UML ACTIVITY DIAGRAMS FOR MAS
MODELING

The UML (Unified Modeling Language) is an essential
tool for process modeling, both on the business level
and analytic level of description (Vondrak 2004; Pilone
2005). It can be applicable for modeling of the internal
behavior of Agents as well. The UML Activity Diagrams
is a standard diagrammatic technique which describes
the series of Activities, Processes and other control ele-
ments that together express the algorithm. They are es-
pecially suitable for modeling of agent behavior, though
some modifications and extensions are required.

UML Activity Diagram Extensions

The Agent Behavior Diagrams could contain all the
elements of the standard UML Activity Diagrams,

and moreover some new elements can be used in the
agent modeling process. These new elements are
concerned with message passing among the Agents or
with other specific attributes of MAS. In early phases
of development, these extensions are supported by the
implementation of special “Send/Receive Activities”
which include an additional information about message
content and message receiver/sender identification,
see figure 1. The decision elements from standard
Activity Diagrams are improved too. The modified
“decision elements” and their output edges can hold
some extra information. This information is usable for
message-based determination of following control flow
of the behavior led to the Agent’s objectives. The new
modeling or specification elements are the Scenarios of
Processes. They are mentioned below.

The simple, clear and formal definition of the internal
agent behavior is a precondition for moving to the next
phases of the multi-agent software process (Radecky and
Vondrak 2005). Thanks to the new stereotypes estab-
lished in the Agent Behavior Diagram, it should be able



to generate other types of diagrams (e.g. sequential di-
agrams, maps of the agents communication) as well as
the source code templates of the Agents and MAS au-
tomatically (e.g. interfaces of Agents, class and method
templates).

Internal Structure of the Agents

The agent internal behavior is specified by the algo-
rithms expressed in the Processes. Each algorithm is
modeled as just one Agent Behavior Diagram based on
UML Activity Diagram. A couple of rules are bound
together with creation process of these diagrams. At
first, each Process, as well as diagram or algorithm,
have to have just one “initial node” and just one
“final node”. This prerequisite is necessary for the
further connection of the Processes together to model
overall agent behavior. Also, the new term Scenario is
introduced due to the existence of only one final node
within the Process algorithm. Each Scenario describes
one of possible finalizations of the Process and it
combines the Output Objects related to this Process
ending. The demand of the “well-formed” diagrams
is also required. There is a set of general structural
rules (e.g. the level of split/join nodes preservation, no
crossing of the levels of control flows) that must be kept
in mind during the drawing of diagrams (Aalst 1997).
Thanks to these rules, the well applicable expressions
of algorithms are obtained. It is able to verify them, to
transform them to other forms or to process them by
several formal tools.

Each Agent must have one Primary Process that covers
whole behavior (life) of a given Agent. Each Process, as
well as this Primary Process, can contain a control struc-
tures, Activities (atomic elements of algorithm) and ref-
erences to other Processes. The usage of “Send/Receive
Activities” is the only one way to connect all behav-
iors of separate Agents together. The Activities and
Processes, except Primary Processes, can be specified
globally within the MAS. These globally specified ele-
ments are possible to subsume into the behaviors of a
set of Agents (Types of Agents). Some advanced fea-
tures is concerned with the distribution of particular
Process specifications. The Process with identical name
can be defined within some Agent, as well as a mem-
ber of set of Processes on the global level. In this case,
some possible restrictions can be set up for each such
Process. The Agent’s local Process can extend a set of
Realizations of this Process which is defined within the
global repository or it can narrow this set only to the
local Realizations owned by a given Agent. Some new
notion is used in the previous sentences – Realization.
The Realization is the modeling element that represents
one of possible algorithms of Process firing. Each of
such algorithms is expressed by one Activity Behavior
Diagram.

METAMODEL OF OUR MAS MODEL

The figure 2 contains the UML Class Diagram that de-
picts a basic structure and elements of our MAS Model
on the meta-modeling level. This abstraction is suf-
ficient for better readability and clarity of MAS de-
scription from the structural and semi-formal point of
view. The meta-model contains a definition of all MAS
elements, e.g. Activity, Process, Realization, Object
(Radecky and Vondrak 2005). The relations between
elements and their restrictions are specified there too.

INTELLIGENCE WITHIN THE AGENT

Only the static and structural modeling of Agents is
mentioned above, though, we want to speak about
Intelligent Agent mainly. The Intelligent Agent is
a standard Agent that disposes of certain kind of
“brainpower”. These capabilities are hidden inside the
agent behavior and they can be founded in various
points and situations of such behavior. The intelligence
is ensured by application of several tools based on logic,
artificial intelligence, etc.

The intelligence within the agent behavior can be con-
cerned with three tasks:

• Intelligence contained within the Activities – the
function of the logic is concerned with decision mak-
ing and derivation of some new knowledge inside the
Activity, e.g. weather forecast. This application of
intelligence is hidden from the modeling perspec-
tive.

• Intelligence of the control flows routing – this appli-
cation of several logic or intelligent tools is covered
in the decision points – “intelligent decision point”.
The intelligent routing can be used for all branch-
ing that request more complex and knowledge based
decision making, e.g. suitable car to a given cargo
assignment.

• Intelligent selection of Process Realization – the
third task of intelligence subsuming into an Agent’s
life is concerned with the real-time running of MAS.
Each Agent must try to realize its tasks and to solve
the upcoming situations in order to meet its design
objectives during its life. From this point of view,
the standard Agent is consisted in finite and con-
stricted description of its behavior already defined
during the modeling phase of the Agent. Therefore,
there is no way to change the behavior during the
running of a given Agent. It is able to do this, in
the case of Intelligent Agent.
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Figure 2: The meta-model of mentioned MAS Model approach

Intelligent Selection of Process Realization

The Intelligent Agent is based on the main life process
approach that specifies just the framework of its
behavior. The Agent can dynamically change the
pieces of its own behavior according to the situations.
This principle is denoted as behavior reconfiguration
approach. The process of reconfiguration is founded on
the replacement of a given part of the whole Agent’s
Process by another one that is the most suitable for
current situation and conditions. A set of possible
applicable algorithms, called Realizations (defined by
one ABD), of each “reconfiguration point” (generally
the Process node of Activity Diagrams) is defined for
this purpose. These definitions of the Realizations can
be distributed across the MAS. They can be saved in
some global repository or within the particular Agents
(some rules and restrictions have to be applied); actu-
ally they can be deliberated in the real-time too. The
important and expected situation will appear whenever
one reconfiguration point (Process) corresponds to the
two or more Realizations. It is a time for reconfiguration
of this Process.

The reconfiguration process and selection of the most
suitable or applicable Realization can be implemented
by a pure process or logic approaches. In this case,
the each of them brings different advantages and
disadvantages. The third possible implementation of it

is based on the combination of both approaches. This
perspective is mentioned in the next chapter.

The pure Process Approach is founded on the idea
of the Realizations assignment to the parent Process
already in the MAS modeling phase. This approach
is a less flexible at the expense of almost zero error
rates during the creation of a set of Realizations, in
comparison with a logic approach. In other words,
more effective Realization leading to a given Process
objectives and that is not connected with such Process
during the modeling phase may exists. Nevertheless,
it is impossible to choose the Realization that indeed
leads to the Process objectives but the execution of this
Realization is mismatched, unusable or illegal.

In the case of the Logic Approach, the finding a set of
suitable Realizations arises from the precondition that
no connections between the Process and Realizations
are there and each Process and each Realization have
defined their Output Objects and objectives in accurate
and clear form. The challenge of logic tool is to find (lo-
cal or global repository can be taken into account with
a respect to some restrictions or rules) a set of Realiza-
tions for the next steps of the reconfiguration algorithm.
The description, properties, Objects and objectives of
these Realizations have to be in accordance with objec-
tives and Objects of a given Process. The logic approach
when compared with process one is more flexible thanks



to the fact that all relations between Process and Real-
izations are constructed automatically in the real-time
just in the moment of request. Unfortunately, there is
relatively hi-risk of mismatched, unusable or illegal Re-
alizations selection. These problems are caused by de-
mands for clear and accurate logic description.

Modified Reconfiguration Algorithm

The union of the process and logic approach within the
reconfiguration process is described in following para-
graphs. This method will be used in our researched
Multi-Agents Systems. According to afore mentioned
ideas, it is able to define such procedure as an algorithm
of reconfiguration process:

1. The Specification Phase - definition of all Realiza-
tions related to the Process that could be reconfig-
ured.

2. The Selection Phase - checking of the applicable
Realizations of a given Process and finding the most
suitable one.

(a) the selection of applicable Realizations - based
on Input Objects occurrence

(b) the finding the most suitable Realizations -
based on Input Objects values and properties,
Scores, etc.

3. The Execution Phase - chosen Realization firing.

The combination of the process and logic approach in
one algorithm seems to be more effective due to the
ability to choose the best Realization. Simple process
approach is not able to select the Realization in depen-
dence on inner set of properties owned by Agents or Ob-
jects. On the other hand, the logic approach is not able
to discard all Realizations which can not be executed at
the time of Process firing.

Figure 3: The basic scheme of selection phase method

The figure 3 shows the basic scheme of this reconfigu-
ration algorithm. At the beginning, we already have a
set of all Processes of our MAS and each Process has a
set of related Realizations defined by the person that

have modeled a given MAS. The number of Processes
and their Realizations depends on the author of MAS
Model and on the complexity of whole system. More
Agents and their behaviors give rise to a higher number
of Processes where each Process could be realized by
different ways and it could be also described by many
Realizations. The main idea of our method consists of
two steps of selection which are described below.

Selection I (selection of applicable Realizations):
This selection is based on the process approach again.
First, the Process for reconfiguration making is selected
(see Process B in the figure 3). It has to finish with a
required state. The selected Process should be done
by four Realizations (relations statically defined in
the Model). However, some of the Realizations could
not be executed sometimes because of many reasons.
The Input and Output Objects and other conditions
are defined in the Model as well as they come from
the actual state of MAS. These features assigned to
the Realizations are the groundwork of selection and
filtering process. Therefore, the output of the Selection
I is a subset of all possible Realizations of selected
Process.

Each Realization of such Process can have other indi-
cators like time, costs, etc. of its execution. Generally,
these indicators could be defining as one value (cost)
that is calculated based on some mathematical func-
tion. This solution is mathematically polite but it is
not so user-friendly and predicative. Another solution
is based on the individual values. These split indicators
are generally called as Score of Realization and they are
formed on the Score Types defined in the MAS Model.
For the specification purpose, it is able to use a sev-
eral quantities together with their units – boolean value
(True/False), duration length (seconds, minutes, hours,
days, years, etc.), distance (centimeters, meters, kilome-
ters, etc.) or percentage values.
The Score of Realization is not defined during the
MAS modeling but it is depended on the real re-
alization algorithm and on the Scores of Activities
within it. The summary Score of each Activity as
well as Realization is given by the combination of
all elementary Scores defined within the Activity
(Realization). On the other hand, the summary Score
of each Realization is calculated (in the moment of
necessity) from the Scores of Activities occurred in
the control flow of such algorithm of a given Realization.

Selection II (selection of the most suitable Re-
alization): The second selection step is based on a
logic approach. Till now, we have a set of Realizations
which could be executed inside the MAS as a given
Process. The simply question occurs: “Which is the
best one?”. The decision process is based on many pa-
rameters owned by Activities, Agents or Objects. The



most important parameters are the values of the Scores
of several Realizations and also the values and proper-
ties of Input Objects owned by this Realization. All of
these parameters should be specified within the model-
ing phase of the MAS as well as they could be found
in the time of reconfiguration. A predicate, fuzzy logic
and Transparent Intensional Logic (TIL) or some alter-
native approaches, e.g. Formal Concept Analysis, could
be used for the decision making during this step of the
reconfiguration algorithm.

APPLICATION OF THIS

We would like to apply all of above mentioned ideas, ap-
proaches and results into the huge project that is con-
cerned with the topic of “Intelligent Multi-Agent Sys-
tems”. Within the scope of this research project, we
have developed a couple of MASs based on this model-
ing approach and AgentStudio application, nowadays.
Our testing MASs are focused on the problem of mobile
Agents and their movement in the environment – some
cooperation with GIS research group is realized. “Car
Parking System”, “Road Traffic Control System” could
be an examples of them. The process specifications of
the Models have formed the ground for whole develop-
ment process of them. The example of some Process
defined by the AgentStudio is depicted in figure 4.
y

MsgTimeOut

msg: OK_USE_PARKPLACE
agent: ParkingAgent

msg: SORRY_YOU_ARE_LATE
agent: ParkingAgent

msg: NO_FREE_PLACES
agent: ParkingAgent

UpdateParkingTableI_AM_READY_FOR_YOU
ParkingAgent

<<unknown>>
ParkingAgent

I_WANT_TO_PARK
ParkingAgent

ParkingSelection

MoveToCity

Inicialization
<<local>>

I_WOULD_LIKE_TO_PARK
[ParkingAgent]

SetDestinationAsPosition

Parking
<<local>>

Parking
<<local>>

FindingAnotherParkingRange
<<local>>

I_AM_LEAVING
ParkingAgent

MoveToDestinationUpdateCarPosition

<<unknown>>
ParkingAgent

I_AM_HERE
ParkingAgent

Figure 4: The example of Car Agent’s Primary Process

FUTURE WORK

Although this research is in the initial phase, the basic
ideas and some concrete conclusions and results con-
cerned with the problematic of Intelligent Agents and
their behavior modeling, as well as the approaches for
reconfiguration of internal agents behaviors, are done
and published at present. Now, it is necessary to de-
fine subtle rules, properties and facilities of all elements
as well as the relationships between them and whole
software process. These features are important for the

following application of these ideas and approaches into
the practice engagement. The development of software
application that will provide methodology and applica-
tion framework for modeling, controlling and operating
of MAS system is an important goal of our research. The
application AgentStudio is being developed for these
purposes now. Thanks to this future work, it should be
also possible to verify and simulate Agents as well as
map the descriptions of Agents onto the source codes
and real implementations of them. Above mentioned
approaches and techniques produce the possibilities of
distribution of knowledge and learning of the Agents,
too.

CONCLUSION

This paper is concerned with the MAS technology
whose future and power are, among others, depen-
dent on the facilities and quality of the tools for its
development process. This tools must be designed
with a respect to the skills of normal users that will
be a “modelers” of the MAS and that will determine
the objectives, requirements and behavior of whole
MAS from the real-world point of view. Such software
application should be a one of the outputs of these
researches. The modeling and intelligence approaches,
graphical nodes, meta-model, some other solutions, etc.
were mentioned in this paper. The future possibilities
and advantages of MAS, which will be developed thanks
to these approaches, are sketched in this paper too.
They will be elaborated during the future work and
research.

This research has been supported by the program ”In-
formation Society” of the Czech Academy of Sciences,
project No. 1ET101940420 “Logic and Artificial Intel-
ligence for multi-agent systems”
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Abstract - In this paper a Bond Graph methodology de-
scribed in a previous contribution is used to model incom-
pressible one-dimensional duct flows with rigid walls. Since
the volumetric flow is independent of position, the balance
equations can be simplified. The volumetric flow and a nodal
vector of entropy are defined as Bond Graph state variables.
The state equations and the coupling with the inertial and en-
tropy ports are modeled with true bond graph elements.

Keywords— Bond Graphs, incompressible flow,
one-dimensional duct flow, Finite Elements.

I. INTRODUCTION

The Bond Graph formalism allows for a systematic ap-
proach for representing and analyzing dynamic lumped-
parameter systems [7, 12]. Dynamic systems belonging to
different fields of knowledge like Electrodynamics, Solid
Mechanics or Fluid Mechanics can be described in terms
of a finite number of variables and basic elements.
Fluid Dynamics is a defiant area for bondgraphers, because
these systems are rigorously described by non-linear partial
differential equations (PDEs) with important spatial effects
and exhibit couplings between different energy domains.
In order to solve multidimensional problems with the aid of
computer programs, it is important that these models can
be implemented numerically. This task, main concern of
the area of Computational Fluid Dynamics (CFD), is per-
formed by systematically discretizing the continua, that is,
by replacing the continuous variables by a combination of
a finite set of nodal values and interpolating functions.
The first attempt to apply Bond Graphs in fluid dynamic
systems with a systematic spatial discretization of flow
fields, typical of CFD problems, appeared in [9]. A com-
pressible flow was considered, although the formulation
was restricted to prescribed shape functions and nodaliza-
tion. Besides, heat conduction (which leads to convection-
diffusion problems) was not modeled.
In [1] a theoretical development of a general Bond Graph
approach for CFD was presented. Density, entropy per
unit volume and velocity were used as discretized vari-
ables for single-phase, single component flows. Time-
dependent nodal values and interpolation functions were
introduced to represent the flow field. Nodal vectors of
mass, entropy and velocity were defined as Bond Graph
state variables. It was shown that the system total en-
ergy can be represented as a three-port IC-field. The
conservation of linear momentum for the nodal velocity
is represented at the inertial port, while mass and en-
tropy conservation equations are represented at the capac-
itive ports. All kind of boundary conditions are handled

consistently and can be represented as generalized modu-
lated sources. The methodology was successful in different
applications: one-dimensional convection-diffusion [10],
one-dimensional problems with constant piecewise shape
functions [2, 5], shock tube problem [11] and single-phase,
multicomponent flows [3, 4].
In [6] the methodology was applied to model multidimen-
sional incompressible flows. The distinctive characteristic
of these flows is the role of pressure, which doesn’t behave
as a state variable but as a function that must act in such
a way that the resulting velocity field has divergence zero.
The system of equations for the momentum equation and
for the incompressibility restriction is coincident with the
one obtained by using the Galerkin formulation of the prob-
lem in the Finite Element Method, while for the thermal en-
ergy equation a Petrov-Galerkin formulation is used. The
integral incompressibility restriction was derived based on
the integral conservation of mechanical energy. All kind
of boundary conditions are handled consistently and can
be represented as generalized effort or flow sources for the
velocity and entropy balance equations. A procedure for
causality assignment was derived for the resulting graph,
satisfying the Second principle of Thermodynamics.
The motivation of this paper is the application of the
methodology described in [6] to incompressible one-
dimensional duct flows.

II. TOTAL ENERGY PER UNIT VOLUME

Let us consider the geometry of Fig. 1. For a one-
dimensional incompressible flow, the density ρ0 is constant
and the volumetric flow Q is independent of position. The
velocity V can be readily determined as:

V (x, t) =
Q (t)
A (x)

(1)

where x is the axial position, t is the time and A is the
passage area. The internal energy per unit volume uv (uv =
ρ0 û, where û is the internal energy per unit mass) is only
a function of the entropy per unit volume sv (sv = ρ0 ŝ,
where ŝ is the entropy per unit mass). The total energy per
unit volume ev can be written as:

ev = uv(sv) + t∗v(Q) ; t∗v =
1
2

ρ0
Q2

A2
(2)

where t∗v is the kinetic coenergy per unit volume. The fol-
lowing potentials are defined:

pv =
dt∗v
dQ

= ρ0
Q

A2
; θ =

duv

dsv
(3)



where pv and θ are correspondingly the pressure momen-
tum per unit volume and the absolute temperature. For an
incompressible fluid, the temperature can be expressed as:

θ = θR exp
(

sv

ρ0 cv

)
(4)

where θR is a reference temperature (for which the entropy
is zero) and cv is the constant volume specific heat. The
time derivative of (2) can be written as:

∂ev

∂t
= pv Q̇ + θ

∂sv

∂t
(5)

 

 

dx

x ( )txV ,

( )dxxA +
( )xA

Fig. 1. Control volume for a one-dimensional incompressible
duct flow.

Since the internal energy per unit volume is only a function
of the entropy per unit volume, and the kinetic coenergy
per unit volume is only a function of the volumetric flow,
these two energy types can be split.

III. CONSERVATION AND BALANCE EQUATIONS

Neglecting normal viscous stresses and considering equal
to unity the shape factors weighting the fluxes (momen-
tum or kinetic energy) across the passage area, the linear
momentum and thermal energy conservation equations for
one-dimensional incompressible flows are:

ρ0

A
Q̇ = −∂P

∂x
+ρ0 Gx− ρ0 Q2

A

d

dx

(
1
A

)
−τwx

Pw

A
(6)

θ
∂sv

∂t
= −qw

Ph

A
− 1

A

∂

∂x
(qx A)− Q

A

∂

∂x
(θ sv)

+ρ0 Φ +
Q

A
sv

∂θ

∂x
+ τwx Q

Pw

A2
(7)

where P is the pressure, τwx is the viscous wall shear
stress, Pw and Ph are correspondingly the wetted and
heated perimeters, Gx is the force per unit mass, qw and
qx are correspondingly the wall and axial heat flux and Φ
is the heat source per unit mass. The wall shear stress and
heat flux can be modeled as:

τwx =
1
8

f ρ0
Q |Q|
A2

; qw = −H (θw − θ) (8)

where f is the Darcy friction factor and H is the heat trans-
fer coefficient, being these two parameters obtained from

suitable correlations. According to Fourier’s law, the axial
heat flux can be written as:

qx = −λ
∂θ

∂x
= − λ θ

ρ0 cv

∂sv

∂x
(9)

where µ and λ are correspondingly the fluid viscosity and
thermal conductivity. Multiplying (6) times the velocity,
we obtain the mechanical energy conservation equation per
unit volume:

pv Q̇ = −Q

A

∂P

∂x
+ ρ0 Gx

Q

A

−ρ0 Q3

A2

d

dx

(
1
A

)
− τwx Q

Pw

A2
(10)

The balance equations (7) and (10) are power equations
(per unit volume) corresponding to each one of the terms
that contributes to the time derivative of the total energy
per unit volume, namely (5). The balance equations show
the power structure of the system. The coupling term

τwx Q
Pw

A2
≥ 0 represents the power transfer

(mechanical energy dissipation) between the volumetric
flow and entropy equations; this coupling term appears,
with opposite signs, in the balance equations. Finally, the
remaining terms are regarded as power sources.
It is important to notice that, since we started from the
PDEs describing the dynamics, all the effects compatible
with the one-dimensional approximation are modeled. A
further simplification made in all bond graph modeling ap-
proaches is to neglect axial heat conduction, which is valid
for advection dominated (high Peclet number) flows; this
approximation has consequences in the causality assign-
ment, as it will be seen in Section VIII.
The conservation and balance equations obtained in this
Section can be used for turbulent flows considering the in-
dependent variables as mean values, since axial turbulent
stresses and axial turbulent heat flux are not important. Tur-
bulence effects are introduced through the friction factor
and the heat transfer coefficient.

IV. DISCRETIZATION

A. Nodal entropy vector
The description of the entropy per unit volume in the do-
main Ω is made in terms of a finite set of nodal values and
interpolation functions, as in the Finite Element Method
[8]:

sv (x, t) =
n∑

l=1

sv l (t) ϕS l (x) = sv
T . ϕS (11)

where sv (size n) is a time-dependent nodal vector, while
ϕS is the corresponding nodal vector of interpolation or
shape functions. Volume integration of any function ψ in
the domain Ω is defined as:∫

Ω

ψ dΩ =
∫ L

0

Aψ dx (12)



where L is the duct length. The nodal vector of entropy is
defined as:

S = ΩS . sv ; (ΩS)l j = ΩS l δl j ; ΩS l =
∫ L

0

AϕS l dx

(13)
where ΩS is a diagonal volume matrix associated to the
entropy per unit volume and δl j is the Kronecker’s delta
(δl j = 1 if l = j, δl j = 0 otherwise). The system entropy
can be obtained as:

S =
∫ L

0

Asv dx =
n∑

l=1

Sl (14)

B. Total energy

The system total energy E is defined as the sum of the in-
ternal energy U and the kinetic coenergy T ∗:

E = U(S) + T ∗(Q) (15)

where:

E =
∫ L

0

Aev dx ; U =
∫ L

0

Auv dx ; T ∗ =
∫ L

0

At∗v dx

(16)
From (16), it can be easily shown that the system kinetic
coenergy can be expressed as:

T ∗ =
1
2

I Q2 ; I = ρ0

∫ L

0

dx

A
(17)

where I is the system hydraulic inertia. We define the fol-
lowing potentials:

p =
dT ∗

dQ
= I Q =

∫ L

0

Apv dx (18)

Θ (S) =
dU

dS
= ΩS

−1.

[∫ L

0

Aθ ϕS dx

]
(19)

where p is the system pressure momentum and Θ is the
nodal vector of temperature. Since the hydraulic inertia
is constant, kinetic energy storage can be represented by
an inertia (I) relating the volumetric flow and pressure mo-
mentum, eq. (18), with generalized effort given by I Q̇. On
the other hand, internal energy storage can be represented
by a capacitive (C) multibond field.
The time derivative of (15) can be written as:

Ė = p Q̇ + ΘT . Ṡ (20)

It can also be shown that the volume integrals of the left
side terms of (7) and (10) can be calculated as:

∫ L

0

Aθ
∂sv

∂t
dx = ΘT . Ṡ ;

∫ L

0

Apv Q̇ dx = p Q̇ (21)

V. STATE EQUATIONS

A. Inertial port
Integrating in position (10) and considering constant Gx,
Bernoulli equation can be readily obtained as:

I
dQ

dt
= ∆P + ∆PG + ∆PB −∆PV W (22)

where:
∆P = P0 − PL (23)

∆PG = ρ0 Gx L (24)

∆PB =
1
2

ρ0 Q2

(
1

A2
0

− 1
A2

L

)
(25)

∆PV W =
∫ L

0

τwx
Pw

A
dx (26)

In Eq. (22) to (26) it can be recognized the transient, gravi-
tational, convective and frictional contributions to the pres-
sure drop. It can be easily shown that the product of any
pressure drop in (22) times Q is equal to the corresponding
term of (10) integrated in volume.
B. Entropy Port
Nodal entropy weight functions wS l (x, t) are introduced,
as it is done in the Petrov-Galerkin formulation for the Fi-
nite Element Method [8]. The nodal entropy weight func-
tions are introduced to satisfy the power interchanged by
the system through the boundary conditions, as well as
to share the importance of different power terms among
neighboring nodes. These functions can be used, for
instance, to introduce upwind schemes in convection-
diffusion problems [2, 5, 10].
Each term of the entropy balance equation (7) is multiplied
by wS l. Then, the resulting terms are integrated over the
domain Ω and Gauss’ theorem is applied whenever neces-
sary, obtaining:

Ṡ = Ṡ
(Γ)
Q +Ṡ

(Γ)
C +ṠQW +ṠQ+ṠC+ṠF +ṠA+ṠV W (27)

where:

Ṡ
(Γ)
Q = −Θ−1.

(
qx L AL δl n − qx 0 A0 δl 1

)
(28)

Ṡ
(Γ)
C = −Θ−1.

[
Q

(
θL sv L δl n − θ0 sv 0 δl 1

)]
(29)

ṠQW = −Θ−1.

[∫ L

0

qw Ph wS dx

]
(30)

ṠQ = Θ−1.

[∫ L

0

Aqx

∂wS

∂x
dx

]
(31)

ṠC = Θ−1.

[
Q

∫ L

0

θ sv

∂wS

∂x
dx

]
(32)

ṠF = Θ−1.

[
ρ0

∫ L

0

Φ AwS dx

]
(33)



ṠA = Θ−1.

[
Q

∫ L

0

sv
∂θ

∂x
wS dx

]
(34)

ṠV W = Θ−1.

[
Q

∫ L

0

τwx
Pw

A
wS dx

]
(35)

In (28) to (35) the temperature matrix Θ results:

(Θ)l j =
1

ΩS j

∫ L

0

Aθ wS l ϕS j dx (36)

The nodal vector of temperature is related to the tempera-
ture matrix as:

Θj =
n∑

l=1

(Θ)l j (37)

Taking into account (37) it can be verified that the product
of the nodal vector of temperature times any nodal vector
of entropy rate ΘT . ṠX recovers the corresponding power
of (7) integrated in the system volume. Thus, the products

ΘT . Ṡ
(Γ)
Q and ΘT . Ṡ

(Γ)
C recover correspondingly the power

due to heat flux and entropy advection at the system bound-
ary, while ΘT . ṠQ and ΘT . ṠC are a power terms that

vanish, because
∑n

l=1 wS l = 1.

VI. DISSIPATION COUPLING

It is necessary to represent the power coupling due to vis-
cous dissipation (appearing in the balance equations per
unit volume shown in Section III) to a discretized level.
This representation relates generalized variables whose
product gives rise to the dissipation power term, appearing
in the velocity and entropy ports as:

ΘT . ṠV = ∆PV Q = Q

∫ L

0

τwx
Pw

A
dx (38)

The friction pressure drop can be expressed as:

∆PV W =
n∑

l=1

∆PV W l ; ∆PV W l =
∫ L

0

τwx
Pw

A
wS l dx

(39)
In this way, we define a nodal vector of friction pressure
drop as:

∆PV W =
∫ L

0

τwx
Pw

A
wS dx (40)

From (35) and (40) we have:
ṠV W =

(
Θ−1.MV W

)
Q ; ∆PV W =

(
Θ−1.MV W

)T
. Θ

(41)
where MV W is a nodal vector, defined as:

MV W =
∫ L

0

τwx
Pw

A
wS dx (42)

Equation (41) defines a multibond transformer modulated
by the state variables, in which Θ−1.MV W is the dissi-
pation coupling vector. Besides satisfying conservation of

energy through the transformer, namely (38), it will be seen
in Section IX that the resulting causality also satisfies the
Second Principle of Thermodynamics.

VII. SYSTEM BOND GRAPH

The system Bond Graph is shown in Fig. 2. Energy storage
(kinetic and internal) are represented correspondingly by
an inertia (I) and a capacitive (C) field. At the 1-junction
with common Q we add all the nodal pressure drops; in
this way, the effort balance represents Bernoulli equation
in terms of the volumetric flow. At the 0-junction with
common Θ we add all the nodal entropy rates; in this way,
the flow balance represents the thermal energy conserva-
tion equation for the nodal entropy values.
The resulting Bond Graph is similar to the one obtained in
[12] for fluid dynamic systems, but there are slight differ-
ences. Since the bond with the convective pressure drop
∆PB may supply or extract power, we prefer to model it
as an effort source. Besides, pressure drop due to friction
∆PV W are decomposed and coupled to the entropy port
through the modulated transformer connecting the 1 and 0
junctions, obtaining the entropy rate due to viscous dissi-
pation.
The sources S (the ones connected to the bonds with P0,
PL, Ṡ

(Γ)
Q and Ṡ

(Γ)
C ) represent different source terms

related to the boundary conditions; in each single port these
sources behave as effort or flow sources, depending on the
boundary conditions.
The rest of the sources, effort Se or flow Sf represent vol-
umetric power terms; the determination of causality for
these sources and for the bonds connected to the modu-
lated transformer MTF results from the standard causality
extension procedure detailed in Section IX. As we saw be-
fore, the net power input (sum over the bonds) correspond-
ing to the multibonds with the entropy rate ṠQ and ṠC are
zero.

VIII. INITIAL AND BOUNDARY CONDITIONS

Initial conditions can be written as:
Q(t = 0) = Q0 ; S(t = 0) = S0 (43)

The boundary conditions establish relationships among the
variables corresponding to the nodes located at the system
surface and can be regarded (in the Bond Graph methodol-
ogy) as the input variables. It is necessary, for the model
being mathematically well defined, that the boundary con-
ditions allow to determine univoquely the causality for all
the elements in the resulting Bond Graph.
For a one-dimensional geometry, the boundary conditions
are established at x = 0 and/or x = L. Possible boundary
conditions in an incompressible duct flow for the inertial
port are ∆P (t) or Q(t).
If axial heat conduction is taken into account (advection-
difussion flows), the balance equation is second order and
we need two boundary conditions for the entropy port,
which can be θ (0, t) or qx (0, t) and θ (L, t) or qx (L, t).
For advection dominated flows, axial heat conduction is
neglected and the resulting balance equation is first order,
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Fig. 2. System Bond Graph for a one-dimensional
incompressible duct flow.

needing only one temperature as boundary condition. For
any case, θw (x, t) or qw (x, t) must be specified.

IX. CAUSALITY ASSIGNMENT

In [6], the sequencial causal assignment procedure de-
scribed in [12] was applied. Sources are chosen first, the
required causality is assigned and the causal implications
are extended through the graph as far as possible, using the
constraint elements (in this case 0-junctions, 1-junctions
and transformers). Then, the ports corresponding to the
storage elements (in this case inertia and C-field) are cho-
sen, integral causality is assigned and, again, the causal im-
plications are extended through the graph as far as possible.
Regarding causality extension through the MTF element,
the constitutive laws are sets of linear relationships among
the variables involved. Thus, causality can be extended for

a bond with a variable only when the bonds corresponding
to the rest of the variables in the linear relationship have
assigned causalities.
It is worth noting that, since the interpolation and weight
functions are zero at the boundaries 0 and L, Ṡ

(Γ)
Q l = 0

at the bonds corresponding to inner nodes, as indicated in
(28).
For advection-diffusion flows, entropy rate or temperature

are imposed at the 0-junctions by the bonds with Ṡ
(Γ)
Q 1 or

Ṡ
(Γ)
Q n; in this case, the sources connected to the bonds with

Ṡ
(Γ)
C l always result flow sources. For advection flows,

Ṡ
(Γ)
Q l = ṠQ l = 0 and temperature can be imposed at the

0-junctions by the bonds with Ṡ
(Γ)
C 1 or Ṡ

(Γ)
C n.

As a consequence of the causality extension, the sources
connected to the bonds with ∆PG and ∆PB al-
ways behave as effort sources, and the sources con-
nected to the bonds with ṠQW , ṠQ, ṠC , ṠF and

ṠA always behave as flow sources. Besides, causal-
ity for the bonds connected to the modulated trans-
former (the ones with ∆PV W and ṠV ) is also defined,
always resulting Q an input to the transformer and ṠV an
output; this indicates that fluid motion generates the irre-
versible entropy rate, in agreement with the Second Prin-
ciple of Thermodynamics. Besides, Θ always results an
input to the transformer and ∆PV W an output, indicating
that temperature influences the viscous force through the
temperature dependence of viscosity.

X. CONCLUSIONS

In this paper a Bond Graph methodology described in a
previous contribution was used to model incompressible
one-dimensional duct flows with rigid walls. Since the
volumetric flow is independent of position, the momentum
equation could be simplified and lumped. The volumetric
flow and a nodal vector of entropy were defined as Bond
Graph state variables. The state equations and the coupling
with the inertial and entropy ports were modeled with true
bond graph elements. This contribution shows that starting
from the governing PDEs equations and using discretiza-
tion techniques coming from CFD is the right strategy for
producing general models, framed within the Bond Graph
theory, for Fluid Dynamic Systems.
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Abstract— This paper reports on our experiences in parallelizing
WaterGAP, an originally sequential C++ program for global assess-
ment and prognosis of water availability. The parallel program runs
on a heterogeneous SMP cluster and combines different parallel pro-
gramming paradigms: First, at its outer level, it uses master/slave
communication implemented with MPI. Second, within the slave pro-
cesses, multiple threads are spawned by OpenMP directives to exploit
data parallelism. Time measurements show that the hybrid scheme
pays off. It adapts to the heterogeneity of the cluster by using multiple
threads only for the largest tasks and mapping these to multiprocessor
nodes. Third, the program is malleable, which has been accomplished
with the dynamic process management facilities of MPI-2, based on
the MPICH2 implementation. In particular, it is possible to increase
the number of processes while the program is running. Malleability
is an important feature in both batch systems and grid environments.
We discuss the support that MPI-2 provides for malleability.

I. I NTRODUCTION

Parallel programming today is dominated by the Message
Passing Interface MPI [3], [9], OpenMP [10], and lower-
level threading libraries [7], [14]. While MPI is most appro-
priate for distributed-memory architectures, OpenMP has
been designed for shared-memory machines. A common ar-
chitecture nowadays are SMP clusters, i.e., clusters of mul-
tiprocessor nodes, which combine shared memory in each
node with distributed memory in between the nodes. Ac-
cordingly, hybrid forms of programming, using MPI at the
outer level of the program and OpenMP for decomposing
individual processes into threads have been proposed [11],
[12].

Other properties of current architectures, especially het-
erogeneity and dynamic behavior, have received far less
consideration as of yet in the parallel programming com-
munity. We speak of heterogeneity if an architecture is
composed of different computing resources, for instance if
the nodes of an SMP cluster differ in their number of pro-
cessors. We speak of dynamic behavior if the number of
processors available to an application varies during the pro-
gram’s execution. The termmalleability has been coined
to denote the ability of programs to adapt to changes in the
number of processors [15]. Malleability is helpful in batch
systems, where it gives the scheduler more freedom in as-
signing jobs, but it is particularly important in grids.

This paper evaluates the opportunities that MPI and
OpenMP provide for making use of modern architectures,
based on an example program from the simulation domain.
The program is called WaterGAP, which stands for ”Water

– Global Assessment and Prognosis”. It has been devel-
oped at the Center for Environmental Systems Research of
the University of Kassel, and is explained in Section II of
this paper. Briefly stated, WaterGAP partitions the surface
area of continents into equal-sized grid cells. Based on in-
put data for climate, vegetation etc., it simulates the flow of
water, both vertically (precipitation, transpiration) and hor-
izontally (routing through river networks). Presently, the
input data are being refined, and to cope with the resulting
increase in computational expense, the program was paral-
lelized.

From a computational point of view, the vertical simula-
tion in WaterGAP gives rise to data parallelism, as grid cells
are computed independently. The horizontal simulation re-
quires communication, but one can observe that the world
is partitioned into independent basins. Independent means
in this context that there is no flow of water between basins,
a property that is inherent in the hydrological model behind
WaterGAP. Thus, different basins can be computed by dif-
ferent processes, without any need for communication. The
basins differ in size, from a few very large basins to many
small ones. The size of the basins is determined by natural
conditions, and thus cannot be changed.

As target architecture for our parallelization efforts, we
consider the compute cluster of the University of Kassel.
This Linux cluster consists of 58 double-processor nodes,
and one 8-processor node that comprises 4 dual-core chips.
Jobs are submitted through the Torque batch system, which
is an OpenPBS derivative. The cluster is usually operating
at full capacity, with the majority of jobs being sequential
and long-running. Before a WaterGAP run can be started,
it may take for several hours until the requested number of
nodes has become free. During this time, the batch system
assigns processors to WaterGAP as they become available,
but it will not start the program until all the requested nodes
are available. Thus, the other processors are idle for several
hours, which is a waste of resources. On the cluster, both
MPI-2, with the MPICH2 implementation, and OpenMP,
with the Portland compiler, are available. The paralleliza-
tion has been accomplished in three steps:

1. Master/slave structure: This standard pattern has been
implemented with MPI. It is used to distribute the basins
to be computed among processes. The resulting program
scales almost linearly up to about 8 slaves. Beyond that, the
computation of the largest basin prevents any further speed-
ups.



2. Hybrid parallelism: Keeping the master/slave structure
unchanged, we used OpenMP to split individual slaves into
multiple threads. These threads exploit the data parallelism
among grid cells within a basin, during the vertical and part
of the horizontal simulation. The speedup from threading
is sublinear, but the hybrid scheme can be used to over-
come the bottleneck at the largest basin. In our hetero-
geneous cluster, the scheme is particularly efficient if the
largest basin is mapped to the 8-processor node, and all but
the two largest basins are computed by a single thread only.
3. Malleability: To avoid idling of processors before the
start of WaterGAP through the batch system, we rewrote
the application so that it can be started with a small number
of slaves, and later incorporates more and more slaves as the
processors become available. We implemented this feature
using the dynamic process management facilities of MPI-2.

While master/slave parallelism and hybrid parallelism are
already quite well understood, we do not know of any previ-
ous work on the implementation of malleability with MPI-2.
This paper describes our experiences, and discusses design
decisions in our program.

The paper is organized as follows. First, Sect. II describes
the WaterGAP application. Then, the main part consists of
sections III–V, which are devoted to the three steps of paral-
lelization as outlined above. Sect. VI reviews related work,
while finally, Sect. VII summarizes the paper and mentions
directions for future research.

II. WATERGAP

The WaterGAP program [1], [6], [16] has been devel-
oped at the University of Kassel, with the goal to investi-
gate current and future water availability worldwide. Sev-
eral projects have already been carried out with this pro-
gram, including studies on the impacts of global changes in
climate as well as water withdrawals from households, fac-
tories, irrigated farms, and so on.

The WaterGAP program operates on several hundred in-
put files, and generates about 15 output files per year of
the simulation period. A typical simulation period is 30
years. Among others, input data refer to climate, vegeta-
tion, and water use. Most input data are available for each
grid cell; part of the data per day, others per month or per
year. Among the input data is a flow direction map that
assigns a single neighbouring cell to each grid cell, where
the surplus water from this cell flows into. Output data in-
clude results on various specific measures such as ground-
water runoff and snow cover, and are collected per grid cell.
Most outputs are generated annually, some monthly.

The WaterGAP program has been written in C++ and
comprises about 15.000 lines of code. The program can be
run in different modes (e.g. calibration mode), of which
this paper only considers global computation mode, i.e., the
simulation is carried out for each grid cell worldwide.

After an initialization phase, the main loop of WaterGAP
iterates through the days of the simulation period. For each
day, it carries out a vertical simulation first, and several steps
of horizontal simulation thereafter. During the vertical sim-
ulation, transpiration and water balance are computed for
each grid cell, based on data for precipitation, temperature,
etc. The horizontal simulation calculates the flow of water

through the networks of rivers, lakes etc. Whereas the ver-
tical simulation runs once per day, the horizontal simulation
is carried out several times per day, with the exact number
of time steps depending on river velocity.

During each vertical simulation step, the computation of
different grid cells is independent. During horizontal sim-
ulation, water is exchanged between grid cells, but this ex-
change is restricted to occur between cells of the same basin.
For hydrological reasons, the world is divided into a total of
about 10.000 basins. A few of these are very large, such
as the Amazon area, but the majority of basins comprises
only a few grid cells. The basins are stable, i.e., the set of
basins does not depend on any inputs other than the flow di-
rection map, and even the relative computational expense of
the basins is only lightly dependent on input.

Currently, the input data of WaterGAP are being refined
to increase the spatial resolution from 0.5� to 5 minutes side
lengths of grid cells. With the 0.5� version, WaterGAP had a
running time of about 10 hours on a standard PC, for a sim-
ulation period of 30 years. With the new resolution, the run-
ning time increases by a factor of about 36, which can only
be handled on a parallel machine in a reasonable amount of
time.

III. M ASTER/SLAVE PARALLELISM AND I/O

The first step of our parallelization uses the fact that
basins are computationally independent. It takes the sim-
ulation of each basin, over the whole simulation period, as a
task. Since task sizes differ, we use the master/slave scheme
for mapping tasks to processes. This well-known scheme
deploys one master process and several slaves. The master
starts by sending a task to each slave. Whenever a slave has
finished its work, it reports the result to the master and gets
the next task, until all tasks have been processed.

In a preprocessing step, we group grid cells into basins,
referring to the information in the flow direction map. The
result contains many small basins, for which the overhead
of master/slave communication and I/O would outweigh any
gains in performance. Therefore, we group the small basins
into larger working units to be distributed to the slaves, and
store the result in a file. For ease of presentation, we denote
the working units as basins, as well. The preprocessing does
not need to be repeated in each program run, but only when
the flow direction map changes instead.

Table I depicts the distribution of sizes among basins. The
numbers have been obtained by grouping natural basins of
size up to 100 grid cells together in a working unit. Thresh-
old 100 has been selected experimentally to maximizes the
overall speedup, and is used throughout this paper. As can
be seen in the table, there are a few very large basins, with
the largest basin taking more than twice the compute time
of the second largest. The master assigns the basins in de-
creasing order of size, i.e., the largest basin is assigned first.

Another aspect of master/slave parallelization is I/O. Both
the input files and the output files follow a standard format
that allows their contents to be visualized with a tool. The
format requires a particular arrangement of grid cells, which
is not compatible with the assignment to basins. Thus, in
each file, the grid cells of any single basin are scattered
throughout the file. Therefore each slave must read and



Number of basins Size (in grid cells) Time (in sec.)
1 3165 275
1 1946 120
5 1000 – 1700 50 – 90

400 100 – 1000 2 – 40

TABLE I: Size distribution of basins (units). Running time has been

measured for a simulation period of two years on a single processor.

write discontinuous data that do not follow a regular pattern.
MPI-2 supports the efficient access of multiple processes

to the same file. The focus, however, is on regular pat-
terns that can be described by a MPI datatype. Although
an explicit positioning of file pointers is possible, the use of
MPI-2 I/O slowed down our program considerably. There-
fore, we implemented a conservative approach using lan-
guage I/O (fread, fwrite etc.). Input files are read by
all processes, while output data are collected and written by
the master.

The master/slave scheme scales almost linearly up to
about 8 slaves (see Sect. IV). With more slaves, the
largest basin becomes a bottleneck and prevents any further
speedup.

IV. H YBRID PARALLELISM AND HETEROGENEITY

To scale the number of slaves beyond 8, we have to
internally parallelize the computation of basins. As al-
ready stated, the program has potential for data parallelism,
since grid cells are independent during vertical simulation.
While this potential can, in principle, be exploited with MPI,
the distributed-memory programming model of MPI would
force us to partition data structures among processes, and
to realize all communication between grid cells through ex-
plicit message passing.

Therefore, we chose OpenMP for intra-basin paralleliza-
tion. OpenMP has a shared-memory model, and so there
was no need to change the existing data structures. Since
the two parallel programming systems are used for orthogo-
nal aspects of parallelism (inter-basin vs. intra-basin), their
combination only slightly increases the complexity of the
program. In fact, OpenMP parallelization was easy. We
identified and parallelized some central loops: the main loop
of vertical simulation, and several loops over grid cells dur-
ing horizontal simulation.

Figure 1 shows timing results of the hybrid MPI /
OpenMP program with different numbers of slaves and
threads. In addition to the slaves, one single-threaded mas-
ter process was used. Running times are in seconds, and re-
fer to a simulation period of two years. The programs have
been compiled withmpich1.2.7, using the Portland com-
piler with optimization level-fast -Mconcur. Mea-
surements were carried out on three architectures: the com-
pute cluster of the University of Kassel (double-processor
AMD Opteron 248 nodes), the compute cluster of the Uni-
versity of Frankfurt (double-processor AMD Opteron 244
nodes), and a more powerful node of the Kassel cluster (4
AMD Opteron 875 dual-core processors). Jobs have been
submitted through the batch system so that each process and
thread had exclusive access to a processor (except for the

Fig. 1. Running time of hybrid program

largest run on the 8-processor node).
The program scales almost linearly up to 8 or 9 slaves,

both in the pure MPI version, and in the hybrid version
with two threads. Beyond that, the running time remains
constant, and the computation of the largest basin forms a
bottleneck (not shown in the figure, but was observed in
the experiments). The numbers show that OpenMP alone
contributes to a significant, although sublinear, performance
gain, and that this gain is orthogonal to the gain from MPI
parallelization.

Since inter-basin parallelism yields higher speedups than
intra-basin parallelism, the hybrid scheme pays off most if
it is coupled with heterogeneity, i.e., if different processes
use a different number of threads. Heterogeneity must be
supported by the batch system. The Torque system accepts
requests such as: 4 nodes with 2 processors plus 1 node
with 8 processors plus 1 processor from any node. To start
a heterogeneous run, some programming is required in the
batch script, to control the assignment of MPI processes to
nodes. The WaterGAP program profits from heterogeneity
in three ways:

� First, in our realization of the master/slave scheme, the
master does not participate in the computation (we chose
this variant for simplicity). Instead, it concentrates on com-
munication with slaves and I/O, which is not compute-
intensive. Therefore, it is sufficient to use a single thread for
the master. The numbers in Fig. 1 have been generated this
way. Additional experiments with a double-threaded master
led to almost identical results, despite the higher consump-
tion of resources.
� Second, the largest basin is mapped to the most powerful,
in our case the 8-processor, node. As the batch script con-
trols the assignment of MPI processes to nodes, the master
program was easily adapted to distribute work accordingly.
� Third, only the largest basins profit from the use of mul-



tiple threads to overcome bottlenecks, whereas the smaller
basins gain more if the two processors of a node are used for
two processes (since inter-basin parallelism yields higher
speedups than intra-basin parallelism).

Using heterogeneity, we reduced the running time of Wa-
terGAP down to a minimum of 99 seconds on the Kassel
cluster, which corresponds to a speedup of 22 as compared
to a sequential run on the fastest node. This speedup is ob-
tained with a total of 32 processors: 6 processors of the pow-
erful node for the largest basin, 2 processors of the powerful
node for the second largest basin, 2 processors of another
node for the third largest basins, and 22 single-threaded
processes for all other basins and the master. In this run,
the bottleneck was observed at the largest basin. Using 8
threads for this basin, though, the second largest basin be-
came a bottleneck. Further speedups are therefore depen-
dent on the availability of a second multiprocessor node with
more than two processors.

V. M ALLEABILITY WITH MPI-2

As stated before, another problem on our target cluster is
idling of processors, because the batch system has to wait
for the availability of all requested processors before appli-
cation startup. We solved this problem by making the pro-
gram malleable, i.e., the program starts with a small num-
ber of processes, and later incorporates more and more pro-
cesses when the processors become available. The mas-
ter/slave pattern is well-suited to malleability, as the mas-
ter can easily distribute the tasks to an increasing number of
slaves. When a slave dies, the master could also reassign its
task, but this aspect is not relevant here. Instead of submit-
ting a single job to the batch system, we submit several jobs,
which request part of the resources each. For instance, we
submit one job per MPI process.

We used MPI-2 for implementation, and therefore start
this section with a brief introduction to the relevant parts of
MPI-2. After that, we describe our implementation and dis-
cuss various design decisions and MPI-2 support. Briefly
stated, we use a client/server scheme that complements the
master/slave scheme already explained. The overall struc-
ture is depicted in Fig. 2, where edges marked 1 denote pro-
cess startup, edges marked 2 represent master/slave commu-
nication for the distribution of basins, and edges marked 3
represent connection establishment by MPI-2 client/server
routines. Note that master and server are different processes.
The server is started in advance, while all other processes
are started through the batch system. The first process takes
the role of the master, and the others are slaves.

A. Dynamic Process Management in MPI-2

Whereas the original MPI-1 standard required the num-
ber of processes to be fixed at program startup, the more
recent MPI-2 standard supports dynamic process manage-
ment with two sets of functions:

First, MPI_Comm_spawn and related functions allow
an MPI process to dynamically spawn new MPI processes.
However, there is no obvious way to inform the existing
MPI process about the fact that new processors have become
available, and therefore we do not use these functions.

Fig. 2. Structure of malleable program

Second, MPI-2 defines a set of functions for client/server
communication, somewhat similar to socket communication
in networks. On the server side, functions include
� MPI_Open_port to establish a network address,
� MPI_Comm_accept to wait for a connection request
from a client, and
� MPI_Publish_name to register port information on a
name server
On the client side, functions include
� MPI_Comm_connect to establish communication with
a server for which port information is known, and
� MPI_Lookup_name to retrieve port information from
the name server.

After successful connection, the matching accept and
connect calls each return an intercommunicator, through
which server and client can send and receive messages in
both directions.

The concept of communicators has already been intro-
duced in MPI-1. Communicators are data structures to
store all information required for communication between a
group of processes. MPI distinguishes intracommunicators
and intercommunicators. Intracommunicators number pro-
cesses consecutively, for easy access. At program startup,
the intracommunicatorMPI_COMM_WORLD is predefined
and comprises all processes started. Many MPI programs
rely solely onMPI_COMM_WORLD.

The communicator returned after connection establish-
ment is an intercommunicator, i.e., a bridge between two
groups of processes. Note that both client and server
may be composed of multiple processes. In this case,
MPI_Comm_accept andMPI_Comm_connect have to
be invoked by all processes of the respective group, and the
calls return only after successful connection establishment
(in MPI terms, the functions are collective and blocking).

Intercommunicators are more difficult to handle than
intracommunicators, but MPI provides a function called
MPI_Intercomm_merge to transform an intercommuni-
cator into an intracommunicator. This function is collective
and blocking over both groups. Communicators can be re-
leased using the functionMPI_Comm_disconnect.

B. Master and Server Processes

We now return to the malleable WaterGAP version. From
the running application’s point of view, new processes be-
come available at any point in time, and should enter com-
putation as soon as possible. The master can not call
MPI_Comm_accept itself, as the function is blocking and



would therefore prevent it from doing other work. Thus, the
function must be called in a separate thread of control, the
server (see Fig. 2). There are two opportunities for imple-
mentation:
� master and server are different threads of the same pro-
cess, or
� master and server are separate processes.
In both cases, the master must be informed when a new slave
becomes available, i.e., communication is required from
server to master. This communication is rather difficult to
accomplish in OpenMP, as it requires repeated inquiries and
synchronization on the master’s side. In MPI, communica-
tion is more natural: According to the master/slave scheme,
the master runs a loop and receives a message from any slave
in each loop iteration. The scheme can be easily extended to
let the master receive a message from either a slave or from
the server. With MPI communication between master and
server, the only gain from running both in the same process
would be the immediate availability of the intercommunica-
tor returned byMPI_Comm_accept to the master. This
gain is outweighed, however, by the opportunity to start the
server in advance, which the second scheme provides (we
will explain later why this is useful). Therefore, master and
server are run in different processes.

We use a separate executable for the server, but the same
executable for master and slaves. Thus, a job can dynami-
cally decide to take over the role of master or slave. When
an MPI process is started, it first connects to the server, who
sends back the current value of a process counter. If this
value is zero, the new process branches into the master code,
otherwise into the slave code. In either case, the value is
stored as a unique process number.

C. Communicators

In the non-malleable WaterGAP version, all communi-
cation has been accomplished through one intracommuni-
cator: MPI_COMM_WORLD. In particular, the master used
MPI_Iprobe(...MPI_ANY_SOURCE...) in its main
loop, to wait for a message from any slave. MPI does not
support a similar wait for a message from any communica-
tor. To avoid major changes in the existing code, it would
therefore be desirable to have a communicator for the group
of all processes, as a replacement forMPI_COMM_WORLD.
Although MPI provides constructor functions for communi-
cators, these must be invoked in a collective and blocking
call, i.e., all processes must carry out the functions at the
same time, and the already existing slaves would have to
interrupt their work for that. As a possible solution, the con-
structor may be invoked by a separate thread of each slave.
In the hybrid MPI / OpenMP program, however, this thread
is unrelated to the existing OpenMP threads, which would
lead to an involved program structure with, e.g., nested par-
allelism.

Therefore, we have decided against a global communi-
cator, despite the drawback that we had to go through the
whole program and adapt all MPI functions to the new com-
municator structure. This structure uses as many communi-
cators as slaves, each of them comprising the master and one
slave; plus another communicator for master and server. All
communicators are intracommunicators. We now describe

how they are constructed.
As stated before, any new process first connects to the

server and is assigned a process number. If the new process
is the master, the returned intercommunicator is transformed
into an intracommunicator and the former released.

If the new process is a slave, the server informs the
master about its existence, by sending a message. In the
main loop of the master, we have replaced the original
MPI_Iprobe(...MPI_ANY_SOURCE...) by a loop
that cycles through all communicators, thereby checking if a
message from either the server or a slave is available. When
the master receives a message from the server, it invokes ac-
cept to establish a separate connection with the slave and
build a communicator that connects master and slave only.

D. MPICH2 in the Batch System

In addition to incorporating MPI-2 functions into the pro-
gram, we had to deal with process startup through the batch
system. The MPI-2 standard leaves process startup to the
implementation.

The MPICH2 implementation [4] of MPI-2 includes a
process management environment. Before an application is
started withmpiexec, an MPI daemon, called mpd, must
be invoked on each participating machine. Moreover, the
set of daemons must form a ring. Daemons are started with
the user commandsmpdboot andmpd, wherempdboot
starts a ring of daemons on a set of machines, andmpd starts
a single daemon. As a parameter tompd, one can specify
the hostname / port of an existing mpd ring, which will con-
nect the new daemon to this ring. Port information can be
obtained by invoking the user commandmpdtrace -l,
on a machine that is already included in the ring.

As a first approach, we considered starting a cluster-wide
mpd ring in advance, to avoid the need to start a new dae-
mon whenever the batch system assigns a job. With this
approach, many daemons are running idle, though (espe-
cially on a large cluster), and therefore, we decided to start
an mpd only after a node has been assigned to WaterGAP
by the batch system.

Daemons are started withmpd, and require hostname /
port information to connect to the existing ring. This infor-
mation must be provided in the job script, but it is not avail-
able before an initial mpd ring has been set up. For ease
of implementation, we therefore decided to start the server
(including mpd) in advance, using a cluster node with per-
mission for interactive access.

The malleable MPI program is not bound to a particular
size of the jobs, i.e., in the sequence of jobs that form a
WaterGAP run, any job script may request any number of
nodes. If a script requests several nodes, mpd’s are started
one at a time, and afterwards all processes are started with a
single call tompiexec.

E. Evaluation of MPI-2

In summary, our experiments have shown that it is pos-
sible to build malleable applications with MPI-2 and the
MPICH2 implementation, and to run these applications
through a batch system. Performance is difficult to mea-
sure as it depends on the cluster load. While our context
only requires to increase the number of processors, we ob-



served in experiments that the program can to some extent
also cope with the event of slaves being killed during pro-
gram execution. In this case, the master proceeds with its
main loop, communicating with existing and new processes
despite the fact thatMPI_Iprobe looks for messages from
a dead slave.

To achieve malleability, we had to apply major changes
to the original MPI communication structure. Instead
of using the single communicatorMPI_COMM_WORLD,
we had to introduce a set of communicators (one per
process), and therefore could not use the convenient
MPI_Recv(... MPI_ANY_SOURCE ...) calls any-
more. The alternative of constructing one communicator for
all processes proved difficult, as communicator constructor
functions are collective and blocking. Use of an additional
thread would have complicated the hybrid MPI / OpenMP
structure. In summary, we missed non-blocking communi-
cator constructor and destructor functions, as well as a non-
blocking variant ofMPI_Comm_accept.

Another drawback of using a set of communicators in-
stead ofMPI_COMM_WORLD is lacking support for collec-
tive communication. In the WaterGAP program, we had to
replace an initial broadcast of a parameter from the master
to the slaves by pairwise communications.

Altogether, malleable programming requires a higher
programming expense. Among the reasons for that (besides
the already mentioned ones) is the need to manage the ring
of mpd’s. Moreover, debugging for errors in the commu-
nicator constructor and destructor calls (e.g. for a missing
MPI_Comm_disconnect) is time-consuming.

VI. RELATED WORK

Hybrid MPI / OpenMP programming has already been
studied for several applications. Smith and Bull [12] iden-
tify situations in which hybrid programming is superior to
a pure MPI approach, among them load balancing prob-
lems with MPI, and ease of implementation for a paral-
lelization in multiple dimensions. Rabenseifner [11] clas-
sifies hybrid programs, WaterGAP belongs into thehybrid
masteronlycategory. Spiegel and an Mey [13] dynamically
vary the number of threads in different processes to improve
load balancing on a shared-memory architecture. Numeri-
cal programs have been adapted to a heterogeneous cluster
by Aliaga et al. [2]

The need for malleability in the context of grid comput-
ing was pointed out by, e.g., Mayes et al. [8], who designed
a performance control system for applications that consist
of malleable components. They implemented malleabil-
ity by interrupting an MPI program, saving its state, and
later restarting the program with a different number of pro-
cesses. Hungershöfer [5] has shown that the availability of
malleable jobs improves the performance of supercomputer
schedulers. He referred to multithreaded programs.

VII. C ONCLUSIONS

In this paper, we have described our experiences in paral-
lelizing a simulation program for global water prognosis.
The parallelization has been accomplished in three steps.
First, in the base version of the program, we implemented
a simple master/slave scheme in MPI. This program did not

scale beyond 8 slaves, because of a bottleneck at the largest
task. Therefore, in the second step, we mixed MPI and
OpenMP to exploit two levels of parallelism. The hybrid
scheme was most efficient when used with a varying num-
ber of threads depending on task size, yielding a maximum
speedup of 22 with 32 processors. In the third step, we made
the program malleable, as to better use the batch system and
avoid wasting hardware resources.

The paper discussed our deployment of MPI-2 dynamic
process management functions for malleability, and pointed
out difficulties such as lack of non-blocking communica-
tor constructor functions. The performance gain from mal-
leability is difficult to quantify, as it depends on the cluster
load. The investigation is therefore left for future research.
In this context, it would also be interesting to dynamically
adapt the master’s task assignment to differences in compu-
tational power of the available and requested processors.

The WaterGAP program can be further improved, in par-
ticular with respect to I/O, and maybe intra-basin paral-
lelism. Another venue for future research is evaluating MPI-
2’s support for malleability with other applications.
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ABSTRACT 
Data Distribution Management (DDM) is responsible 
in parallel and distribution simulation, especially in 
large-scale distributed modeling and simulation 
applications, for limiting and controlling the data 
exchanged and reducing the processing requirements of 
federates. In high-performance distributed simulation, 
system scalability can be seriously inhibited by limits 
on resources such communication bandwidth, memory, 
and CPU availability. In this paper, we present the 
design and implementation of a resource-efficient 
enhancement to the P-Pruning algorithm for data 
distribution management problem in High Level 
Architecture. We also present a performance evaluation 
study in a memory-constraint environment. The 
Memory-Constraint P-Pruning algorithm deploys I/O 
efficient data-structures for optimized memory access 
at run-time. The simulation results show that the 
Memory-Constraint P-Pruning DDM algorithm is 
faster than the P-Pruning algorithm and utilizes 
memory at run-time more efficiently. It is suitable for 
high performance distributed simulation applications as 
it improves the scalability of the P-Pruning algorithm 
by several order in terms of number of federates. 

INTRODUCTION 

Distributed simulation is a cost-effective technique for 
system studies in research, modeling, and training. The 
High Level Architecture (HLA) presents a framework 
for modeling and simulation within the Department of 
Defense (DoD). The goal of this architecture is to 
interoperate multiple simulations and facilitate the reuse 
of simulation components. HLA allows interconnection 
of simulations, devices, and human operators in a 
common federation. It builds on composability, letting 
designer construct simulations from pre-built 
components. Each computer-based simulation system is 
called a federate and the group of interoperating 
systems is called a federation. HLA specifications—
incorporated as IEEE 1516 standard—were developed 
to provide reusability and interoperability. 
   The HLA Run-Time Infrastructure (RTI) provides a 
set of services used to interconnect simulation during a 

federation execution. These RTI services are grouped 
into six categories: federation management, declaration 
management, object management, ownership 
management, time management, and data distribution 
management. RTI provides a degree of portability and 
simulation interoperability.  It allows federates to join 
and resign, declare their intent to publish information, 
send information about objects, attributes and 
interaction, and synchronize time. In distributed 
simulation environment, every action taking place on a 
simulator that may affect or may be of interest to 
another simulator, requires a message. In a large-scale 
distributed simulation, such as those encountered in 
high performance applications, simulating many objects 
that are of interest to other objects can result in 
increased communication across the network, on the 
scale of O(n2). DDM is responsible for limiting and 
controlling the data exchanged in a simulation. It also 
aims at reducing the processing requirements of 
simulation hosts, or federates, by communicating 
updates regarding interactions and state information 
only to federates that require them. 
   This paper presents the design and implementation of 
a resource-constraint enhancement to the P-Pruning 
algorithm for the DDM region matching problem. It 
also presents a performance evaluation study in a 
memory-constraint simulated environment. The 
simulation results show that Memory-Constraint P-
Pruning algorithm improves the scalability of P-
Pruning algorithm by several order in terms of number 
of federates and overlapping interest regions in the 
distributed simulation. We use IEEE 1516 
specifications for representing the federates, and their 
publisher and subscriber regions. The rest of the paper 
is organized as follows. The next section provides a 
background on the importance of data distribution 
techniques, concepts of routing space and memory as a 
resource, and a review of related work in DDM 
research. The P-Pruning algorithm for DDM matching 
problem with its three sub-procedures is presented in 
the following section. Later, the resource constraint 
issues in data distribution management are highlighted 
and a memory-efficient enhancement in P-Pruning 
algorithm is proposed. After this, the performance 
evaluation implementation details and simulation results 
are discussed. The last section presents the concluding 
remarks with directions on future research work. 
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In this section, we highlight the importance of DDM, 
explain the concept of routing space, and introduce the 
notion of memory as a resource in high-performance 
distributed simulation. We also provide a review of 
related work in DDM and memory-constraint 
algorithms. 

Concept of Routing Space   0.0 

 0.0 
DDM is based on a multi-dimensional coordinate 
system called a routing space. For example, a two-
dimensional routing space might represent the play box 
in a virtual environment. A rectangular publisher region 
within the routing space is associated with each update 
message generated by a publishing federate. Receiving 
federates declare their interests via rectangular 
subscriber regions within the routing space. If the 
publisher region associated with a message overlaps 
with the subscriber region of a federate, the message is 
routed to that subscribing federate. By calculating the 
intersection of publisher and subscriber regions, the 
Run-Time Infrastructure in HLA establishes 
connectivity between sender and receiver federates for 
routing updates and interactions. Each overlapping 
subscriber and publisher federate joins a multicast 
group to facilitate the message transfer. For example, in 
Figure 1, updates using publisher region P are routed to 
federates subscribing to region S1, but not to federates 
subscribing to region S2. 

Figure 1: Two-dimensional routing space with subscriber 
regions: S1 and S2, and a publisher region P 

Memory as a Resource 

A typical access time to internal main memory (RAM) 
is in the order of nano-seconds, while access time to 
external memory (such as hard disk) is in the order of 
milliseconds. Thus, the access times of internal and 
external memory differ by a factor of million. In many 
large-scale distributed simulation applications, the 
communication between internal and external memory, 
and not the internal computation time, is actually 
bottleneck in the computation. Also, as the application 
size is scaled, the Input/Output (I/O) requirements can 
lead to serious memory crunch. Modern operating 
systems use sophisticated paging and data pre-fetching 
strategies to minimize the effect of I/O bottleneck and 
ensure that the accessed data is present in the internal 
memory. However, these strategies are general in nature 
and cannot exploit the properties of a specific problem. 
Hence, we need to design solutions which consider a 
memory of limited size. 
   In memory-constraint approach, we view the system 
memory as a resource that has to be optimally allocated 
among the processes. The problem is how to deploy 
efficient data-structures and reorganize the data at run-
time so that the DDM computation is not as memory 
intensive as encountered in practical simulations. I/O 
efficient data-structures are the key tools in developing 
a resource-efficient approach. Also, dynamic memory-
management strategy that provides efficient garbage 

collection to reduce unnecessary memory leak at run-
time is crucial. The primary motivation in the resource-
constraint approach is to devise a scalable, memory-
efficient solution for high-performance distributed 
simulation applications. 

Related Work 

The earliest work on DDM research appears in Van 
Hook et al. 1996. The HLA specification, key elements 
in its architecture, and implementation are described in 
Dahmann et al. 1998. An overview about DDM and 
related research work appears in (Guha and Bassiouni 
2002; Gupta and Guha 2005; Gupta and Guha 2006). 
Since 1995, different DDM algorithms have been 
proposed such as the fixed-grid (Tan et al. 2000a), 
dynamic-grid (Boukerche and Dzermajko 2004), 
region-matching (Van Hook et al. 1996), agent-based 
(Tan et al. 2001), and hybrid-method (Tan et al. 2000b). 
Performance-evaluation study of different DDM 
strategies appear in (Boukerche and Dzermajko 2004; 
Gupta and Guha 2005). 
   Federated Simulations Development Kit (FDK) is an 
implementation of HLA architecture developed at 
Georgia Institute of Technology. FDK has been used as 
the platform for HLA-based distributed simulation 
research in (Fujimoto et al. 2000; Gupta and Guha 
2005). Advanced memory management schemes such 
as hierarchical data-caching and pre-fetching that can 
be applicable to resource constraint conditions related 
to DDM appear in Wang and Guha 2001. A review of 
I/O efficient external memory data-structures appears in 
Arge et al. 2001. Memory-efficient routines and 
implementation details appear in Blunden 2003, while 
Meyer et al. 2003 provide a good source of algorithms 
for memory hierarchies. Directions on I/O efficient 
algorithms and dynamic memory allocation in 
simulation appear in (Nielsen 1977; Vengroff and Vitter 
1996). 

THE P-PRUNING ALGORITHM FOR DDM 

Given a set of federates, F, each federate Fi has 
publisher and subscriber regions within the routing 
space. The DDM problem is to find a set of multicast 



groups MCG, whose each element is a subset of F at 
any time t. Each multicast group member, MCGi, is 
composed of federates whose publisher region overlaps 
with the subscriber region of federates in MCGi at time 
t. In this section, we describe the P-Pruning DDM 
algorithm (Gupta and Guha 2005) which computes the 
multicast groups in three steps: List Computation, MCG 
Population, and MCG Pruning. The central idea in this 
algorithm is to compute the matching of publisher and 
subscriber regions first on the basis of the overlap on X-
axis only and then correct the overlap information by 
checking the Y-axis. Each publisher and subscriber 
region is described by four-coordinate system in the 
routing space [ ( ) ( )YiYiXiXi PPPP 2121 )(,)(,)(,)( ] and 

[ ( ) ( )YiYiXiXi SSSS 2121 )(,)(,)(,)( ], respectively. The 

entire algorithm is based on an array, ListX, whose size 
is equal to R, i.e., the length of the routing space X-axis. 
The elements in ListX array correspond to the 
coordinates in X-axis of the routing space. 
List Computation: The List Computation sub-
procedure scans the publisher and subscriber regions of 
all the federates once, and stores the information about 
their coordinates at each point of the ListX array. At the 
end of the List Computation procedure, each point of 
ListX array has three entries: publisher region, X1 
subscriber region, and X2 subscriber region. For any 
element (or point) x of ListX array, the publisher region 
entry corresponds to all the publisher regions Pi, whose 

 coordinate coincides with point x. The X1 
subscriber region entry corresponds to all subscriber 
regions S

XiP
1

)(

j, whose coordinate coincides with point 
x and X2 subscriber region entry corresponds to the all 
the subscriber regions S

XjS
1

)(

j, whose coordinate 
coincides with point x. 

XjS
2

)(

MCG Population: The MCG Population sub-
procedure scans each element of the ListX array and 
checks the coordinates of publisher region, X1 
subscriber region, and X2 subscriber region for overlap 
condition. This procedure creates the DDM multicast 
groups based on information stored in ListX array, but 
it considers only the overlap information on X-
dimension of the routing space. A multicast group is 
assigned to an element of the ListX array, if there is a 
publisher region Pi whose coordinate coincides 
with this element of ListX. Also, a multicast group is 
created at a point on ListX only if there exists at least 
one publisher region at this point and there is at least 
one subscriber region overlapping with this publisher 
region on X-axis. When a region is included in a 
multicast group, it implies that the federate owning this 
particular region is also actually a member of this 
multicast group. Thus, this procedure creates a set of 
multicast groups that may include some multicast 
groups that are having publisher and subscriber region 
as members, but these member regions may not actually 
overlap on the Y-axis of the routing space. Overall, this 

procedure computes the entire information faster by 
avoiding the simultaneous checking of X-axis and Y-
axis overlap. 

XiP
1

)(

MCG Pruning: The errors in creation of multicast 
group MCG are now corrected by the final MCG 
Pruning sub-procedure. The pruning sub-procedure 
verifies that the regions in multicast group MCG 
actually overlap on Y-axis, and it eliminates any non-
overlapping subscriber from the specific multicast 
group. It also verifies that every multicast group has at 
least one subscriber region after this step.  At the end of 
this process, it deletes any multicast group having no 
subscriber region. 
   Since the two main sub-procedures in the algorithm 
perform the function of multicast group Population and 
Pruning, this algorithm is called P-Pruning algorithm. 
A detailed description of the P-Pruning algorithm with 
pseudo-codes, performance evaluation results, and 
average-case computational complexity appears in 
Gupta and Guha 2005. We have shown that the P-
Pruning algorithm is efficient as compared to three 
other DDM algorithms in term of computation time, 
memory usage at run-time and number of multicast 
groups using average-case analysis and extensive 
performance evaluation simulations. 

Computation Results and Analysis 

The List Computation sub-procedure has complexity of 
O(n), where n is the number of federates in the 
distributed simulation. The MCG Computation sub-
procedure runs for between O(n) and O(n2) depending 
on the density of the regions within the routing space. 
For the MCG Pruning sub-procedure, complexity is 
O(n) times. The total number of multicast groups in this 
algorithm is limited by O(n), which is significantly 
lesser than other DDM algorithms. In the simulation 
experiments, we generated federates with publisher and 
subscriber regions, whose coordinates were randomly 
distributed within the routing space. The simulation 
results shown in the graphs of Figures 2 and 3 use the 
data averaged for 25 instances of each condition, i.e., 
size of routing space and number of federates. The grid 
cell dimensions are applicable only for the fixed-grid 
and dynamic-grid algorithms. Each set of input 
conditions had 10, 20, 30, 40, and 50 federates in the 
simulation environment with 50 x 50 routing space. The 
graph in Figure 2 show the comparison of computation 
time required by P-Pruning, region-matching, fixed-
grid, and dynamic-grid DDM algorithms (Gupta and 
Guha 2005) for finding multicast groups. The graph in 
Figure 3 show the comparison of memory utilized at 
run-time for the four DDM algorithms in similar setting. 
The results show that the P-Pruning DDM algorithm 
computes the multicast groups faster than any of the 
three algorithms and also uses system memory more 
efficiently. The P-Pruning algorithm is faster than 
region-matching, fixed-grid, and dynamic-grid DDM 
algorithms as it avoid the quadratic computation step 
involved in these algorithms. By populating the 



multicast group first only on the basis of X-axis 
information and pruning the multicast group of 
unwanted subscriber regions in another step, it avoids 
the computational overheads of other algorithms. 

I/O EFFICIENT RESOURCE-CONSTRAINT 
STRATEGY FOR DDM  

In this section, we explore the resource-constraint issues 
in the DDM algorithms and present a memory-efficient 
enhancement to the P-Pruning algorithm. 

Resource-Constraint Issues in DDM Implementation  

In Gupta and Guha 2005, we compared the performance 
of P-Pruning algorithm with region-matching, fixed-
grid and dynamic-grid DDM algorithm through 
simulation studies. During the simulation experiments, 
it was observed that the performance of DDM 
algorithms is adversely affected as the number of 
federates is increased in the simulation environment. In 
practice, system scalability can be seriously inhibited by 
limits on bandwidth and computation. While this is not 
totally unexpected; for a DDM algorithm to be effective 
and deployable in high performance modeling and 

simulation applications, it must be scalable. In general, 
the performance of all DDM algorithms is severely 
affected by limitations in system resources such as 
communication bandwidth, memory, and CPU 
availability. Hence, we have considered the system 
memory as a resource in this research. In practical 
distributed simulation applications, the designers should 
deploy efficient data structures to achieve the dual goal 
of reducing computation time and memory utilization. 

A Memory-Efficient Strategy for Data Distribution 
Management 

The P-Pruning algorithm is not resource-efficient 
because it does not conserve memory. In a resource-
constraint environment, the system memory is limited 
and special routines are needed for developing scalable 
solutions. We now present a memory-efficient 
enhancement to the P-Pruning algorithm. We consider 
the system memory as a resource and modify the P-
Pruning algorithm for optimal utilization of this 
resource. In memory-efficient P-Pruning algorithm, the  
List Computation sub-procedure is modified by 
incorporating a resource-efficient data structure. We 
define a node which maintains three different types of 
lists: Publisher region list, X1 subscriber region list, and 
X2 subscriber region list. The set of node is represented 
as list which replaces the ListX array in the List 
Computation sub-procedure. The set of nodes can be 
viewed as disjoint set of forests, where each node stores 
three different trees. This representation reduces the 
memory allocated at run-time significantly for the DDM 
computation and also improves the computation time as 
evident from the performance evaluation results. 
Data Structure Design: The structure of each node in 
the disjoint set is shown in Figure 4. There are n nodes 
in the list, and each node maintains three different lists 
of size p, q, and r. Here, p = number of publisher 
regions; q = number of X1 subscriber regions; and r = 
number of X2 subscriber regions. The list node is 
represented using the class structure shown in Figure 5. 
The three lists in disjoint set are populated in List 

Figure 4: Representation of Memory-Efficient Data 
Structure 
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Figure 2: Performance Evaluation of P-Pruning Algorithm for 
Routing Space 50 x50 and Grid Size 2 x 2 
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Computation sub-procedure and the multicast groups 
are built using the disjoint set in the MCG population 
sub-procedure. Using the new structure, we can reduce 
the memory allocated at run-time and reduce the access 
time during computations. 

PERFORMANCE EVALUATION OF 
RESOURCE-CONSTRAINT P-PRUNING 
ALGORITHM 

In this section, we describe the performance evaluation 
of the P-Pruning DDM and Memory-Constraint P-
Pruning algorithm. The study was aimed at modeling 
high-performance distributed simulation scenario and 
implemented in C++ under Windows XP running on a 
Pentium IV 3 GHz PC with 512 MB RAM and 2500 
MB virtual memory. We used object-oriented class 
structures to represent federates, their publisher and 
subscriber regions, the grid cells, and the multicast 
groups. 

Simulation Implementation and Analysis 

In the simulation experiments, we generated federates 
with publisher and subscriber regions, whose 
coordinates were randomly distributed within the 
routing space. Each federate Fi has one publisher region 

Pi and one subscriber region Si. The simulation results 
shown in Figures 6, 7, and 8 use the data averaged for 
100 instances of each condition, i.e., size of routing 
space and number of federates. The graph in Figure 6 
shows the comparison of memory utilized at run-time 
by the Memory-Constraint P-Pruning and P-Pruning 
algorithms for distributed simulation having routing 
space of 4,000 x 4,000 and number of federates ranging 
from 100 to 4,000. Figure 7 shows the comparison of 
computation time required for the Memory-Constraint 
P-Pruning and conventional P-Pruning implementation 
for the similar range of routing space and number of 
federates in simulation environment. It is evident from 
these graphs that the Memory-Constraint version uses 
constant memory as compared to the P-Pruning 
algorithm. It also requires less computation time. The 
graph in Figure 8 shows the memory utilization for the 
routing space upto 20000 x 20000 and the number of 
federates ranging from 100 to 20,000. This result 
demonstrates the scalable nature of Memory-Constraint 
P-Pruning algorithm. The P-Pruning algorithm could 
simulate only upto 4,000 federates due to inefficient 
memory utilization at run-time. 

class List_Node 
{ public: 
 vector<Region> Pub_Region; 
 vector<Region> X1_Sub_Region; 
 vector<Region> X2_Sub_Region; 
 
 List_Node(); 

~List_Node(); 
}; 
 
vector<List_Node>  X_List(X_Axis_Length); 

   From the performance evaluation study of two 
versions of the P-Pruning DDM algorithm, it is clear 
that the Memory-Constraint P-Pruning DDM algorithm 
provides the region overlapping information efficiently 
with respect to important metrics: computation time and 
memory usage at run-time. The list of disjoint forests 
minimizes I/O requirements and optimizes memory 
access at run-time. 

CONCLUSIONS AND FUTURE WORK 

In this paper, we presented the design and performance 
evaluation of a resource-efficient enhancement to the P-
Pruning algorithm for DDM. By deploying efficient 
data structures, the Memory-Constraint P-Pruning 
DDM algorithm scales well in high performance 
distributed-simulation environment. The Memory-
Constraint P-Pruning algorithm requires less 

 

Figure 6: Comparison of Memory Utilization by the 
Memory-Constraint and P-Pruning DDM Algorithms 

100
500

1000
3000

4000

0

200

400

600

800

1000

1200

1400

1600

M
em

or
y 

(M
B

)

No. of Federates

Memory Utilization Graph

P-Pruning DDM Memory-Constraint DDM

100
500

1000
3000

4000

0

50

100

150

200

250

Ti
m

e 
(s

ec
)

No. of Federates

Computation Time Comparison

P-Pruning DDM Memory-Constraint DDM

Figure 5: Class Structure to Represent the 
Disjoint Set of Forest 

Figure 7: Comparison of Computation Time for Routing 
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computation time and utilizes memory at run-time more 
efficiently as compared to the P-Pruning algorithm. In 
the near future, we plan to extend our work to a 
distributed DDM algorithm implementation on cluster 
computers, incorporate resources such as 
communication bandwidth in the resource-constraint 
analysis, and investigate the scalability issues. The 
distributed implementation of P-Pruning algorithm will 
provide a scalable and resource-efficient DDM 
approach. 
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ABSTRACT 

Ray-tracing is a compute-intensive technique to render 
three-dimensional graphics and is embarrassingly 
parallel.  There are many examples of ray-tracing 
applications from both academic and public domain 
projects.  We ask if the parallelization and optimization 
issues are similar.  This paper uses two sequential ray-
tracing applications (POV-Ray (Persistence of Vision 
Raytracer) and PBRT (Physically-based Ray Tracer)) to 
compare the issues.  We describe every step of the 
process, from parallelization, debugging/ verification to 
optimization of the parallelized codes. We use a 
performance model of the applications to guide us on 
the speedups’ predicted upper bounds.  We also profile 
the execution characteristics of both applications in 
their final optimized version.  The general experience is 
that POV-Ray needed more efforts to parallelize and 
debug than PBRT, but less efforts to optimize. 
 
1. INTRODUCTION 

Our work is motivated by the industry trend towards 
multi-core chip (or chip multiprocessors), e.g. IBM’s 
Power4,  dual-core Pentium 4 and dual-core Itanium.   
While much work has been done for compiler auto-
parallelization [1,2,4,5,14] and there are commercial 
products that includes auto-parallelization features (e.g. 
PGI [10]), it is also well-acknowledged that effective 
parallel programming often requires a user to manually 
break down the computation into independent tasks, 
possibly re-factoring the source code in the process.  

This paper compares the issues encountered when 
we parallelized, debugged and optimized two 
applications from the same domain.  It is not on 
compiler features and tools. 

Ray-tracing is a compute-intensive technique to 
render three-dimensional graphics, by simulating the 
way light rays travel.  With the popularity of computer-
generated animation and games, it also has many 
practical uses.    

The general understanding of ray-tracing is that it is 
embarrassingly parallel because each ray’s computation 
is independent of the others.  We picked an 
embarrassingly parallel application because the focus is 
on extracting the parallelism and optimizing the 
implementation of a parallel algorithm, and not 
designing a new parallel algorithm.  Much work has in 
fact been done on parallel ray-tracing [3,13].   

There are many examples of ray-tracing applications 
from both academic (e.g. PBRT [9], Rayshade 
(http://graphics. stanford. edu/ ~cek/ rayshade/ 
rayshade.html), OpenRT (http:// www. openrt. de)) and 
public domain projects (e.g. POV-Ray [11], PARRT 
(http:// www. nongnu. org/ parrt/)).   

POV-Ray [11] is public domain, with free source 
code.  It is arguably one of the most popular (if not the 
most) ray-tracing software, though it is not the fastest.  
Another publicly available ray-tracing code is PBRT 
(Physically based ray tracer) [9].  PBRT uses more 
sophisticated data structures and algorithms, and is from 
academic research written in a literate programming 
style.  We compare the efforts needed to get optimized 
parallel codes of a faster, more academic-oriented ray-
tracing implementation written in a literate 
programming style vs. a slower, more popular, public 
domain one.  

Both are reasonably well-written, with source code 
and documentation available.  These two codes are also 
up-to-date, unlike other distributions which have not 
been updated for a while. 

Section 2 will describe how the applications were 
parallelized, and compare the issues encountered in 
verifying the correctness of the two parallelized codes.  
Section 3 describes the tuning of parallelized POV-Ray 
and PBRT on Linux.  When we ported the parallel 

 



 

POV-Ray to Windows, more optimization was needed 
due to the nature of the operating system (section 4).   
We compare the two parallel programs’ distribution of 
task execution times and instruction distribution 
(section 5).  Section 6 concludes the paper. 
 
2. PARALLELIZATION OF POV-RAY,  PBRT 

From the literature, ray-tracing can be parallelized in 
two ways: sub-space (scene space) division and sub-
scene division.  Sub-space division uses the fact that the 
pixels are independent, so that each pixel’s ray is traced 
in parallel.  Since adjacent rays have similar behavior 
(ray coherence) and have a high probability of 
accessing the same addresses, there is an opportunity to 
improve the parallel code’s spatial locality and hence its 
performance.  In order to achieve better ray coherence 
[6] and cache utilization [13], pixels are organized into 
tiles, so that each independent task performs ray-tracing 
for a tile, rather than for a pixel.  PARRT, PVM POV-
Ray and OpenRT all use screen space subdivision [6, 12] 
as a proven effective approach to parallel ray-tracing.  
The tile size and number of threads determine the lock 
contention and load imbalance. 

There needs to be a way to assign the created tasks 
to available processing units (threads).  We use a 
dynamic task assignment scheme to achieve better load 
balance.  The tasks are inserted into a work queue 
shared by the threads.  Each thread gets its task from the 
shared queue.  (For both POV-Ray and PBRT, the 
threads are created after the input scene has been 
parsed.)  The only difference is that in POV-Ray, all the 
tiles are inserted into the work queue before ray-tracing 
begins while in PBRT, each tile is computed on demand, 
i.e. whenever a thread attempts to get a tile. 

The synchronization requirements are similar in 
both POV-Ray and PBRT.  There is a barrier for all the 
threads before rendering is performed (and after ray-
tracing is completed for all the pixels).  A lock is used 
to protect the work queue.   

It is not surprising that POV-Ray and PBRT share 
much similarity in terms of the implementation work 
done to decompose the sequential computation, and to 
assign the tasks to threads. 
 
2.1 Comparison Of Parallelization Efforts 

The parallelization efforts taken for both applications 
are different.  It is difficult to quantify the impact of the 
programming language on the amount of parallelization 
efforts, because of human factors (e.g. the experience of 
the original authors).  We do however find that the 
object-oriented nature of PBRT’s C++ code, with 
limited use of class inheritance and polymorphism ease 
the parallelization efforts. 

POV-Ray is implemented mainly in C.  The ray-
tracing computation code references global variables 
and function calls.  The global variable references are 
scattered in different files and functions.  It was 
therefore difficult to manually analyze the dependences 

to preserve their correctness after parallelization.  A lot 
of efforts were expended to decide whether the 
variables should be private or shared due to lack of 
modular design in the POV-Ray code.  To illustrate this 
point, we privatized about 300 variables to be thread-
private.  Among these 300 variables, about 70 variables 
are accessible in multiple source files.  Table 1 shows 
how 4 of these 70 variables are accessed.  It was more 
difficult to understand the dependences in POV-Ray 
because the global variable references are scattered in 
many different files and functions.   
 

Reference Number 
of distinct 
locations

Number 
of distinct 
functions

Number 
of distinct 
files

ADC_Bailout 35 10 5 
Frame 455 83 23 
Opts 1708 165 38 
Stats 198 80 44 

Table 1: Examples of Variables in POV-Ray 
Referenced in Multiple Locations 

 
PBRT is implemented in C++.  The code structure 

abstracts the ray tracer into classes.  The class 
definitions provide a static scoping for us to analyze the 
use-def relationships of the variables, making it easier 
to analyze the dependence within the program.  The use 
of class inheritance, on the other hand, means that we 
needed to analyze the relationship of a class’s methods 
with its parent class’s methods, and this demanded more 
efforts in understanding the existing dependences.  The 
use of polymorphism also poses a similar problem.  
Since polymorphism allows for dynamic binding, we 
had to be conservative when manually analyzing the 
dependences of the candidate methods. 

As an example, the Shape class has an IntersectP() 
method.  Other classes Cones and Cylinder inherit from 
Shape.  We call “shape->IntersectP( r );” to compute the 
intersections of the rays with objects in the scene.  To 
decide if this call is thread-safe, we need to analyze all 
the “IntersectP()” definitions in parent and child classes.   

PBRT limits most classes to at most 3 levels of 
inheritanc.  Also the polymorphic functions which we 
needed to manually analyze, mostly are intersection 
tests with memory reads only. 

For PBRT, the use of an object-oriented language 
with class encapsulation, together with the limited usage 
of class inheritance and polymorphism meant that it 
took less effort to understand the dependences.  Our 
code browsing was limited to static fields in classes, 
static methods and invocation of object methods, and 
the static variables declared in the methods.  The PBRT 
code is also more modular in the sense that there is a 
limited number of write accesses to shared variables. 
 

 



 

2.2 Verification and Debugging of Parallelized Code  

The next and more difficult step was actually the 
verification of the parallelized codes, to be confident 
that the results are valid.  We are not ray-tracing experts, 
so the obvious way is to check the results of a parallel 
execution against that of a sequential or single-thread 
execution.    

We found two similar categories of bugs. 
  
Data races.    

We encountered data race bugs in both applications.  
We used the Thread Checker tool [14] to try to locate 
the data races.  The Intel Thread Checker collects 
profile data when an instrumented multi-threaded 
application executes and analyzes the data for errors e.g. 
data races, deadlocks. 

The tool helped to find several data races in POV-
Ray, e.g. the result buffer was not protected when the 
threads write their results separately into the buffer. 

PBRT uses dynamic module loading which was not 
supported by the version of Thread Checker we used.  
The version we used could capture the race point but 
was unable to associate it with the source code.  The 
user therefore could not map the problem back to the 
source code.  We found a few data races in PBRT by 
eye-balling the source code.   

Thread Checker depends on instrumentation to 
analyze data races observed during program execution.  
The conventional expectation is that the instrumented 
code has a slow-down of 10x-100x, but it can be worse.  
An input which took POV-Ray 78s to run on 2 threads, 
took 36 hours to complete on Thread Checker1.  We 
trimmed the original input set from 384x384 (with 
32x32 tiles) to be 8x8 with 4x4 tiles.  Using the Thread 
Checker required more efforts than expected. 

 
Random number generator.   

A second issue was the random number generators 
used in POV-Ray and PBRT.  With multiple threads 
accessing the same random number generator, different 
results were obtained for different runs even with the 
same number of threads.  In POV-Ray, the problem was 
fixed by pre-generating the random numbers, so that 
every tile gets the same random number independent of 
which thread / processor it is executing on.  

PBRT uses a Mersenne Twister random number 
generator.  It uses a lot more random numbers so we 
could not pre-generate the numbers.  We tried two 
approaches: (i) to duplicate the random number 
generator for each thread and (ii) was to use a parallel 
version of the Mersenne Twister generator [8]. 
 
Summary  

                                                           
1 Thread Checker has since reduced its slowdown. 

In the verification/debugging process, POV-Ray and 
PBRT definitely share enough similarity such that 
understanding the problem (e.g. random number 
generator) in POV-Ray helped the work on PBRT.  On 
the other hand, the Thread Checker was more effective 
for POV-Ray than PBRT in isolating the data race bugs, 
and the random number generator solutions employed 
were quite different for POV-Ray and PBRT, 
respectively. 
 
3. TUNING PARALLELIZED POV-RAY, PBRT  

The next step is to understand the performance 
bottlenecks.  We used a preliminary performance 
prediction tool (PerfMiner) to predict the parallel 
performance as the number of processors change.  
PerfMiner uses a discrete-event simulation approach to 
estimate the scheduling and synchronization of the tasks.  
The predictions have a tighter upper bound than models 
based on Amdahl’s Law because they also take load 
imbalance and synchronization behavior into 
consideration while Amdahl’s law only takes the 
sequential bottlenecks into account.   

Our tool breaks the computation of the parallel 
program is broken into discrete “computation chunks”, 
between synchronization points. We ran the parallel 
program on a single thread.  A discrete-event simulator 
uses the measured timings of the chunks and their  
dependence / synchronization information to simulate 
how the chunks may be scheduled and how they 
synchronize on different number of threads.    

If a parallel execution on N threads has no 
additional overheads (e.g. additional cache misses and 
bus contention), and if each task in a parallel execution 
takes the same amount of time as it would in the 
sequential execution, the parallel execution time 
measured should match the predicted parallel time.  

We followed “prediction-guided optimization” 
methodology, by comparing the predicted and measured 
speedups.  As the graphs will show, we did uncover 
significant performance bottlenecks every time a gap 
exists between measured and predicted numbers.  
Eventually the measured speedups do indeed match the 
predicted speedups.  This experience is the same in both 
POV-Ray and PBRT, even though the bottlenecks tend 
to be implementation-specific. 

Initial measurements show that both parallel POV-
Ray and PBRT scale poorly when compared to the 
predicted speedups.  For example, POV-Ray’s 
execution time was worse for 4 threads than for 2 
threads.  The measured speedups were far below the 
predicted speedups.  Because we can do a comparison 
of what is possible (model’s prediction) vs. what is 
happening (actual execution), and the gap is large, we 
believe it worthwhile to put in more efforts to discover 
and fix these performance bottlenecks (e.g. using 
Vtune). 
 

 



 

3.1 Privatization  

We first looked for privatization opportunities to reduce 
true-sharing.  We protected shared data structure with 
locks, or access them with atomic operations.  Some 
data structures however need not be shared and can be 
replicated to improve memory locality. 

We used the Vtune Performance Analyzer to 
identify the performance bottleneck(s) for both POV-
Ray and PBRT.  The last level cache miss data showed 
that they both suffered from the usage of shared statistic 
counters, but to different degrees.  Such counters are 
used to track information, e.g., the number of 
intersections and the number of traced rays.  While the 
statistics counters were the most important reason for 
POV-Ray’s performance bottleneck, they were not so 
for PBRT.  

POV-Ray has about 130 statistic counters, and only 
about 40 are used in output only for user’s reference 
information.  The shared accesses of these counters by 
multiple threads were the main performance bottleneck 
for POV-Ray.  In Figure 2, we measured POV-Ray’s 
speedups on a 4-processor 2 GHz Xeon machine 
(without hyperthreading 2 ) using a benchmark input 
provided in the POV-Ray package.   

The “Baseline version” curve gives the speedups of 
the initial parallel version of POV-Ray.  The “Predicted 
speedup” curve gives an expected upper bound using a 
performance model based on Amdahl’s Law.  Figure 2 
shows that the speedup after the statistics counters were 
privatized (“Optimized version (with privatization)”) 
improved and matched the predicted speedup very well. 

PBRT also has about 10 statistic counters accessed 
by the threads, but they were not the main performance 
bottleneck.   The first three lines in  Figure 3 show that 
PBRT’s speedup curve improved after privatization  
(“Optimized version (with privatization)”), but the 
measured speedups did not match the predicted speedup.   

This optimization differs in its effectiveness due to 
the differences in specific implementations. 
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Figure 2: Comparison of POV-Ray Measured Speedups 

Before and After Privatization 
 

                                                           
2 All our measurements do not use hyperthreading. 

3.2 Data Structure Replication 

A ray may be tested for intersection against the same 
primitive multiple times.  To avoid redundant tests, 
PBRT uses a technique called mailboxing to quickly 
determine if a ray has already been tested against a 
specific primitive.  The implementation relies on 
keeping track of the latest ray that intersects with each 
primitive within a MailboxPrim structure (associated 
with each primitive), via a lastMailboxId field.  In the 
parallel version for PBRT, a straight-forward way to 
ensure that mailboxing works for multiple threads was 
to extend the lastMailboxId field into an array so that 
each thread accesses its own element.   

PBRT implements acceleration data structures (in 
the form of a grid or k-d tree) to speed up a ray’s test of 
intersection against all the objects in a scene.  As part of 
the mailboxing implementation, the accelerator data 
structure keeps track of the current ray with a 
curMailboxId field.  In the parallel PBRT, we similarly 
extend the single integer field into an array of integers. 

We also replicated other data structures for each 
thread before thread creation (e.g. Sample object into 
which the ray-traced results of a sample point are 
stored).     

With the above changes, each thread is able to use 
the accelerator data structure independently without 
interfering with other threads.   

The fourth line in Figure 3 shows that PBRT’s 
speedup is further improved with data replication.  It is 
however still below the predicted speedup, e.g. for 4 
threads, the measured speedup is 3.12 against the 
predicted speedup of 3.71. 
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Figure 3: PBRT Speedups with Privatization, False-
sharing Reduction and Padding 

 
3.3 False-Sharing Reduction   

Section 3.2 describes how we extended the single 
integer fields to arrays of integers (lastMailboxId[] and 
curMailboxId[]) so that multiple threads can do 
mailboxing independently.  But on our evaluation 
platform, the cache line size at all levels is 64 bytes.   
Since the intersection tests uses mailboxing and are a 
significant part of ray-tracing computation, this causes 
false-sharing for these arrays to become a significant 

 



 

overhead.  To eliminate false-sharing in parallel PBRT, 
we padded extra bytes in these arrays.  The 
lastMailboxId[] array is further modified to 
lastMailboxId[][16], and similarly for curMailboxId[].  
The elements accessed by the ith thread 
(lastMailboxId[i][0] and curMailboxId[i][0]) are 
separated from those accessed by the (i+1)th thread by 
64 bytes.  Each thread should now access a different 
cache line and false-sharing is eliminated. 

In Figure 3, we see that PBRT’s speedup, after 
applying all the three optimizations in sections 3.1 to 
3.3, is close to the predicted curve. 

In this section, we have seen that the key 
performance bottleneck for POV-Ray and PBRT was 
similar, and was due to inter-processor memory 
interferences.  The two applications however needed 
different solutions to fix the problem.  For PBRT, in 
addition to variable privatization, we had to replicate 
data structures (including those for mailboxing) and 
reduce false-sharing by padding. 
 
4. I/O AND HEAP OPTIMIZATIONS  

The timings for the optimized parallel POV-Ray (Figure 
2) were initially measured on a Linux machine.  The 
Windows version of POV-Ray has a different source 
base.  We also performed the same parallelization and 
optimization on POV-Ray’s Windows code and 
measured the speedup of the optimized parallel POV-
Ray on a 16-processor 3.0GHz Xeon Unisys (Windows) 
machine.  The machine has a Cellular Multi-Processor 
(CMP) architecture where one Cell consists of 4x Xeon 
processors with 32MB shared cache.   

The measured speedup on the 16-processor Unisys 
CMP however did not scale well, and diverged from the 
predicted speedup beyond 10 processors (the first two 
lines in Figure 5).  Further analysis found an abnormal 
increase in kernel execution time (Figure 4) with 
increasing number of threads.  We suspected the 
reasons to be either the file operations or blocking of 
threads when they fail to acquire the locks on the heap. 

 In order to reduce the file access overheads in 
parallel POV-Ray, we looked at POV-Ray’s scene 
parsing which uses file input operations that read one 
byte at a time.  We optimized it by loading the file 
contents into an input buffer, and accessing the bytes 
via an index pointer to the buffer.  This eliminated the 
calls to fgetc(), ungetc() and fgets().   

With this modification, kernel mode time usage was 
reduced (Figure 4), but the overall speedup  (third line 
in Figure 5) is worse than the baseline version.  After 
the I/O changes, the single-threaded execution time 
reduced from 1731 to 1718 seconds.  With 2 or more 
threads, the version with I/O changes was about 2 to 13 
seconds slower than that without the I/O changes.   

The Vtune data showed that the memory allocation 
routines had severe L3 cache misses.  There was a 
contention problem when the threads concurrently call 
malloc and free library routines.  Every call of 
malloc/free is protected by a heap lock. (From Visual 

Studio’s CRT/source/MALLOC.c file, a malloc call will 
acquire the heap lock before it tries to find a block for 
allocation, and it will release the lock after the allocated 
succeeds or fails.)  With increasing number of threads, 
there is a severe contention for the heap lock. 

The reason is because each thread now also 
performs its own initialization and object allocation 
(after reading the input independently).   
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Figure 5: POV-Ray's Speedup Curves After Applying 

I/O Optimization and Heap Privatization 
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Our solution was to privatize the heap for each 
thread.  Figure 5 shows that POV-Ray’s measured 
speedup was again close to the predicted curve after we 
applied both I/O optimization and heap privatization.  
We therefore include both modifications in the final 
optimized code.   

We designed a micro-benchmark to evaluate the 
extent of the memory routine overhead.  We did 1.2 
million times of 512-byte allocations, distributed to 
different threads.  We measured the micro-benchmark 
on a Linux and a Windows machine, up to 4 processors.  
Figure 6 shows that Linux’s memory management 
library scales better than Windows’ library.  This 
experiment ensured that the original optimized parallel 
version of Linux POV-Ray would not have the same 
performance problem from the memory library. 

The memory management routines show a library 
problem which we encountered for POV-Ray as a result 
of porting POV-Ray from Linux to Windows. 
 
5. EXECUTION CHARACTERISTICS  

This section compares two execution characteristics of 
POV-Ray and PBRT: (a) distribution of tile execution 
times, and (b) distribution of executed instruction.   
 
Distribution of tile execution times 

For POV-Ray and PBRT, even though our 
optimized speedup was close to the predicted upper 
bound, there appeared to be further room for 
improvement when we compared against the “ideal 
speedup”.  The ideal speedup is based on Amdahl’s law 
and assumes the work is shared in a perfectly balanced 
way (Figure 7).  

In order to explore this possibility, we should look 
into the load balancing issues. 

To compare the distribution of tile execution times 
for both POV-Ray and PBRT in a more meaningful 
manner, we used inputs such that both applications 
generate approximately similar images. The sequential 
times are 104s and 70s for POV-Ray and PBRT 
respectively.   
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Figure 7: Predicted and Ideal Efficiency of POV-Ray on 

16-Way Machine 
 

Figure 8 shows the normalized distribution of the 
tile execution times for both POV-Ray and PBRT.  We 

collected the execution time of each tile.  For each set of 
timings, we computed the mean and standard deviation 
and normalized each individual time using the 
respective mean and standard deviation. 

The graph shows that the tile execution times vary 
widely and load imbalance may be an issue, especially 
when the number of threads increases.  It is well-known 
that load balancing can be improved if the threads’ tasks 
are finer-grained (e.g. each thread works on a pixel or 
sample instead of a tile).  But if the tasks are too fine-
grained, the shared work queue’s lock contention 
increases.  One possible future experiment is a thread-
private work queue that allows each thread to steal from 
other work queues when its own becomes empty. 
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POV-Ray and PBRT on Comparable Inputs 
 
Distribution of executed instructions 

We also wanted to find out if the two ray-tracing 
applications differ in the types of instructions they 
execute.  We modified Pin [7] to collect the instruction 
distribution.  The categories provided by Pin for IA32 
are floating point, integer, conditional and 
unconditional jumps, MMX and system calls.  We 
found that PBRT has a higher proportion of 
MMX/SSE/SSE2 instructions, but we did not glean any 

 



 

information about the proportion of memory 
instructions.   This data shows that the Intel icc 
compiler is better able to vectorize the sequential PBRT 
code than POV-Ray. 
 
6. CONCLUSION 

This paper compares our experience in parallelizing and 
optimizing two ray-tracing applications.  We classify 
the similarities / differences between the two 
applications in the sections 2 to 5: (a) parallelization 
work, (b) optimization, and (c) platform issues, and (d) 
general application profile. 

Both codes were parallelized using the pthreads 
library, in a shared memory programming model.   

A similarity between the two codes was that they 
each use a random number generator.  The same type of 
bug occurred when multiple threads use the random 
number generator in parallel.   

Our experience is that the amounts of efforts to 
modify POV-Ray into a multithreaded code were more 
than that needed for PBRT, mainly because of the work 
needed to manually identify the shared and private 
variables, by eye-balling the codes.  The POV-Ray code 
was less modular with global references scattered 
among multiple functions and multiple files.  This style 
of programming was probably partly a result of using C 
and possibly because it is public domain code with 
different contribution sources.   

During optimization, the only similarity was that we 
applied privatization to both parallel POV-Ray and 
PBRT.  For PBRT, we also replicated the data structure 
and introduced data padding.  This difference in the 
types of optimizations is expected because optimization 
issues are usually implementation-dependent.   

The parallel POV-Ray needed less optimization 
effort.  The reason is that in the sequential POV-Ray 
code, there is pre-computation on the scene data before 
the actual ray-tracing.  When we modified the code, the 
“natural” way of parallelizing was to have each thread 
perform its own pre-computation and as a result, the 
threads do not share the scene data.  PBRT does not 
have such pre-computation and the straight-forward 
way of parallelizing tends to have shared scene data.      

The distribution of tile execution times show that 
load balancing is an equally important issue for both 
applications with increasing number of threads.  We 
need to understand if the higher proportion of 
MMX/SSE/SSE2 instructions in PBRT is due to 
algorithm or implementation differences.  It would also 
be interesting to refine our Pin-modified tool to gather 
information on proportion of memory instructions. 

We have used disparate tools (Vtune, Thread 
Checker, our performance prediction tool, a Pin-based 
tool) in this work.  Both applications reinforce the need 
for a comprehensive, integrated tool-chain to make 
parallel programming easier on multi-core chips. 
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Abstract— The Java messaging service (JMS) is a means to or-
ganize communication among distributed applications according
to the publish/subscribe principle. If the subscribers install filter
rules on the JMS server, JMS can be used as a message routing
platform, but it is not clear whether its message throughput is
sufficiently high to support large-scale systems. In this paper,
we investigate the capacity of the high performance JMS server
implementation SunOneMQ by Sun Microsystems. In contrast
to other studies, we focus on the message throughput in the
presence of filters and show that filtering reduces the performance
significantly. We also present a model that describes the service
time for a single message depending on the number of installed
filters and validate it by measurements. This model helps to
forecast the system throughput for specific application scenarios.

I. I NTRODUCTION

The Java messaging service (JMS) is a communication
middleware for distributed software components. It is an
elegant solution to make large software projects feasible and
future-proof by a unified communication interface which is
defined by the JMS API provided by Sun Microsystems [1].
Hence, a salient feature of JMS is that applications do not need
to know their communication partners, they only agree on the
message format. Information providers publish messages to
the JMS server and information consumers subscribe to certain
message types at the JMS server to receive a certain subset
of these messages. This is known as the publish/subscribe
principle.

When messages must be reliably delivered only to sub-
scribers that are presently online, the JMS in the non-durable
and persistent mode is an attractive solution for the backbone
of a large scale real-time communication applications. For
example, some user devices may provide presence information
to the JMS. Other users can subscribe to certain message types,
e.g., the presence information of their friends’ devices. For
such a scenario, a high performance routing platform needs
filter capabilities and a high capacity to be scalable for many
users. In particular, the throughput capacity of the JMS server
should not suffer from a large number of clients or filters.

This work was funded by Siemens AG, Munich. The authors alone are
responsible for the content of the paper.

In this paper we investigate the throughput performance of
the SunOneMQ JMS server implementation [2] by measure-
ment under various conditions. In particular, we consider dif-
ferent numbers of publishers, subscribers, and filters, different
message sizes, different kinds of filters, and filters of different
complexity. Finally, we propose a mathematical model which
approximates our measurement results. It is useful for the
prediction of the server throughput in practice, which depends
strongly on the specific application scenario.

The paper is organized as follows. In Section II we present
JMS basics, that are important for our study, and consider
related work. In Section III we explain our test environ-
ment and measurement methodology. Section IV shows our
measurement results and proposes an analytical performance
model for the JMS server throughput. Finally, we summarize
our work in Section V and give an outlook on further research.

II. BACKGROUND

In this section we describe the Java messaging service (JMS)
and discuss related work.

A. The Java Messaging Service

Messaging facilitates the communication between remote
software components. The Java Messaging Service (JMS)
standardizes this message exchange. The so-called publishers
generate and send messages to the JMS server, the so-called
subscribers consume these messages – or a subset thereof
– from the JMS server, and the JMS server acts as a relay
node [3], which controls the message flow by various message
filtering options. This is depicted in Figure 1. Publishers
and subscribers rely on the JMS API and the JMS server
decouples them by acting as an isolating element. As a
consequence, publishers and subscribers do not need to know
each other. The JMS offers several modes. In the persistent
mode, messages are delivered reliably and in order. In the
durable mode, messages are also forwarded to subscribers
that are currently not connected while in the non-durable
mode, messages are forwarded only to subscribers who are
presently online. Thus, the server requires a significant amount
of buffer space to store messages in the durable mode and it
achieves a larger throughput in the non-durable mode. In this
study, we only consider the persistent but non-durable mode.
Information providers with similar themes may be grouped
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together and publish to a so-called common topic; only those
subscribers having subscribed for that specific topic receive
their messages.

Thus, topics virtually separate the JMS server into several
logical sub-servers. Topics provide only a very coarse and
static method for message selection. In addition, topics need to
be configured on the JMS server before system start. Filters are
another option for message selection. A subscriber may install
a message filter on the JMS server, which effects that only the
messages matching the filter rules are forwarded instead of
all messages in the corresponding topic. Each subscriber has
only a single filter. In contrast to topics, filters are installed
dynamically during the operation of the server. A JMS mes-
sage consists of three parts that are illustrated in Figure 2:
the message header, a user defined property header section,
and the message payload itself [1]. So-called correlation IDs
are ordinary 128 byte strings that can be set in the header
of JMS messages. Correlation ID filters try to match these
IDs whereby wildcard filtering is possible, e.g., in the form
of ranges like[#7;#13]. Several application-specific properties
may be set in the property section of the JMS message.
Application property filters try to match these properties.A
combination of different properties may be specified by an
AND-filter which leads to more complex filters with a finer
granularity compared to correlation ID filters. After all, topics,
correlation ID filtering, and application property filtering are
three different possibilities for message selection with different
semantic granularity and different computational effort.

B. Related Work

The JMS is a wide-spread and frequently used middleware
technology. Therefore, its throughput performance is of gen-
eral interest. Several papers address this aspect already but
from a different viewpoint and in different depth.

The throughput performance of four different JMS servers
is compared in [4]: FioranoMQ [5], SonicMQ [6], TibcoEMS
[7], and WebsphereMQ [8]. The study focuses on several
message modes, e.g., durable, persistent, etc., but it does
not consider filtering, which is the main objective in our
work. The authors of [9] conduct a benchmark comparison
for the Sun OneMQ [2] and IBM WebsphereMQ. They tested
throughput performance in various message modes and, in
particular, with different acknowledgement options for the
persistent message mode. They also examined simple filters
but they did not conduct parametric studies, and no perfor-
mance model was developed. The objective of our work is
the development of such a performance model to forecast the
maximum message throughput for given application scenarios.
A proposal for designing a “Benchmark Suite for Distributed
Publish/Subscribe Systems” is presented in [10] but without
measurement results. The setup of our experiments is in line
with these recommendations. General benchmark guidelines
were suggested in [11] which apply both to JMS systems
and databases. However, scalability issues are not considered,
which is the intention of our work. A mathematical model
for a general publish-subscribe scenario in the durable mode
with focus on message diffusion without filters is presented
in [12] but without validation by measurements. In our work
a mathematical model is presented for the throughput per-
formance in the non-durable mode including filters and this
model is validated by measurements. Several studies address
implementation aspects of filters. A JMS server checks for
each message whether some of its filters match. If some of
the filters are identical or similar, some of that work may
be saved by intelligent optimizations. This is discussed, e.g.,
in [13]. We conduct measurements for the SunOneMQ with
identical and different filters in Section IV-G and the results
show an increased throughput for identical filters comparedto
different filters.

III. T EST ENVIRONMENT

Our objective is the assessment of the message throughput
of the SunOneMQ JMS server in different application scenar-
ios by measurements. For comparability and reproducibility
reasons we describe our testbed and our measurement method-
ology in detail.

A. Testbed

Our test environment consists of five computers that are
illustrated in Figure 3. Four of them are production machines
and one is used for control purposes, e.g., controlling jobslike
setting up test scenarios and starting measurement runs. The
four production machines have a 1 Gbit/s network interface
which is connected to one exclusive Gigabit switch. They are
equipped with 3.2 GHz single CPUs and 1024 MB system
memory. Their operating system is SuSe Linux 9.1 in standard
configuration. To run the JMS environment we installed Java
SDK 1.4.0, also in default configuration. The control machine
is connected over a 100 Mbit/s interface to the Gigabit switch.

We installed the Sun Java System Message Queue 3 2005Q1
Platform edition (Version 3.6) [2], which is shipped with a
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trial license including all features of the enterprise edition.
We use its default configuration except for the following
modifications. To enable the publish/subscribe mode we set
up a customized default topic. Normally, a large buffer is
reserved for incoming messages. However, it is too large
for our experiments, so we limit it to a maximum of 10000
messages and switch on the flow control to avoid message loss
at the incoming buffer. We increased the maximum threshold
for simultaneously connected publishers from 100 to 400.

We implemented test clients such that each publisher or
subscriber is realized as a single Java thread, which has
an exclusive connection to the JMS server component. A
management thread collects the measured values from each
thread and appends these data to a file in periodic intervals.
In our experiments one machine is used as a dedicated JMS
server, the publishers run on one or two exclusive publisher
machines, and the subscribers run on one or two exclusive
subscriber machines depending on the experiment. If two
publisher or subscriber machines are used, the publisher or
subscriber threads are distributed equally between them.

B. Measurement Methodology

Our objective is to measure the capacity of the JMS server.
Therefore, we load it in all our experiments closely to 100%
CPU load and verify that no other bottlenecks like system
memory or network capacity exist on the server machine, i.e.,
that they have a utilization of at most 75%. The publisher and
subscriber machines must not be bottlenecks, either, and they
must not run at a CPU load larger than 75%. To monitor these
side conditions, we use the Linux tool “sar”, which is part of
the “sysstat” package [14]. We monitor the CPU utilization,
I/O, memory, and network utilization for each measurement
run. Without a running server, the CPU utilization of the JMS
server machine does not exceed 2%, and a fully loaded server
must have a CPU utilization of at least 96%.

Experiments are conducted as follows. The publishers run
in a saturated mode, i.e., they send messages as fast as
possible to the JMS server. However, they are slowed down
if the server is overloaded because publisher side message
queuing is used. To save system processing resources during
the measurement phase, all JMS messages that will be ever
sent by the publisher are created in advance when the publisher
test clients are started. For the same reason, all connections are
established before measurements are taken. Each experiment
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takes 100 s but we cut off the first and last 5 s due to possible
warmup and cooldown effects. We count the overall number
of sent messages at the publishers and the overall number
of received messages by the subscribers within the remaining
90 s interval to calculate the server’s rate of received and
dispatched messages. For verification purposes we repeat the
measurements several times but their results hardly differsuch
that confidence intervals are very narrow even for a few runs.

IV. M EASUREMENTRESULTS

In this section we investigate the maximum throughput
of the SunMQ JMS server. The objective is to assess and
characterize the impact of specific application scenarios on
its performance. In particular, we consider filters since they
are essential for the use of a JMS server as a general message
routing platform.

A. Impact of the Number of Publishers

In our first experiment, we study the impact of the number
of publishers on the message throughput. Two machines carry
a varying number of publishers and one machine hosts a single
subscriber.

Figure 4 shows the message throughput at the JMS server
in the persistent mode, i.e., lost messages are retransmitted
by the JMS server and messages are preliminarily written on
a disk for recovery purposes. The throughput of received and
dispatched messages is plotted separately, as well as theirsum
which we call the overall throughput. The overall message
throughput reaches its maximum rate at 14000 msgs/s for three
publishers and stays then almost constantly at 13000 msgs/s
for more publishers. Hence, the number of publishers hardly
influences the JMS server throughput.

To assess the impact of the persistent mode, we conduct the
same experiment in the non-persistent mode and the results are
collected in Figure 5. The overall throughput is about 19000
msgs/s for the non-persistent mode in contrast to about 13000
msgs/s for the persistent mode. Thus, the server capacity has
increased by 50%.

We also observe on our monitoring tool that the CPU
utilization of the server machine is only 90% if we install
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Fig. 6. Impact of the number of subscribers on the message throughput.

just one publisher thread per publisher machine. For two or
more publishers, the CPU utilization is about 96% and cannot
be further increased. Thus, at least two publishers are needed
to fully load the JMS server. As a consequence, we use in
the following experiments at least five or more publishers. We
repeated the experiment three times and calculated the 99.99%
confidence intervals on this basis. They are shown in the figure
for the overall throughput. Obviously, they are very narrow
which results from hardly varying results. Therefore, we omit
them in the following figures.

B. Impact of the Number of Subscribers

Similarly to the above, we investigate the impact of the
number of subscribers on the JMS server throughput. To that
end, we have 5 publishers threads running on one machine
and vary the number of subscribers on two other machines.
Figure 6 shows the received, dispatched, and the overall
message throughput. The overall throughput of the JMS server
increases with an increasing number of subscribers to a value
of about 23000 msgs/s for 40 subscribers and decreases then
only slightly. This rate is significantly larger than in Figure 4
since only one subscriber is activated there.
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Fig. 7. Impact of filter activation and the number of subscribers on the
message throughput.

Unlike in Figure 4, the received message rate decreases
significantly with an increasing number of subscribersn. This
can be explained as follows. No filters are applied and all
messages are delivered to any subscriber. Thus, each message
is replicatedn times and we call this a replication grade
of r = n. This requires more CPU cycles for dispatching
messages and increases the overall processing time of a single
message. As a consequence, the received message rate is
reduced because the overall throughput capacity of the server
stays constant. Hence, the replication grade must be considered
when performance measures from different experiments are
compared.

C. Impact of Filter Activation

We evaluate the impact of filter activation on the message
throughput. We perform 4 different experiment series where
all publishers send all messages with an application property
or correlation ID value set to #0. We set up a variable number
of n subscribers with the following filter configurations, both
for application property and for correlation ID filters.
(1) No filters are installed.
(2) A filter for #0 is installed by each subscriber.
(3) A filter for #0 is installed by one subscriber and the others

install a filter for #1.
(4) The subscribers installn different filters for #0, ..., #(n−1)

We use 5 publisher threads on a single publisher machine and
a varying number ofn subscriber threads on two subscriber
machines.

Figure 7 illustrates the overall throughput for the above
described experiments. In all experiments, correlation ID
and application property filters lead to the same throughput.
The curves for experiment (1) and (2) show the same high
throughput, which is due to the same replication grade of
r = n. However, if we change the replication grade tor = 1
in (3) by turning all filters but one to #1 instead to #0, we
see a clear reduction of the throughput. Hence, the message
replication grader has a significant impact on the overall
throughput. A comparison of the results for experiment (3)
and (4) concludes that different filters lead to a significantly
larger throughput reduction than equal filters. Obviously,the



1 2 4 10 20
0

0.5

1

1.5

2

2.5

3
x 10

4

O
ve

ra
ll 

T
hr

ou
gh

pu
t [

m
sg

s/
s]

Number of Topics

r = 1

r = 5

r = 20

r = 40

Fig. 8. Impact of the number of topics on the message throughput for
different replication grades.

Sun Java System Message Queue implements optimized filter
matching as the JMS server can take advantage of equal
filters to save processing power per message. More on filter
optimization can be found in [13].

D. Impact of Topics

Messages published to a specific topic are only dispatched
to consumers who have subscribed to this particular topic.
Thus, topics allow a very coarse form of message selection.
In this section, we evaluate the impact of the number of topics
on the message throughput for different replication grades. In
our next experiment, 5 publisher threads are installed on one
publisher machine and two machines host the subscribers. We
vary the number of topics on the JMS server. Each publisher
is connected to every topic and sends messages to them in
a round robin manner. A replication grader is obtained by
registeringr subscribers for each topic.

Figure 8 shows that the message throughput remains con-
stant for a replication grade ofr = 1, independently of the
number of topics. For larger replication grades, the throughput
decreases for an increasing number of topics and converges to
a value of around 16000 msgs/s.

E. Impact of Complex OR-Filters

A single client may be interested in messages with different
correlation IDs or application property values. There are two
different options to get these messages. The client sets up
subscribers

(1) with a simple filter for each desired message type.
(2) with a single but complex OR-filter searching for all

desired message types.

We assess the JMS server performance for both option. We
keep the replication grade atr =1. The publishers send IDs
from #1 to #n in a round robin fashion.

(1) To assess simple filters, we set up for each different ID
exactly one subscriber with a filter for that ID.

(2) To assess complex filters, we set up 5 different subscribers
numbered from 0 to 4. Subscriberj searches for the IDs
#( j · n

5+i) with i∈ [1; n
5] using an OR-filter.
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Fig. 9. Impact of simple filters and complex OR-filters on the message
throughput for a replication grade ofr=1.

We use in this experiment one publisher machine with 5
publisher threads and one subscriber machine with a varying
number of subscribers or 5 subscribers, respectively.

Figure 9 shows the message throughput and the filter
complexity depending on the number of different IDsn.
The diagonal line indicates the length of the complex OR-
filters. Complex filters (1) lead to up to 50% more throughput
than simple filters (2) when many simple filters are used per
client. Thus, it is better to use complex OR-filters than to
filter each component separately by an additional subscriber.
This observation holds both for application property and for
correlation ID filters.

F. Impact of Complex AND-Filters

In the application header section of a message, multiple
properties, e.g.P1, ...,Pk, can be defined. Complex AND-filters
may be used to search for specific message types. In the
following, we assess the JMS server throughput for complex
AND-filters. Note that complex AND-filters are only applica-
ble for application property filtering. We use one machine with
10 publisher threads and one machine withm=10 subscriber
threads that are numbered byj ∈ [1;m]. We design three
experiment series with a different potential for optimization of
filter matching. The subscribers set up the following complex
AND-filters of different lengthn:
(1) for subscriberj: P1=# j,P2=#0, ...,Pn =#0
(2) if n is odd:

for subscriber j: P1 = #0, ...,Pn+1
2 −1 = #0,Pn+1

2
=

# j,Pn+1
2 +1=#0, ...,Pn =#0

if n is even:
for subscriber j if j ≤ n

2: P1 = #0, ...,Pn
2−1 = #0,Pn

2
=

# j,Pn
2+1=#0, ...,Pn =#0

for subscriber j if j >
n
2: P1 = #0, ...,Pn

2
= #0,Pn

2+1 =
# j,Pn

2+2=#0, ...,Pn =#0
(3) for subscriberj: P1=#0,P2=#0, ...,Pn =# j

The corresponding messages are sent by the publishers in a
round robin fashion to achieve a replication grade ofr = 1.
Then, the filters can reject non-matching messages by looking
at the first component in experiment (1), at the first half of
the components in experiment (2), and at alln components in
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Fig. 10. Impact of an early non-match decision for AND-filters on the
message throughput depending on the filter complexity for a replication grade
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experiment (3). This experiment is designed such that both the
replication grade and the number of subscribers is constantand
that only the filter complexityn varies. To avoid any impact
of different message sizes in this experiment series, we define
k=25 properties in all messages to get the same length.

Figure 10 shows the message throughput depending on
the filter complexityn. In all scenarios, the filter complexity
reduces the server capacity. Experiment (1) yields the largest
message throughput, followed by experiment (2) and (3). Thus,
an early reject decision of the filters shortens the processing
time of a message and increases thereby the server capacity.
As a consequence, practitioners should care for the order of
individual components within AND-filters: components with
the least match probability should be checked first.

G. An Analytical Model for the Message Throughput

We know from Section IV-C that different filters decrease
the server capacity significantly while equal filters have hardly
any impact on its performance. Furthermore, the server ca-
pacity benefits from a large message replication grade. We
set up experiment series to study their joint impact on the
message throughput. We propose a simple analytical model to
describe these dependencies and fit the model parameters to
the measurement data. The good accordance of the measured
and analytical results validate our model assumption.

1) Joint Impact of the Number of Different and Equal Fil-
ters and the Replication Grade: We design such an experiment
series that we can study the impact of the replication grade
r, the number of different filtersndi f f

f ltr , and the number of all
filters nall

f ltr on the message throughput. The publishers send
only messages with ID #0. To achieve a replication grade ofr,
we set upr subscribers with a filter for ID #0. Furthermore, we
install nadd

di f f other different filters for values from #1 to #nadd
di f f .

We set up these additional filtersfr times and callfr the filter
replication factor in this experiment. We use the following
values for our experimentsr ∈ {1,2,5,10,20,40}, nadd

di f f ∈
{1,2,5,10,20,40,80,160}, and fr ∈ {1,2,4,8}, and conduct
them with 5 publisher threads on one publisher machine and
with a variable number ofr+(nadd

di f f · fr) subscribers on one
subscriber machine.

Figures 11(a)–11(d) and Figures 12(a)–12(d) show the re-
ceived and overall message throughput for the above described
experiments. The server capacity clearly decreases for an
increasing number of different filtersnadd

di f f . An increasing
message replication grader reduces the received message rate,
but it increases the overall message rate. The four related
figures differ by a different filter replication gradefr, but they
look very similar at the first spot. The impact of the number of
all filters nall

f ltr =r+ fr ·nadd
di f f is clearly visible when we compare

the right margins of the figures since the number of all filters
only differs significantly if the number of additional different
filters nadd

di f f is large. Thereby we observe that equal filters also
reduce the throughput even though they do not match.

2) A Simple Model for the Message Processing Time:
We assume that the processing time of the JMS server for
a message consists of four components. For each received
message, there is

• a fixed time overheadtrcv independently of installed
filters.

• a fixed time overheadnall
f ltr ·t

all
f ltr caused by the JMS server

due to the number of all installed filters. This value
depends on the application scenario.

• a fixed time overheadndi f f
f ltr · tdi f f

f ltr caused by the JMS
server while checking which different filters are matching.
This value depends on the application scenario.

• a variable time overheadr · ttx depending on the message
replication grader. It takes into account the time the
server takes to forwardr copies of the message.

This leads to the following message processing timeB.

B = trcv +nall
f ltr · t

all
f ltr +ndi f f

f ltr · tdi f f
f ltr + r · ttx. (1)

3) Validation of the Model by Measurement Data: The
results in Figures 12(a)–12(d) show the overall throughput
regarding received and sent messages. Within timeB, one
message is received andr messages are sent on average.
Therefore, the overall throughput is given byr+1

B and cor-
responds to the measurement results in Figures 12(a)–12(d).
The parametersndi f f

f ltr , nall
f ltr, andr for the message processing

time B are known from the respective experiments. We fit
the parameterstrcv, tall

f ltr, tdi f f
f ltr , and ttx by a least squares

approximation [15] to adapt the model in Equation (1) to the
measurement results. The results are compiled in Table I for
correlation ID and application property filters. We calculate

TABLE I

EMPIRICAL VALUES FOR THE MODEL PARAMETERS INEQUATION (1).

parameters trcv[s] tall
f ltr[s] tdi f f

f ltr [s] ttx[s]

values 1.140·10−4 2.103·10−6 2.116·10−6 4.012·10−5

the message throughput based on these values and Equation (1)
for all measured data points, and plot the results with dashed
lines in Figures 11(a)–11(d) and Figures 12(a)–12(d).
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(c) Filter replication gradefr =4.
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Fig. 11. Impact of the number of different filtersndi f f
f ltr and the message

replication grader on the received message throughput for different numbers
of additional equal filters – measurements and analytical data.

0 20 40 60 80 100 120 140 160
0

0.5

1

1.5

2

x 10
4

Number of Different Filters

O
ve

ra
ll 

T
hr

ou
gh

pu
t [

m
sg

s/
s]

Measured
Analytical

r = 1r = 2r = 5
r = 10

r = 20
r = 40

(a) Filter replication gradefr =1.

0 20 40 60 80 100 120 140 160
0

0.5

1

1.5

2

x 10
4

Number of Different Filters
O

ve
ra

ll 
T

hr
ou

gh
pu

t [
m

sg
s/

s]

Measured
Analytical

r = 1
r = 2r = 5r = 10

r = 20
r = 40

(b) Filter replication gradefr =2.

0 20 40 60 80 100 120 140 160
0

0.5

1

1.5

2

x 10
4

Number of Different Filters

O
ve

ra
ll 

T
hr

ou
gh

pu
t [

m
sg

s/
s]

Measured
Analytical

r = 1r = 2
r = 5r = 10

r = 20
r = 40

(c) Filter replication gradefr =4.
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Fig. 12. Impact of the number of different filtersndi f f
f ltr and the message

replication grader on the overall message throughput for different numbers
of additional equal filters – measurements and analytical data.



The throughput from our analytical model agrees very well
with our measurements for all numbers of additional different
filters nadd

di f f , all replication gradesr, and all filter replication
grades fr. Thus, if we know the the number of installed
different filtersndi f f

f ltr on the JMS server, the overall number of
installed filtersnall

f ltr, and the meanr of the message replication
grade in a certain application scenario, we have a model that
predicts the average message processing time and thereby
the server capacity. Thus, the model is helpful for system
dimensioning.

V. CONCLUSION

In this work, we have investigated the capacity of the Java
Messaging System (JMS) server “Sun Java System Message
Queue” regarding the maximum message throughput under
various conditions. We first gave a short introduction into
JMS and reviewed related work. We presented the testbed and
explained our measurement methodology before we conducted
the experiments.

We studied the overall message throughput depending on
the number of publishers and subscribers and found out that
the maximum server performance can be achieved only if
sufficiently many publishers and subscribers participate in the
system. We showed that the message replication grade, the
overall number of filters, and, in particular, the number of
different filters have a large impact on the server capacity.
In contrast, application property and correlation ID filters,
lead to the same message throughput and also the number
of topics on the server affects it overall capacity only to a
minor degree. Complex OR-filters lead to a significantly higher
throughput than several simple filters. For complex AND-
filters, the order of the filter components has a strong impact
on the server capacity. Finally, we studied the joint impactof
the overall number of installed filters, the number of different
filters, and the replication grade of the messages. We presented
measurements for various experiments and developed and
validated an analytical model for the server capacity that
includes these critical parameters. This model is useful to
predict the server capacity in practical application scenarios.

Currently, we investigate the message throughput of other
JMS servers than the SunMQ to compare their capacity.
We study the message waiting time taking into account the
variability of the replication grade in practice. In addition, we
intend to increase the JMS throughput, e.g., by the use of
server clusters.
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Abstract— Petri nets structural techniques may be
used not only to study interesting system properties, but
also to manage state space explosion and discrete-event
simulation complexity. In order to avoid net unfolding,
a symbolic calculus for high level PN structural analysis
is needed, directly working on net annotations. Colored
Petri Nets structural analysis relies upon a common sub-
set of functional operators. A language to denote struc-
tural relations in WN (a CPN flavor retaining expressive
power) was recently introduced and proved to be closed
under these operators. The paper shows an applica-
tion of structural techniques for efficient performance-
oriented analysis of a complex Stochastic WN model rep-
resenting a P2P configuration management tool. Struc-
tural techniques are used in combination with symme-
tries specified through the SWN formalism.

I. Introduction

High Level Petri Nets (HLPN) [1] have been intro-
duced to allow parametric and compact representations
of complex discrete-event systems. Although HLPN
models can be translated into PN ones by applying an
unfolding procedure, ad-hoc analysis techniques may
be applied directly to the high level representation: this
approach leads to improved efficiency and allows also
parametric results.

Several types of analysis techniques can be applied to
HLPN models, for example a reachability graph (RG)
can be computed, or structural analysis methods can
be applied which allow to derive marking independent
properties. Structural analysis results are often used
to check some properties before RG construction, and
they can be exploited for early detection of modeling
errors, or for improving the efficiency of the RG con-
struction process.

Well-formed Nets (WN) [2] are a Colored PNs (CPN)
[3] flavor retaining expressive power, characterized by
a structured syntax that has been exploited for devel-
oping efficient RG generation algorithms [4]. Some re-
sults on HLPN models structural relation computation
have been presented in [5], however they apply to a
restricted subclass of WN. Such results are extended
to the WN class in [6], [7]: the core result is the for-
malization of a calculus for the computation of symbolic
structural properties and of symbolic structural relations
between WN nodes (e.g., the structural conflict and
causal connection between transitions). A language for
representing such properties and relations in symbolic
form is proposed, which is a simple extension of WN
arc function syntax. The symbolic calculus we devel-
oped in [6], [7] can be used for a number of different

applications: structural relations can improve the RG
construction process efficiency [8]; they are also useful
in the construction of Stochastic WN (SWN) models to
help the modeler in correctly specifying the underlying
stochastic process [9];finally structural considerations
can speed up the computation of enabled transition in-
stances in HLPN discrete-event simulation or RG con-
struction [10].

In this paper the calculus defined in [6], [7] is applied
to a complex SWN model representing a peer-to-peer
configuration management tool [11]. A first version
of the model has been presented and analyzed in [12],
where a simplified scenario has been considered. The
model we study in this paper inherits the basic struc-
ture from [12], but introduces a multi-document coop-
eration setting typical of modern software development,
that further complicates color annotations, and conse-
quently compromises the analysis process. The focus of
the paper is on a novel technique (here semi-formally
described through the application example) that com-
bines computation of SWN symbolic structural rela-
tions and verification of (conjectured) colored invari-
ants, to approach the otherwise untreatable complexity
of analysis. The symbolic calculus that the technique
relies upon is currently semi-automated, but we are
confident of a forthcoming full implementation. What
is interesting, structural considerations like those used
in this setting are orthogonal to exploitation of symme-
tries encoded in SWNs.

The paper is organized as follows: Section II intro-
duces the basic WN’s definitions and the notation used
in the paper. Section III motivates the combined use of
SWN structural analysis with other analysis techniques
and recalls the WN structural properties and the lan-
guage for expressing them. Section IV shortly presents
the SWN model of the P2P architecture. Section V
semi-formally describes the technique used to manage
the model complexity. Section VI comments on a selec-
tion of performance results. Section VII discusses the
paper outcomes and the planned future work .

II. Stochastic Well-formed Nets

This section highlights the aspects of the SWN for-
malism which are useful to describe the topic of this
paper. We refer to [2] for the complete SWN defini-
tion.

Well-formed Nets (WN) are a Colored Petri Nets
(CPN) flavor [3] retaining expressive power. Unlike



CPNs, the WN formalism includes transition priorities
and inhibitor arcs. Stochastic WNs (SWN) represent
the high-level version of Generalized Stochastic Petri
Nets (GSPN) [9], from which they inherit time repre-
sentation.

As in CPN, each place and transition has an asso-
ciated color domain which is defined as the Cartesian
product of finite basic color classes denoted by sym-
bols C1, . . . , Cn. The mapping C(s) is used to denote
the color domain of a SWN node s. Thus C(s) =
C

m1,s

1 ×C
m2,s

2 × . . .×C
mn,s
n , the superscript mi,s ∈ N

being the multiplicity of Ci in C(s). Basic color classes
may be partitioned into static subclasses (the j-th static
subclass of Ci is denoted Ci,j) and may be cyclically or-
dered. A marking M maps each place p to a multiset
on C(p) (the set of multisets on A is denoted Bag[A],
whereas the formal sum

∑
aj∈A λj .aj , λj ∈ N, denotes

a multiset).
As in CPN, functions on color domains label SWN

arcs. Symbols W+,W−,H are used to denote the
(family of) functions labeling output, input and in-
hibitor arcs, respectively. A function F labeling an
arc between transition t and place p is a mapping
F : C(t) → Bag[C(p)]. The SWN formalism prescribes
a syntax to express such functions, built on a limited
set of primitive symbols:

F =
∑

i λiTi[guardi], λi ∈ N

The innermost term Ti is a function tuple 〈f1, . . . , fk〉
and represents a mapping C(t) → Bag[C(p)]. Each tu-
ple component fi, called class-functions, is in turn a
mapping C(t) → Bag[Cj ]. The application of tuple T
to color c ∈ C(T ) is defined as T (c) = ⊗k

i=1fi(c), ⊗
being the multiset Cartesian product operator.

Each fi is formally expressed as linear combination
of elementary functions: Xk, !Xk, S, Sq. The projection
Xk maps a color c ∈ C(t), c = 〈c1, . . . , cm〉, into its k-
th component ck ∈ Cj , the successor !Xk maps a color
c ∈ C(t) into the successor of its k-th component and
may be used only when basic class Cj is ordered, the
constant function S maps a color c ∈ C(t) into the
constant multiset

∑
c∈Cj

c, the constant Sq on the q-
th static subclass of Cj maps its argument into the
constant multiset

∑
c∈Cj,q

c.
[guardi] : C(t) → Bag[C(t)] in the expression of F

represents a guard. Guards are functions which are
right composed to function tuples, and act as the iden-
tity function for those elements of the domain which
satisfy a given condition, otherwise map into the empty
multiset. Guards can also be associated with tran-
sitions to restrict the transition color domain. SWN
guards are Boolean expressions defined in terms of ba-
sic predicates (Xi = (�=)Xj , d(Xi) = (�=)Cj,q) testing
equality between components of the guard argument,
and membership of a component to a given static sub-
class, respectively.

The linear extension of WN functions often is consid-
ered: the linear extension F* of function F is assumed
by definition: F ∗(a+b) = F (a)+F (b). In the rest of the
paper F will be used instead of F ∗, abusing notation.

A priority level is associated to each SWN transition;
level 0 is reserved for timed transitions (graphically rep-
resented as white boxes), while priority levels > 0 are
for immediate transitions (graphically represented as
black bars), which fire in zero time. Each timed tran-
sition is characterized by a random firing delay with
exponential pdf. Weights associated to each immedi-
ate transition are used to probabilistically characterize
the conflict resolution policy between immediate tran-
sitions with equal priority.

A color instance ct ∈ C(t) has concession in M iff
for each input place p of t W−(t, p)(ct) ≤ M(p), for
each inhibitor place p of t H(t, p)(ct) >′ M(p), and
guardt(ct) = true (>′ restricts the comparison to non-
zero elements of the multi-set H(t, p)(ct)). ct is enabled
in M if has concession, and no higher priority color in-
stances have concession in M (those markings in which
no immediate transitions are enabled are called tangi-
ble, the other are called vanishing). The firing of a color
instance occurs as on CPN.

As result of the adopted time representation, the re-
duced Reachability Graph of a SWN (obtained by re-
moving vanishing markings) is isomorphic to a Contin-
uous Time Markov Chain (CTMC) (see [2]).

III. SWN structural analysis application

The structured syntax of WN’s arc functions allows
the symmetries of a system to be encoded into its
model; in this way efficient methods can be applied
that exploit symmetries to build a compact state space
(the Symbolic Reachability Graph, or SRG, from which
a lumped CTMC is directly derived) or to execute sym-
bolic discrete-event simulation runs.

Many analysis tools base their algorithms on the abil-
ity to derive structural relationships on the net, and
sometimes even state-space based methods take benefit
from structural considerations; an example is the Ex-
tended Conflict Sets (ECS) technique. ECS were origi-
nally defined for GSPN [9] as a partition of immediate
transitions into independent conflict sets. The firing of
a transition in a given ECS only affects the enabling
status, or the firing probability, of the other transitions
in the same ECS. This step on one side is essential to
the correct net-level definition of the stochastic process
underlying GSPN. On the other side, it allows a drastic
reduction of the number of vanishing markings gener-
ated during the reachability graph construction, lower-
ing the immediate transition interleaving: transitions
belonging to different ECS may indeed be fired accord-
ing to an arbitrary order, without altering the quantita-
tive/qualitative semantics of the model. The ECS defi-
nition relies on the computation of simple structural re-
lations between GSPN immediate transitions (basically
structural conflict and structural causal connection).

When considering high-level Petri nets, structural
dependency relations should be stated in a symbolic
form, to characterize in a compact and parametric way
the color instances of a given transition that may in-
fluence the enabling/firing of other transition color in-
stances. A first question is how to express the known



PN structural relations in WNs. The second question
is how to efficiently manipulate them to extend the PN
algorithms to work on (S)WN models.

In [5] an elegant way to express colored structural
relations in CPN is introduced. A relation R between
two colored nodes s, s′ is defined by means of a func-
tion F (s, s′) : C(s′) → Pow[C(s)] (Pow[A] denotes the
power-set on A) mapping any color instance c′ of s′

into the instances c of s that are in relation R with
instance c′. A symbolic relation thus represents in a
compact way a binary relation between several pairs of
nodes in the unfolded net. In [5] it is shown that struc-
tural relations may be computed by means of formulas
expressed in terms of arc functions and appropriate op-
erators. The key point is the ability to determine algo-
rithmically, and without unfolding the high-level net,
the expressions above. An algorithm to compute such
expressions was proposed in [5] for a restricted WN
subclass, Unary Regular colored nets.

Structural analysis has been recently extended to the
(S)WN class of nets [6], [7]. The core result is the for-
malization of an algebraic calculus for computing sym-
bolic structural properties and relations between WN
nodes. An intuitive high-level language for represent-
ing such properties and relations has been proposed,
based on the WN arc function syntax. The derivation
of symbolic structural properties and relations relies
upon the application of a basic set of functional oper-
ators (support, difference, transpose and composition)
on language expressions.

The language introduces two main novelties: (1)
class-functions (i.e., tuple components) may be inter-
sections of elementary functions, (2) guards can appear
on the left of a tuple, i.e., they can be left composed to a
tuple: in this case they are called filters. For a given do-
main D and codomain D′, the language R[D; D′] is the
collection of the expressions which are weighted sums of
tuples (having D and D′ as domain and codomain, re-
spectively) possibly preceded by a filter and followed by
a guard. As an example the following element belongs
to R[C × C × C; C × C]: 〈X1 ∩ (S −X2), S〉+ 〈X1, X3〉.
The WN structural relation language had been shown
to be closed under the basic set of operators.

p

t t′

W+(t, p)

W−(t, p) W−(t′, p)

Fig. 1. Structural conditions for conflict

A. Example of Symbolic Structural Formula

Let us consider the structural conflict between t and
t′ with respect to place p:

SCp(t, t′) = W−(t, p) 	 W+(t, p)
t ◦ W−(t′, p)

W−(t, p)	W+(t, p) is the the multiset of tokens actu-
ally removed from place p by the firing of an instance of

t. (	 is the multi-set difference, in which resulting neg-
ative coefficients are set to 0). The support of such
expression, The support W−(t, p) 	 W+(t, p), takes
those colors whose multiplicity is strictly greater than
zero. Its transpose, W−(t, p) 	 W+(t, p)

t
: C(p) →

Pow[C(t)], results in the colors instances of t that ac-
tually remove tokens from p. Concluding, applying
W−(t, p) 	 W+(t, p)

t
to the set W−(t′, p) (by compo-

sition), then the color instances of t removing from p
some token for which t′ has need are obtained. SC(t, t′)
is thereby defined as

⋃
p∈P SCp(t, t′).

IV. The SWN model of a P2P version system

In this section we shortly present the model of the
peer-to-peer (P2P) architecture for configuration man-
agement systems implemented by the PeerVerSy tool
[11]. The model we are considering (Figure 2) ex-
tends that one presented in [12], introducing the rep-
resentation of a multi-document cooperation setting,
and has been developed using the GreatSPN pack-
age [13]. The model’s building-block, the peer life-
cycle, was built by specializing the client-server archi-
tecture’s model (not depicted due to lack of space),
according to the OO parlance. The interested reader
can refer to [12] for a thorough discussion on modeling
methodological issues.

The model’s basic color classes are: UID, DID, ST ,
UPD. Class UID denotes the group of cooperating
workers, DID denotes the set of shared artifacts. If
|DID| = 1 we fall in the scenario considered in [12].
Classes ST and UPD denote the on-line status (on,off )
of a peer, and the up-to-date status (upd,noupd) of the
local copy of an artifact owned by a peer, respectively.
Either class is accordingly partitioned.

The whole model has been obtained by gluing
three submodels via superposition of boundary places
(Repository, WCopyUpdated, UpdEvent). Sub-
models, enclosed within dashed boxes in Figure 2, rep-
resent: i) the peer life-cycle ii) the infrastructure reac-
tion to a peer going online, iii) the infrastructure reac-
tion to a successful check-in.

Let us briefly comment on the interpretation of color
domains of submodel i). Each place has domain UID×
DID, and represents (with the exception of Authority)
the status of a peer while working on a given document.
The association authority peers-artifacts is fixed by the
marking of place Authority. Submodel’s transitions
have color domain UID × DID × . . .: every transition
instance represents an operation done by a peer on a
given artifact. Timed transitions represent the main
time-consuming activities done by peers (e.g. merging)
while immediate transitions represent logical or time
negligible actions.

We had to differentiate the authority from normal
peers because of their different prerequisites: e.g., the
authority can accomplish a check-out, or a succeeding
check-in, also if he/she is off-line. A peer can issue
a check-in request for a given artifact also if he/she
and/or the corresponding authority are not currently
on-line: the check-in status is thus set Pending, wait-
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Fig. 2. The SWN model of the P2P architecture

ing for a condition in which it is possible to evalu-
ate whether the check-in succeeded or not.Conflicting
check-ins might be simultaneously pending.

In order to exploit symmetries, we chose not to use
version numbers for checked-out artifact working copies
(as happens in the real world), but to directly main-
tain the information about the up-to-date status of
artifacts in place WCopyUpdated. Place Repository
permits us to model not only the status of the explic-
itly checked-out copy of an artifact, but also the sta-
tus of the repository replica automatically managed by

the PeerVerSy infrastructure. Place UpdEvent rep-
resents the sending of a message to the peers by the
system signaling that a new version of an artifact is
available.

The infrastructure sub-models are in charge of coher-
ently updating these information. Sub-model ii) repre-
sents what happens when a peer goes online. In case the
version owned by the peer is newer than those owned
by the already on-line peers, a signal is automatically
sent to such peers, that then update their repository
replica. Conversely, the repository of the peer is up-



dated after receiving the signal. Sub-model iii) repre-
sents what happens when a check-in is accomplished
by a peer: the working copy of any other peer is set
to non-up to date, as well as the repository replica of
all the off-line peers. A signal standing for new version
available is sent to on-line peers, then all the conflict-
ing pending check-ins are aborted (fail transition of
i). The check-in can be accomplished by the authority
when he/she is off-line: in that case no signal is sent
and all working copies and repository replica are set as
non-up-to-date.

V. Dealing with model complexity

In this section we show how (symbolic) structural
analysis may be used to significantly improve both the
effectiveness and the efficiency of SWN techniques that
exploit symmetries. Structural considerations not only
impact on exact analysis, reducing the SRG size, they
also permit simulation times to be kept under accept-
able bounds, by drastically simplifying the (usually ex-
pensive) transition enabling test.

In order to exploit behavioral symmetries, a suitable
initial symbolic marking (SM) must be set. The SM
defines an equivalence relation between markings in a
syntactical fashion: two ordinary markings are equiva-
lent if they can be obtained from each other by applying
a permutation on split color classes that preserves static
subclasses. A symbolic firing rule allows the building of
a compact Symbolic Reachability Graph (SRG), work-
ing directly at SM level (an associated lumped CTMC
is automatically computed in SWN). Alternatively, the
symbolic discrete-event simulation engine of Great-

SPN can be used. The initial SM (M̂0) of the SWN in
Fig.2 is:
�M0(cleanCopy) : 1 · 〈S, S〉;�M0(status) = 1 · 〈S, Son〉;
�M0(auth) :

�nd
k:1 1 · 〈Zk

UID, Zk
DID〉, |Zk

UID| = |Zk
DID| = 1;

�M0(Repository) =�M0(wcopy) : 1 · 〈S, S, Supd〉
A SM is formally expressed in terms of dynamic sub-
classes, denoted by symbols Zk

Ci
(Zk

Ci,j
), that define a

parametric partition of color (sub)classes. A constant
function symbol occurring on a SM denotes a whole
color (sub)class.

M̂0 represents a situation in which every developer is
ready to start his activity, is working on all documents,
and is currently on line. M̂0 is generic: the set of (nd)
shared artifacts are associated to an arbitrary subset
of (nd) authoritative peers (we are assuming np ≥ nd).
This configuration is of particular interest, being the
most decentralized one. Note that we are skipping the
transient system behavior (checkout actions): in such
a way we achieve some modest reduction, without af-
fecting steady-state solution.

The model symmetry level is measured by the color
class splitting level. That means a potential reduction
factor (with respect to the nodes of the ordinary RG) of
np!·nd!, np = |UID|, nd = |DID|. The set of authorita-
tive peers, as well as the association authority-artifact,
are not fixed in M̂0. Based on simple combinatorics, we
argue that the potential reduction factor for the P2P
SWN model is considerably lower than the theoretical

one, that must be divided by factor r =
(
np

nd

) ·nd!. Fac-
tor r corresponds to the number of possible choices of
the authorities among the np peers, multiplied by the
number of possible associations authority-artifact. The
(potential) reduction factor due to symmetries for this
SWN model becomes: (np − nd)! · nd!. In other words,
the lower the difference between number of peers and
documents, the lower the symmetry effectiveness.

A. Reduction via structural analysis

The main point of criticism during the construction
of the SRG of the P2P SWN model lies in the enor-
mous number of generated vanishing SMs, because of
the frequent interleaving among immediate transitions.
This aspect affects not only analysis but also discrete-
event simulation. With some analogy with the ECS
approach, we try to reduce such interleaving by ex-
ploiting the information provided by SWN symbolic
structural relations and colored invariants. The model
immediate transitions are partitioned into independent
conflict sets, each composed by transitions whose color
instances do not depend by color instances of transi-
tions belonging to other conflict sets. Even if rougher
than a ECS-like partitioning (in which color instances
of a transition would be in turn partitioned), this tech-
nique allows us to considerably reduce the number of
vanishing SM, by assigning different conflict sets differ-
ent priority levels. Intuitively speaking, the core idea
of the algorithm is to verify, for each pair of immediate
transitions t, t′ to whom the modeler assigned the same
priority, whether color instances of t′ are in structural
mutual exclusion with conflicting color instances of t
(formally: SC(t, t′) 	 SME(t, t′) = ∅), and vice versa.
In such a case t and t′ are set as independent.

For example, let us compute SCp(t, t′) for p:
Repository, t′: noupdateOfflineRepository, t:
noupdateOnlineRepositoryOfflineAuth, (submodel
iii), Fig.2), where C(t) = C(t′) : UID2 × DID, and
C(p) : UID × DID × UPD. After renaming sym-
bols x, y, d with projection symbols X1, X2, X3, re-
spectively, we obtain by applying the algorithms de-
fined in [6], [7] that W−(t, p) 	 W+(t, p) is equal to
〈X2, X3,Supd〉[X1 �= X2]. Its transpose is a function
UID × DID × UPD → Pow[UID2 × DID]:

[X1 �= X2]〈S, X1, X2〉[d(X3) = upd]

By applying the composition rules we finally obtain:

[X1 �= X2]〈S, X1, X2〉[d(X3) = upd]◦
〈X2, X3,Supd〉[X1 �= X2]

≡ 〈S − X2, X2, X3〉[X1 �= X2]

〈S − X2, X2, X3〉[X1 �= X2] is the symbolic represen-
tation of SCp(t, t′) (we can easily argue that it corre-
sponds to SC(t, t′)). We can give this result an intuitive
interpretation: the set of color instances of t conflicting
with a color instance 〈c1, c2, c3〉 of t′ is empty if c1 �= c2,
otherwise is: {〈cx, c2, c3〉 : cx �= c2}.

Since t and t′ have a non-empty set of potential con-
flicting color instances, we have to go one step beyond,



considering whether color instances in structural con-
flict are in truth mutually exclusive due to some sym-
bolic P -invariant [3]. A symbolic P -invariant (or flow)
in a CPN is a P -vector �I whose components are func-
tions Ip : C(p) → Bag[A], A being a domain built from
colors common to all the places corresponding to non-
null entries of �I. Each Ip maps a place marking into
a new multiset, since all these multisets have the same
support they can be added together to give a weighted
sum,

∑
p∈P Ip(M(p)) (the function linear extension on

multisets with integer coefficients is implicitly consid-
ered here), that must be the same for each marking.

Letting �H be the |P | · |T | incidence matrix of a CPN
(H[p,t] = W+(t, p) − W−(t, p)) a P -invariant �I is a so-
lution of the homogeneous system �I · �H = �∅, where ◦ is
used as scalar multiplication operator. To our knowl-
edge, there is no way to automatically compute invari-
ant basis for WN nets, but only for a restricted sub-
class. The symbolic manipulation of the composition
operator treated in [7], however, allows us to verify any
conjectured invariant expressed using the language for
WN structural relations.

As concerns our SWN model, we can easily infer a
simple P -invariant �I whose only entries different from
the constant function ∅ are (p1: GoingOnline, p2:
Status)

Ip1 = 1 · 〈X1〉 : UID → Bag[UID]
Ip2 = 1 · 〈X1〉 : UID × ST → Bag[UID]

from which we obtain the invariant expression:

1 · 〈X1〉(M̂0(p1)) + 1 · 〈X1〉(M̂0(p2)) = 1 · 〈S〉

whose meaning is clear: ∀c1 ∈ UID either there is
one token 〈c1〉 in p1, or one token 〈c1, 〉 in place p2.
From the structural conflict between t and t′, we can
prove (in a fully symbolic way) that the simultane-
ous enabling of an instance 〈c1, c2, c3〉 ∈ C(t′) and a
conflicting color instance 〈cx, c2, c3〉 ∈ C(t), (cx �= c2)
is impossible: the resulting expression for simultane-
ous enabling of t,t′ in p2 turns out to be (letting
m,m′ ∈ Bag[A], then max(m,m′) ∈ Bag[A] is defined
as: ∀c,max(m,m′)(c) = max(m(c),m′(c)) )

max (W−(p2, t
′)(〈c1, c2, c3〉),W−(p2, t)(〈cx, c2, c3〉)) =

1 · 〈c2,Soff 〉 + 1 · 〈c2,Son〉 + 1 · 〈cx,Soff 〉

which is incompatible with the invariant expression
above. Computing SC(t′, t) we can analogously prove
that color instances of t and conflicting color instances
of t′ are in structural mutual exclusion. We can thus
assign t and t′ different priorities, reducing their inter-
leaving.

Table I shows the size of the model’s SRG (in terms
of tangible and vanishing markings) faced to the or-
dinary RG (RG data have been divided by factor r).
To appreciate the impact of structural analysis, the 4rd

column reports original SRG data (no structural anal-
ysis accomplished).

VI. Peer-to-peer against client-server

We are interested in steady-state evaluation of the
SWN model previously described. Configurations too
complex to be analytically solved have been simulated.
Having at our disposal a significant set of exact results
we preselected the performance metrics whit respect
to whom simulation turned out to be closest to exact
analysis. The data files generated by GreatSPN with
np ·nd > 7 exceeded the maximum file size (4GB) set on
a Intel Xeon 2.4GHz. Configurations up to np ·nd = 16
have been studied by means of the symbolic simulation
engine of GreatSPN. Simulation times range between
a few seconds and about six hours (for np = 4, nd = 4).
Simulation of larger configurations are currently un-
feasible. Without structural considerations, configura-
tions up to np · nd = 6 can be simulated.

We can estimate how the PeerVerSy approach per-
forms under a number of different conditions. Model
inputs are: the number of workers (np), the number
of documents (nd), the Working profile (W ) (we as-
sume that workers repeat cycles in which on average
they work 2 units of time and they are idle for a unit
of time), and the On-line profile (O). Every member
may be on-line or off-line. We characterized the on-
line profile with two parameters: On-line ratio (OR)
(how much time a worker is on-line against total time)
and Connection periodicity (OP ) (how long is an on-
line/off-line cycle).

We focused on three metrics: i) Average success-
ful check-in throughput per worker per document (sci)
(we considered separately normal peers and the au-
thority);ii) Average failed check-in throughput per
worker per document (fci); iii) probability that a ran-
dom document copy is consistent with the reference
copy (P(Uptd)) (this metrics may be computed using
GreatSPN only when analytical solution is feasible).
Table II reports a summary of results of the evaluation
of the P2P architecture. Results in bold refer to analy-
sis, while those in normal font refer to simulation. For
the sake of comparison, also the results of the analysis
of the server-based architecture are reported (in italic).
The number of authorities was always kept identical
to the number of documents. Results in Table II re-
fer to a working profile in which authorities and peers
works equally on a document. In a peer-to-peer setting,
when the number of peers and documents increases, the
number of check-ins needed to work increases as well.
Successful and failed check-ins increase proportionally.
Quite surprisingly, the server setting shows an opposite
behavior at least as concerns the average success: this
trend is only partially balanced by data on failed check-
ins, where the server setting turns out to work better
if we consider small number of clients, quickly degra-
dating as the number of clients/documents is grow-
ing. Moreover, since in a peer-to-peer setting author-
ities have very frequently the opportunity of checking
in their modifications without any conflict, the com-
pound probability that a random working copy is up
to date, is in general higher than in the server based
architecture. Summarizing the P2P architecture seems



TABLE I: State space reduction

(np,nd) |SRG| (tang. + van.) |RG| ÷ r (tang. + van.) |SRG| (tang. + van.) (no struct. analysis)
(2,1) 115+331 115+331 115+52544
(3,1) 1392+6136 2669+12082 1392+1537325
(4,1) 10696+63333 55939+354022 10696+10066583
(5,1) 61365+454344 1107077+9167886 unfeasible
(6,1) 286014+2536334 21156835+220184830 unfeasible
(7,1) 1139128+11765597 395386709+5038278122 unfeasible
(2,2) 1037+4108 2039+8212 1037+1557341
(3,2) 235491+1535528 470598+3070648 unfeasible

TABLE II: Summary data of peer-to-peer setting (Analysis and Simulation)

Peers Docs sci fci sci (auth.) fci (auth.) P(Uptd) sci (server) fci (server) P(Uptd) (server)
2 1 0.088 0.077 0.148 0.045 0.6 0.108 0.035 0.552
2 2 0.056 0.041 0.107 0.022 0.61 0.09 0.028 0.574
3 1 0.109 0.129 0.093 0.04 0.468 0.127 0.091 0.447
3 2 0.075 0.076 0.066 0.023 0.492 0.1 0.069 0.466
3 3 0.058 0.049 0.045 0.014 0.065 0.037 0.44
4 1 0.116 0.162 0.068 0.034 0.4 0.082 0.059 0.33
4 2 0.086 0.097 0.048 0.021 0.07 0.05 0.345
4 3 0.066 0.069 0.034 0.013 0.053 0.041 0.328
4 4 0.054 0.047 0.027 0.009 0.038 0.034 0.29
5 1 0.119 0.184 0.053 0.029 0.356 0.077 0.066 0.28
5 2 0.085 0.118 0.036 0.017 0.052 0.057 0.3
5 3 0.066 0.082 0.028 0.012 0.038 0.039 0.32
6 1 0.12 0.2 0.043 0.025 0.316 0.073 0.073 0.246
7 1 0.12 0.212 0.036 0.022 0.303 0.069 0.078 0.222
8 1 0.152 0.259 0.029 0.02 0.066 0.082 0.203
9 1 0.149 0.269 0.027 0.018 0.063 0.086 0.188
10 1 0.155 0.294 0.025 0.016 0.059 0.09 0.165
11 1 0.166 0.311 0.020 0.014 0.056 0.094 0.137
12 1 0.169 0.328 0.020 0.013 0.052 0.097 0.1

to perform better than the server-based one in case
of medium-size teams working on a number of shared
documents. In case of small teams working on a sin-
gle document the server-based architecture retains its
claimed supremacy.

VII. Conclusion and future work

We have reported an application of a calculus
for symbolic structural analysis of Stochastic WN (a
CPN flavor preserving expressive power) oriented to
performance-evaluation of complex models. The SWN
analyzed in the paper specifies a P2P configuration
management algorithm, and extends an existing model
to a multi-document cooperation scenario. Steady state
analysis/simulation has been carried out, and a selec-
tion of performance metrics has been presented. The
original contribution of the paper lies in a structural
technique (semi-formally described) for tackling the
model’s analysis/simulation complexity, based on the
combined use of SWN structural relations and colored
invariants. Orthogonality of structural approach to
symmetries typical of the WN formalism has been ex-
ploited. The symbolic calculus that the technique is
based upon is currently semi-automated: its full im-
plementation and the generalization of the structural
approach are forthcoming goals.
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ABSTRACT 
 
This paper addresses performance issues associated 
with job scheduling in a partitionable parallel system. 
Jobs consist of parallel tasks scheduled to execute 
concurrently on processor partitions, where each task 
starts at the same time and computes at the same pace. 
The performance of different scheduling schemes is 
compared over various workloads. Various performance 
metrics are examined. The objective is to achieve good 
overall performance and also small scheduling 
overhead. Simulated results indicate that periodic job 
scheduling and also scheduling which depends on the 
number of job insertions in the queue can succeed in 
these pursuits. 
 
INTRODUCTION 

The efficient scheduling of parallel jobs on processors 
of multiprogrammed parallel systems is critical to 
achieving high performance. Users expect their 
individual jobs to achieve excellent performance.  The 
main issue is how to share system resources among 
competing jobs, in a way that satisfies the demands of 
jobs and produces good overall performance. These 
objectives raise a number of scheduling policy issues 
with respect to large parallel computing environments.  
 
 This study considers a partitionable parallel system 
where the partitions are subsystems allocated to 
independent jobs (Li, 1997). Jobs consist of parallel 
tasks that are scheduled to execute concurrently on a set 
of processors. The parallel tasks need to start at 
essentially the same time, co-ordinate their execution, 
and compute at the same pace. This type of resource 
management is called “coscheduling” or “gang 
scheduling” and has been extensively studied in the 
literature of distributed and shared memory systems 
(Aida 2000; Corbalan et al. 2001; Feitelson and Jette 
1997; Frachtenberg et al. 2005; Karatza 2001a; Karatza 
2001b; Karatza 2002; Setia 1997; Strazdins and 
Uhlmann 2004; Wang et al. 1997; Wiseman and 
Feitelson 2003; Zhang et al. 2003a; Zhang et al. 2003b). 
Common reasons to use gang scheduling are its 
responsiveness and efficient use of resources. Some 

examples of gang scheduling use are its implementation 
on the CM-5 Connection Machine, IBM SP2 and 
clusters of workstations.  
 
 Jobs start to execute only if enough idle processors 
are available to handle them. However, a scheduling 
policy is needed to determine which parallel program is 
to be mapped to the available processors. In 
multiprogrammed parallel systems, processor partitions 
are usually allocated on a First Come First Served 
(FCFS) basis. This approach can result in severe 
fragmentation, because processors that cannot fulfil 
demands of the next job in the queue remain idle until 
the needed resources are freed. To avoid fragmentation, 
a non-FCFS policy for queuing waiting jobs on a 
partitionable system should be used.  
 
 In (Karatza 2001a) we studied the performance of 
two well-known gang scheduling methods, the Largest 
Job First Served (LJFS) and the Adapted First Come 
First Served  (AFCFS). This paper considers closed 
queuing network models with a fixed number of jobs. It 
has been shown that in many cases LJFS performs 
better than AFCFS. However, LJFS has the 
disadvantage that it involves a considerable amount of 
overhead because the processor queue is re-arranged 
each time a new parallel job is added.  
 
 Most research into parallel job scheduling policies 
has focused on improving overall performance where 
scheduling overhead is assumed to be negligible. 
However, scheduling overhead can seriously degrade 
performance. In this work, along with the AFCFS and 
LJFS scheduling methods, we also consider two other 
policies: the Periodic Largest Job First Served (PLJFS) 
and the Queue insertions dependent LJFS (QLJFS) 
scheduling methods. With the PLJFS policy the 
processors queue is re-arranged only at the end of 
predefined time periods p. At the end of a period the 
scheduler recalculates the priorities of all jobs in the 
queue using the LJFS criterion. When the QLJFS policy 
is employed, the queue is re-arranged according to the 
LGFS criterion every i job insertions in the queue.  
 
 We aim to find if the periodic and the queue 
insertions dependent scheduling methods perform well 
as compared to the LJFS policy and minimize the 
disadvantage of LJFS as much as possible. Scheduling 



optimality is defined as minimizing the number of 
queue re-arrangements. We study and compare the 
scheduling policies for various workloads and for 
different periods p and numbers i of jobs insertions in 
the queue. Comparative results are obtained using 
simulation techniques.  
 
 In a previous paper (Karatza 2001b) we studied an 
epoch scheduling method. However, in that paper the 
system and workload models are different than those 
that are examined here. That paper studies a distributed 
system, where each processor is equipped with its own 
queue. It considers a closed queuing network model 
with a fixed number of jobs. Further to this, it does not 
examine gang scheduling. It considers jobs with 
independent tasks that can execute on any processor and 
in any order. 
 

Periodic gang scheduling in an open queueing 
network model of a partitionable parallel system has 
been studied in  (Karatza 2002). In that paper the 
overall performance is expressed by the average 
response time of jobs. In this paper we study additional 
metrics, which better reflect performance of scheduling 
strategies. One of them is the average slowdown. 
Furthermore, we examine two other metrics the average 
weighted response time and the average weighted 
slowdown where the weight is the number of processors 
required by a job, which is a job’s degree of parallelism. 
Thereby, it is avoided that jobs with the same execution 
time, but with different resource requirements, have the 
same impact on the overall performance. Furthermore, 
this paper studies an additional scheduling method, the 
queue insertions dependent method that is not studied in 
(Karatza 2002). To our knowledge, gang scheduling in 
partitionable parallel systems operating under these 
workload models has not appeared in the research lite-
rature.  
 
 The paper consists of the following five sections: 
The first section specifies system and workload models, 
it describes the scheduling strategies, and it presents the 
metrics employed while assessing performance of the 
scheduling strategies. Experimental methodology is 
described in the second section, and experimental 
results are presented and analyzed in the third section. 
The fourth section contains conclusions and suggestions 
for further research, and the fifth section is the 
References. 
 
MODEL AND METHODOLOGY 

System and Workload Models 

An open queuing network model is considered that 
consists of P = 128 parallel homogeneous processors 
(Figure 1). An example of a machine of this size is 
Sweetgum which is an SGI Origin 2800 Supercomputer 
equipped with 128 CPUs. All processors share a single 
queue (memory). The effects of the memory 

requirements and the communication latencies are not 
represented explicitly in the system model. Instead, they 
appear implicitly at job execution time.  

 
Figure 1: The Queuing Network Model, where λ is the 

Mean Job Inter-Arrival Time 
 
 A partitionable parallel processing system is used 
which dynamically allocates jobs to processor 
subsystems. We consider that every job x consists of tx 
tasks where 1 ≤ tx ≤ P. Therefore, we bind the number 
of tasks per job to the number of processors in the 
system. The number of processors required by job x is 
represented as p(x), and is called the “size” of job x. A 
job is said to be “small” (or “large”) if it requires a 
small (or large) number of processors. It is obvious that 
tx = p(x). The p(x) processors must be allocated 
simultaneously to job x, and once they are allocated, 
they are held by job x until its completion. Jobs x1, x2, ... 
xj can be executed simultaneously if and only if the 
following relation holds: p(x1)+p(x2)+...+p(xj) ≤ P. 
 
 Each job begins execution only when enough idle 
processors is available to meet its needs. When a job 
terminates execution, all processors assigned to it are 
reclaimed. We assume that there is no correlation 
between job size and task service demand. For example, 
a small job may have a long service time. The number 
of jobs that can be processed in parallel depends on job 
sizes and on the scheduling policy applied.  
 
 We evaluate the performance of job scheduling 
algorithms under various workload models, each of 
which has certain characteristics relating to: a) The 
distribution of the number of job tasks, b) The 
distribution of job inter-arrival time, and c) The 
distribution of task service demand. 
 
 Distribution of job sizes: We assume that job sizes 
are uniformly distributed over the range [1..128]. 
 
 Distribution of job inter-arrival time: We consider 
that job inter-arrival times are exponential random 
variables with a mean of 1/λ.   
 
 Distribution of task service demand: Service 
demands of tasks are exponentially distributed with a 
mean of 1/µ.   
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Job Scheduling Policies 

Adapted First Come First Served (AFCFS). This 
method schedules jobs whenever enough processors are 
available. When the number of available processors is 
not sufficient for a large job that is waiting at the head 
of the ready queue, then the AFCFS policy considers 
the scheduling of smaller jobs ahead of the large job. 
One major problem with this scheduling policy is that it 
tends to favour those jobs requesting a smaller number 
of processors and thus may increase the fragmentation 
in the system. 
 
 Largest Job First Served (LJFS). With this policy 
jobs are placed in increasing job size order in the 
processor queue (jobs that consist of a large number of 
parallel tasks are placed ahead in the queue). All jobs in 
the queue are searched in order, and the first jobs for 
which the assigned processors are available start 
execution. This method tends to improve the perfor-
mance of large, highly parallel jobs at the expense of 
smaller jobs, but in many computing environments this 
discrimination is acceptable, if not desirable. For exam-
ple, supercomputer centers have a mandate to run large, 
highly parallel jobs that cannot run anywhere else. 
 
 Queue insertions dependent Largest Job First 
Served (QLJFS). With this policy arriving jobs are 
placed at the end of the queue. The queue is re-arranged 
according to the LJFS criterion every i job insertions in 
the queue. That is, the queue is re-arranged only at the 
times where the number of the total number of queue 
insertions q is a multiple of i, i.e. when q mod i = 0.  
 
 Periodic Largest Job First Served (PLJFS). With 
this policy the processors queue is re-arranged only at 
the end of predefined time periods p. Then the 
scheduler recalculates the priorities of all parallel jobs 
in the queue using the LJFS criterion.  
 
 The goal of QLJFS and PLJFS is to decrease the 
number of queue re-arrangements as compared to LJFS, 
and to provide good performance. 
 
Performance Metrics 

Response time rj of a job j is the time interval from the 
arrival of that job at the processors queue to the service 
completion time for that job (i.e., time spent in the 
processors queue plus job service time).  
 
Another parameter is the slowdown metric. The 
slowdown of a job is the job’s response time divided 
by the job’s execution (run) time. Additionally, we 
weight each job’s response time and slowdown with its 
size (Streit, 2004). Thereby, it is avoided that jobs with 
the same execution time, but with different number of 
parallel tasks, have the same impact on the overall 
performance. For this reason, the weighted response 

time and weighted slowdown are examined. Parameters 
used in simulation computations (presented later) are 
shown in Table 1. 
 

Table 1:  Notations 
 

P Number of processors 
µ Mean processor service rate 
1/µ Mean processor service time 
λ Mean job arrival rate 
1/λ Mean job inter-arrival time 
i The LJFS policy is employed every i job 

insertions in the queue  
p Period size 
RT Average response time  
DRT Relative (%) decrease in RT when one of the 

LJFS, QLJFS, PLJFS methods are employed 
instead of the AFCFS policy 

WRT Average weighted response time  
DWRT Relative (%) decrease in WRT when one of 

the LJFS, QLJFS, PLJFS methods are 
employed instead of the AFCFS policy 

SLD Average slowdown 
DSLD Relative (%) decrease in SLD when one of the 

LJFS, QLJFS, PLJFS methods are employed 
instead of the AFCFS policy 

WSLD Average weighted slowdown 
DWSLD Relative (%) decrease in WSLD when one of 

the LJFS, QLJFS, PLJFS methods are 
employed instead of the AFCFS policy 

NQR Number of Queue Re-arrangements 
DNQR Relative (%) decrease in NQR when QLJFS 

or PLJFS is employed instead of the LJFS 
policy 

 
Let’s l is the total number of processed jobs. If ej is 

the execution time (service time) of job xj, j = 1, 2,.. l, 
then the slowdown sj of job xj, is defined as follows: 

sl = rj / ej 

The following metrics used for performance 
evaluation are defined as follows (Streit, 2004): 
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SLD = 
l

s
l

j
j∑

=1  

• The average weighted slowdown WSLD: 

WSLD =  

∑

∑

=

=

×

l

j

l

j
j

xp

sxp

1
j

1
j

 )(

 )(
 

 
EXPERIMENTAL METHODOLOGY  

The queuing network model is simulated with discrete 
event simulation models using the independent 
replications method. For every mean value a 95% 
confidence interval is computed. All confidence 
intervals are within 5% of the mean values. 
 
 We have chosen mean processor service time 1/µ = 
1, which means mean service rate per processor µ = 1. 
In the simulation experiments we set: 1/λ = 0.55, 0.60, 
and 0.65, which corresponds respectively to arrival rate: 
λ = 1.818, 1.667, and 1.538. 
 
 The value 1/λ = 0.55 is chosen as starting point for 
the experiments because the processors average (P+1) / 
2 = 64.5 tasks per parallel job. Therefore, when all 
processors are busy an average of P / 64.5 = 1.9845 
parallel jobs can be served each unit of time. This 
implies that we have to set λ < 1.9845, and consequently 
1/λ > 0.504, i.e. the processors queues will not be 
saturated. However, due to gang scheduling there are 
often idle processors although there are jobs in the 
queue. Therefore the queue gets very easily saturated 
when mean inter-arrival time is close to 0.504. After 
experimental runs with various values of 1/λ we chose 
0.55 as the smallest mean inter-arrival time for the 
experiments. Smaller mean interarrival times resulted in 
a sharp increase in average response time. 
 
 In the QLJFS case we examined two cases for the 
number of job insertions in the queue: i = 5, and 10.  
 
 In the PLJFS case we examined periods p = 4, 8, 
and 12. We chose period length 4 as a starting point for 
the experiments because the mean processor service 
time is equal to 1, and also because with this period size 
NQR is much smaller than in the LJFS case. Therefore 
we expected that larger period sizes would result in 
even smaller NQR.  
 
EXPERIMENTAL RESULTS AND DISCUSSION 

The results that follow represent the performance of the 
different policies. With all scheduling methods, system 
load (mean processor utilization) is 0.92, 0.84, 0.78 for 
1/λ = 0.55, 0.60, 0.65 respectively.  

 

 We have to refer though that due to gang scheduling 
there are cases where some processors are kept idle 
although there are jobs waiting in the queue.   
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Figure 2: RT  versus 1/λ 
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Figure 3: DRT  versus 1/λ 
 
 In Figures 2 and 3 we observe that with regard to 
average response time the worst performance appears 
with the AFCFS policy because this method yields the 
highest average response time. In the QLJFS case the 
average response time is smaller when i = 5 than when i 
= 10. In the PLJFS case average response time increases 
with increasing period size. For 1/λ = 0.65, 0.60 the 
lowest average response time is produced by the LJFS 
policy and therefore this method yields the best overall 
performance. In these cases  QLJFS(i=5) and 
PSJFS(p=4) perform almost the same. The difference 
between LJFS and each of QLJFS(i=5) and PSJFS(p=4) 
is larger in the 1/λ = 0.65 case than in the case of 1/λ = 
0.60. For 1/λ = 0.55 LJFS performs almost the same as 
QLJFS(i=5) and PSJFS(p=4). In all three load cases 
QLJFS(i=10) performs better than PLJFS(p=8) and 
PLJFS(p=12).   
 
 In Figure 3 we also observe that DRT increases with 
increasing load. This is because there are fewer jobs in 
the queue when 1/λ is large than when it is small. 
Therefore, there are fewer opportunities to exploit the 
advantages of the LJFS, QLJFS, and PLJFS methods 
over the AFCFS method when the load is small than 
when it is large.  
  
 Figure 4 shows that with all scheduling methods 
average weighted response times are larger than average 
response times. In Figure 5 it is shown that the 



observations that hold for the relative performance of 
the scheduling policies with regard to average response 
time, also hold with regard to the average weighted 
response time.  DWRT is larger than DRT. Therefore, the 
superiority of scheduling methods over AFCFS appears 
more significant when job response time is weighted by 
job degree of job parallelism.  
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Figure 4: WRT  versus 1/λ 
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Figure 5: DWRT  versus 1/λ 
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Figure 6: DSLD  versus 1/λ 
 
 In Figure 6 we observe performance with regard to 
average slowdown. The worst performance appears 
with the AFCFS policy with one exception only in the 
1/λ = 0.65 case where the QLJFS(i=10) method yields 
slightly larger average slowdown as compared to 
AFCFS. With the QLJFS method the average slowdown 
is smaller when i = 5 than when i = 10. In the PLJFS 
case average slowdown increases with increasing period 
size.  For 1/λ = 0.65, 0.60 the lowest average slowdown 
is produced by the LJFS policy and therefore this 
method yields the best overall performance. In these 
cases PSLFS(p=4) performs better than QLJFS(i=5). In 

the 1/λ = 0.65 case the PLJFS(p=8) method performs 
close to PLJFS(p=4) and QLJFS(i=5). For 1/λ = 0.60, 
PLJFS(p=8) performs worse than QLJFS(i=5), but it 
performs better than QLJFS (i=10). The difference 
between LJFS and each of QLJFS and PLJFS is larger 
in the 1/λ = 0.60 case than in the case of 1/λ = 0.65. For 
1/λ = 0.55 QLJFS(i=5) is the best method. LJFS 
performs almost the same as QLJFS(i=10), whereas 
QLJFS(i=10) performs better than PLJFS (for all p). 
Figure 6 also shows that DSLD increases with increasing 
load due to reasons explained in the analysis of DRT.  
 
 Figure 7 shows that with regard to average weighted 
slowdown in all cases AFCFS is the worst method. For 
1/λ = 0.55, QLJFS(i=5) is the best method. LJFS 
performs better than QLJFS(i=10), whereas 
QLJFS(i=10) performs better than PLJFS (for all p). For 
1/λ = 0.65, 0.60, LGFS is the best method. QLJFS(i=5) 
performs better than PLJFS for all p, whereas PLJFS for 
p = 4, 8 performs better than QLJFS(i=10). DWSLD is 
larger than DSLD. In Figure 7 we also observe that DWSLD 
increases with increasing load due to reasons explained 
in the analysis of DRT.  
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Figure 7: DWSLD  versus 1/λ 
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Figure 8: DNQR  versus 1/λ 
 
 With regard to scheduling overhead the results 
presented in Figure 8 reveal that for all λ, the relative 
decrease in the number of queue re-arrangements due to 
QLJFS and PLJFS scheduling is very high. In all cases 
DNQR varies in the range of 80 - 95%. In the QLJFS case 
DNQR is larger when i=10 than when i=5. In the PLJFS 
case DNQR increases with increasing period size. DNQR  
increase is larger when period size changes from 4 to 8, 
than when changes from 8 to 12.     



 
 With each of QLJFS and PLJFS, DNQR is almost the 
same in the three system load cases. Therefore, when 
QLJFS or PLJFS are employed instead of the LJFS 
method, the relative decrease in scheduling overhead is 
almost the same in the three different cases of system 
load. From all methods, the best is PLJFS(p=12). 
PLJFS(p=8) is slightly better than QLJFS(i=10), and 
PLJFS(p=4) is slightly better than QLJFS(i=5).  

 
CONCLUSIONS AND FURTHER RESEARCH 

This paper studies gang scheduling in a partitionable 
parallel system. Simulation is used to generate results 
needed to compare the performance of different 
scheduling policies under various workload models. 
 
 Along with two traditional scheduling methods: the 
AFCFS and the LJFS, also Queue dependent scheduling 
(QLJFS) and Periodic scheduling (PLJFS) are studied. 
Simulation results show that the relative performance of 
the different scheduling methods depends on the 
workload. With regard to all performance metrics 
considered in this paper, the LJFS method either 
performs best or close to QLJFS and PLJFS for some i 
and p respectively. At high system load QLJFS for 
small i performs either slightly better than LJFS (with 
regard to SLD and WSLD) or almost the same as LJFS 
(with regard to RT and WRT). It is important to notice 
that QLJFS and PLJFS involve significantly less 
overhead than the LJFS policy.    
 
 Future work could expand the analysis presented in 
this paper. Further experimentation is required to 
examine the performance of the gang scheduling 
methods in cases where the service demands of parallel 
jobs present high variability. 
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ABSTRACT
In this paper we studydistributed job scheduling in grid
environments when each job is aDL application. The
scheduling goal is to minimize the average steady-state job
turnaround time. In this context, we identify in which regimes
classes of scheduling strategies are efficient, namely for
which platforms and which communication to computation
ratios. We also quantify what level of global information
about the platform is required for efficient scheduling. All
our findings are obtained via simulation of wide ranges of
application and platform scenarios. Our most significant
findings are that the use of grid information is only necessary
at high workload, and that at high workload using dynamic
information improves performance by around 10% when
compared to using static information.

I. I NTRODUCTION

Improvements in wide-area networking infrastructure and
middleware technology have enabled the aggregation of re-
sources from multiple administrative domains into grid plat-
forms. These platforms provide unprecedented capabilities to
applications, but only if resources can be used effectively. As
a result, a popular research question is: How to assign com-
ponents of asingle distributed application to grid resources
in order to optimize some metric (e.g., turnaround time)?
Another important question is that of scheduling multiple
independent applications, orjobs, so that some aggregate
metric is optimized (e.g., average turnaround time). In this
paper we focus on the latter question. Job scheduling has been
addressed from a practical standpoint in the context of single
parallel resources withbatch schedulers [12]. While batch
schedulers have been used for several decades, they typically
take a resource-oriented view of scheduling and do not attempt
to optimize user-centric metrics, such as average turnaround
time. From the theoretical standpoint, several researchers have
studied the question of job scheduling with a user-centric

metric in mind [3]. All these works focus on homogeneous
systems and on centralized scheduling.

By contrast with the aforementioned works, we focus on
the problem of distributed job scheduling in heterogeneous
grid environments consisting on multiple sites where each site
has a homogeneous parallel compute platform managed by its
own job scheduler, and with a focus on an aggregate user-
centric metric (in our case the average turnaround time across
all jobs). Job scheduling over a multi-site grid has often been
refereed to asmeta-scheduling, and has been studied by many
researchers [15], [27], [31], [14], [17], [26], [29], [7], [8].
The works in [15] and [27] distinguish between centralized
and decentralized meta-scheduling schemes. In the centralized
scheme [31], [14], [17] a single scheduler is used to make all
scheduling decisions, which limits scalability and is a single
point of failure. Our work focuses on decentralized meta-
scheduling and is thus most related to [26], [29], [7], [8].
Our system model is inspired by the one in [26]. Subramani
et al. [29] describe distributed scheduling algorithms that use
multiple simultaneous requests. Our approach does not use
multiple simultaneous requests and differs from both [26]
and [29] in that we allow for jobs to be split among multiple
sites, or “co-scheduled”. Thisco-scheduling approach is also
taken in [7], [8]. However, our work employs a different
application model, which has major implication on meta-
scheduling and which we introduce below.

The work in [7], [8] and other works that consider co-
scheduling target data-parallel applications, generally requir-
ing a resource reservation infrastructure as application pro-
cesses must run concurrently, typically leading to frequent
communications over the wide-area. This is certainly feasible
in grid platforms that use proprietary networks, but more
difficult to justify on grids that use the Internet for commu-
nications and thus can be largely impacted by (variations in)
network delays. However, there is an entire class of relevant
scientific applications that are amenable to wide deployments
over such networks:divisible load (DL) applications [5].
These applications consist of an amount of work that can be
arbitrarily divided intochunks. These chunks can then be sent
to remote resources and can be computed independently with
no necessary synchronization. In spite of its simplicity, the DL
model arises in many fields of science and engineering [10],



[24], [16], [13], [1], and the issue of DL scheduling has
been addressed by many authors (see [2] for a summary of
current results). These applications are ideal candidates for
co-scheduling on grids that consist of multiple sites over the
wide-area [6].

We study the problem ofjob scheduling in grid environ-
ments when each job is aDL application. The scheduling
goal is to minimize the average steady-state job turnaround
time. In this context, we identify in which regimes classes of
scheduling strategies are efficient, namely for which platforms
and which communication to computation ratios. We also
quantify what level of global information about the entire
platform is required for efficient scheduling. This is a critical
point for determining what type of information and monitoring
infrastructure is needed for effective meta-scheduling in grid
environments. All our findings are obtained via simulation.

II. M ODELS

A. Platform Model

We consider a platform that consists ofN sites, indexed
by i = 1, . . . , N , connected over the wide-area. We model
the wide-area network as a fullyconnected network. Each site
reaches the WAN through a LAN link (we assume that all
such LAN links have the same bandwidth). The bandwidth
on each LAN link is shared among each flow going through
the link. The bandwidth on WAN link is not shared and each
flow going through the link gets the full bandwidth. In other
terms, we do not model any contention between the flows of
our applications on the wide-area. This model is justified by
the bandwidth-sharing properties observed on wide-area links:
when such a link is a bottleneck for an end-to-end TCP flow,
several extra flows can generally be opened on the same path
and they each receive the same amount of bandwidth as the
original flow. This behavior can be due to TCP itself (e.g.,
congestion windows), or to the fact that the number of flows
belonging to a single application is typically insignificant when
compared to the total number of flows going through these
links. This property is often exploited by explicitly opening
parallel TCP connections and we have observed it in our
own measurements [9]. Some recent work [18], [9] provides
the foundation for refining our network model, both based
on empirical measurements and on theoretical modeling of
network traffic, and we leave such developments for a future
paper.

Figure 1 depicts our platform model. Each site comprises a
number ofcompute resources, npi, as well as storage, which
we assume to be unlimited. As in [26] compute resources
are managed by aLocal Scheduler (LS) and requests for
computations are managed by anExternal Scheduler (ES).
Local users submit requests to the ES directly. Then, for each
request, the ES decides whether to send the request to a remote
LS or to send it to the local LS. The LS assigns applications
to local compute resources in a FIFO fashion. Note that real-
world systems use batch schedulers that typically employ some
backfilling scheduling algorithm [12], which is quite different
from FIFO. However assuming FIFO local scheduling is

done in many previous meta-scheduling work [15], [27], [14],
[26], [29], [7], [8] because it makes it easier to understand
and analyze the behavior of the meta-scheduling algorithms.
Furthermore, we will see below that we simulation DL job that
run on all resources at a site, making backfilling unnecessary
and FIFO scheduling a reasonable approach.
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Fig. 1. Grid Model

By contrast with [26], our model allows the ES todivide
each application intochunks and assign these chunks to the
LS at the local site as well as to the LS at one or more remote
sites. This is because we consider DL applications, which
allow asynchronous parallel executions. Another consequence
of considering DL applications is that we assume that each
chunk can utilize all resources at the site to which it is
assigned: each chunk is itself a DL application and if a
site consists ofR resources, a chunk is divided intoR sub-
chunks. This is a strong assumption as there is always overhead
involved for using increasing numbers of processors, even
for DL applications. Therefore, it may be more efficient to
use fewer sub-chunks. However, our goal in this paper is to
compare and evaluate the effectiveness of meta-scheduling
policies, which are orthogonal to the application scheduling
policies implemented at the LS level. Consequently, we leave
this issue aside for now but discuss possible evolutions of
our model in Section III. Also, we ignore the cost of local
I/O for application data. Thiscost could be easily integrated
into our model (i.e., as a proportional overhead), but once
again this issue is orthogonal to that of meta-scheduling.
Finally, we assume that the LSscan accommodate for possible
heterogeneity among the compute resources at a site for each
chunk execution via load balancing. Such load balancing is
straightforward because eachchunk can be divided into sub-
chunks of arbitrary size to account for different processor
speeds (since the load is divisible) and because we ignore the
cost of local I/O. In effect, load balancing can negate the effect
of heterogeneity. A consequence of the above consideration is
that we can restrict our experiments to homogeneous compute
resources, but with differentnumbers of resources at each site.

B. Application and Workload Model

We consider applications that consist of a continuous load
that can be arbitrarily divided among compute resources. Each



application is described by the size of the input application
data in bytes,Wtotal. The amount of processing power needed
per byte of load is denoted bycomp factor. The computation
time required to process the entire load,comp cost, is then:

comp cost =
Wtotal ∗ comp factor

processor speed
,

whereprocessor speed is the speed of the processor process-
ing the load.

The time to transfer the load from one site to another is
defined as:

transfer cost =
Wtotal

bandwidth
,

where bandwidth is the data transfer rate on the network.
Note that, like many other authors [26], [22], [29], we ignore
output data transfers: since we are interested in thesteady-state
behavior of the system, transfers of output data can easily be
modeled by increasing the size of the input data.

The communication to computation ratio of an application
is defined as:

comm comp ratio =
transfer cost

comp cost

Note that this ratio is for a given application running on a given
platform: the application execution on this platform spends
comm comp ratio times more seconds communicating than
computing. Typically, this ratio is much lower than 1 so as to
justify the use of distributedresources in the first place. For
high such ratios it is typically more advantageous to have the
application execute solely on its local site. Our experiments
explore ranges ofcomm comp ratio values.

Since the load,Wtotal, is divisible, the scheduler can decide
how big a chunk of the load to give out to each site. For a
platform with N sites, a portion of the loadαi × Wtotal is
assigned to each site with the obvious constraints:

∀i 0 ≤ αi ≤ 1 and

N∑

i=1

αi = 1.

We model the workload of the entire system as streams of
jobs arriving at each site according to a Poisson process with
rate λ. While this model does not correspond to a particular
workload in the real-world, it is convenient to obtain a first
order evaluation of our meta-scheduling heuristics and is easily
parameterized byλ. The alternative would have been to use
logs from HPC systems such as the ones available at [20],
but these logs are for specific systems and user communities.
Workload characterization isnotably arduous [11], but recently
the work in [21] has proposed a new model for job arrival
times. We plan to use this model in future work to see if there
is any impact on our simulations. However, these logs and
models are for rigid parallel jobs and it is not clear whether
their arrival times would be representative of a workload
consisting of DL jobs.

III. SCHEDULING DIVISIBLE LOAD JOBS

A. Scheduling Scenario

The problem we address is that of minimizing the average
turnaround time over all jobs in the system, when the system
is in steady-state. Our scheduling scenario is as follows. At
each site users submit jobs (i.e., requests to compute a DL) to
the ES throughout time. For each job, the ES determines the
αi values, that is which sites will participate in the application
execution and how the load will be divided into chunks among
these sites. The chunks are then sent to the LSs at the chosen
sites over the network. The LSs divide each chunk by the
number of resources, intosub-chunks. The turnaround time
is defined as the time between the instant at which the job
submission arrives to the ES and the instant at which all
chunks have been processed by all selected sites.

B. Scheduling Techniques

In order to make decisions, the ESs can make use of
information about the grid platform. We consider two types
of resource information: the (nearly) static characteristics of
the sites (number of processors and their speed); and dynamic
characteristics (the length of the FIFO queues).

The allocation process of the ESs consists of two parts, the
selection of the sites and thedivision of the load among those
sites. The selection decides whichαi values will be non-zero,
whereas the division assigns actual values to the non-zeroαi’s.
Based on these considerations we instantiate three classes of
meta-scheduling strategies.

1) Basic Strategies (B): These strategies make no use of
grid information and operate with three flavors of the selection
strategy.
Local site (B-LS): The ES does not divide the load and only
uses the local site.
All sites (B-AS): The ES divides the load equally among all
sites.
Local site and k random sites (B-LkR): Additional to the
local site, the ES selectsk random and divides the load
randomly among thek + 1 sites.

2) Strategies using static information (Load Balancing
1 - LB1): Load is divided based on static grid information,
proportionally to the number of processors at each selected
site.
All sites (LB1-AS): All sites participate in each execution.
Local site and k random remote sites (LB1-LkR): The ES
selectsk + 1 sites, the local one andk random remote sites.

3) Strategies using dynamic information (Load Balanc-
ing 2 - LB2): Each ES keeps track of the length of FIFO
queues at all sites, and load is divided based in queue length
at each selected site.
All sites (LB2-AS): All sites participate in each execution.
Local site and k random remote sites (LB2-LkR): The ES
selectsk + 1 sites, the local one andk random remote sites.
Local site and k best remote sites (LB2-LkB): The ES
uses the local site andk best remote sites. The best sites sites
are defined as the ones having the highestpower ratio value
defined as:



power ratioj =
npj

queue sizej

, j �= i,

wherequeue sizej is the size of the FIFO queue (i.e., number
of pending jobs) in the LS’s queue at sitej.

A. Bucur et al. [8] propose placement policies based on the
knowledge of the number of idle processors in each site and
distribute the tasks in such a way as to keep the load balanced.
Our LB2 strategies are related to the policies in [8] but the
dynamic resource information we consider here is the size of
the queues at each LS. Also, the selection strategy used in
LB1-LkR, LB2-LkR, andLB2-LkB is loosely related to the
K-Distributed Model proposed in [29], which chooses a lim-
ited number of sites for replicating requests for computations.
Our work differs in that we take into account data transfers
and we perform co-scheduling. The load distribution strategies
proposed in [22] are based on static and dynamic information.
Each site receives achunk that is proportional to its computing
speed if it has enough free buffer capacity; otherwise that site
will be no considered in the current selection.

Other strategies are possible and in total we have evaluated
twenty strategies. Since these strategies all rely on heuristics,
it is difficult to compare them analytically. However, our
simulations showed that several of the twenty strategies exhibit
in practice virtually identical performance. In these cases we
have included the simpler strategies in this paper.

IV. EXPERIMENTAL METHODOLOGY

Our experiments investigate the following three questions
pertaining to thedivision and selection concepts that were
highlighted in Section III:

(i) When are the basic strategies good enough? Recall that
the basicdivision andselection policies do not make use
of any information about the system state (the ESs operate
in isolation).

(ii) What is the usefulness of global system information for
the division policy? Note that using up-to-date global
information may be costly and may lead to prohibitive
overhead.

(iii) How many and which remote sites should be picked by
the selection policy? Site selection has a direct impact on
application data transfer costs and sites must be selected
judiciously to avoid network bottlenecks.

Experiments on a real-world testbed would be prohibitive
both in terms of time, because they would be limited to
a specific configuration, and because they would hardly be
repeatable. Instead, we have implemented a simulator using the
SIM GRID [18] toolkit, which provides the needed abstractions
and realistic models for the simulation of processes interacting
over a network.

A. Application Scenarios

We chose the following representative applications to in-
stantiate the job mix used in our simulations (see Table I for
details):

BLAST R© [13] – A set of search programs designed to identify
similarities between biological sequences. Typical data sizes
are between 400MB and 2GB and thecomm comp ratio is
high (1.0 for a 1GHz P4 and bandwidth 100Mbps).
HMMER [16] – A suite of programs that compare biological
sequences using Hidden Markov Models. Typical data sizes
are between 400MB and 2GB and thecomm comp ratio is
low (0.35 for a 1GHz P4 and bandwidth 100Mbps).
Rendering [25] – A generic rendering program that constructs
a sequence of frames based on a scene’s geometry. The speed
of the computation is dependent on the complexity of the scene
and on hardware technology. Furthermore, there are many
different rendering techniques. We consider here an image-
based algorithm (mosaicking) with a highcomm comp ratio

(0.5 for a 1GHz P4 and bandwidth 100Mbps) and we consider
data sizes between 4MB and 10MB.
Ray Tracing [28] – A popular technique to generate photo-
realistic images. Because of recursion in the algorithm and
the possibly large number of rays that may be cast, this
program has lowercomm comp ratio than Rendering (0.15
for a 1GHz P4 and bandwidth 100Mbps) with data sizes
between 4MB and 12MB.
Volume Rendering [19] – A program to visualize large quan-
tities of volume data. It has a very lowcomm comp ratio

(0.2 for a 1GHz P4 and bandwidth 100Mbps) with data sizes
between 400MB and 1GB.
Synthetic Applications – We also simulated several synthetic
applications with differentWtotal and comm comp ratio in
order to cover a wide range of applications.

B. Platforms

We simulate the following platforms (see Table II for full
details):
GrADS testbed [4] – composed of 3 clusters at the University
of Tennessee, Knoxville (UTK), the University of Illinois,
Urbana-Champaign (UIUC), and the University of California,
San Diego (UCSD); we assume 10Mb/s bandwidth.
TeraGrid [30] – we consider 4 of the TeraGrid clusters
located at the San Diego Supercomputing Center (SDSC), the
National Center for Supercomputing Applications (NCSA), the
California Institute of Technology (Caltech), and the Argonne
National Laboratory (ANL). We assume 10Gb/s bandwidth.
Synthetic Grids – with 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20
sites, with clock rates of 250, 500, and 1000, WAN bandwidths
of 10, 100, or 500 Mbps and LAN bandwidth of 100, 500,
or 1000 Mbps. We simulate platforms with low, medium, and
high heterogeneity, in which the number of processors per site
is selected randomly betweena and b according to uniform
distributions, which is denoted as U[a,b] in Table II. We also
performed experiments for a fixed total number of processors
in the system and just varying the heterogeneity (measured
by the standard deviation of the number of processors at each
site).

C. Job Arrivals

Jobs arrive in the system according to a Poisson distribution
with parameterλ. The same Poisson distribution was assigned



Application BLAST HMMER Rendering Ray Tracing Volume Rendering Synthetic App

Wtotal (MB) 700 700 10 12 800 10,40,50,100,200
comp factor 5 15 10 35 25 100,50,7.5,17.5,20

TABLE I

APPLICATIONCHARACTERISTICS

Platform # of sites # of processors per site Processor speed Bandwidth

(UTK) 8 550MHz
GrADS 3 (UCSD) 4 and 2 400MHz and 450MHz 100Mbps (LAN)

(UIUC) 6 and 4 266MHz and 450MHz 10Mbps (WAN)
(SDSC) 128, (NSSA) 256 1GHz

TeraGrid 4 (Caltech) 64 1GHz 10GbE (LAN)
(ANL) 96 and 16 2.4GHz and 1GHz 30GbE (WAN)

Synthetic 2, 4, 6, 8, U[2,5] (low heterog.) 250MHz, 100, 500 or 1000 Mbps (LAN)
Grids 1 10, 12, 14, U[2,10](medium heterog.) 500MHz, 10, 100 or 500 Mbps (WAN)

16, 18, 20 U[2,24] (high heterog.) or 1GHz
Synthetic 4, 8 randomly selected, keeping 250MHz 500 or 1000 Mbps (LAN)
Grids 2 64 total proc. in system 100 or 500 Mbps (WAN)

TABLE II

SUMMARY OF TESTBED CHARACTERISTICS.

to each site in all experiments. Indeed, we choose to keep the
workload homogeneous among sites but to make the com-
pute power heterogeneous (in terms of number of processors
at each site). Theλ values used in our experiments were
0.3,0.6,0.9,1.2,1.8,2.4,3.0,3.6,4.2,4.8.

V. EXPERIMENTAL RESULTS

We used the simulator for 3 sets of experiments: (i) exper-
iments on GrADS and TeraGrid platforms, (ii) experiments
on synthetic platforms, using uniform distributions to select
the number of processors on each site, and (iii) experiments
on synthetic platforms with a fixed number of processors in
the system. We evaluate the job scheduling strategies using
average job turnaround times. Each simulation experiment was
repeated 10 times and we present averages.

A. Real platforms: GrADS and TeraGrid

Figure 2 shows the average turnaround time for the three
applications with the lowestcomm comp ratio on the GrADS
platform. TheB-LS strategy yields the best performance in
almost all cases with an improvement between 8% and 79%
over the nearest strategy. For with the synthetic application
with comm comp ratio = 0.044 andλ = 4.8, LB2 strategies
using 2 sites (LB2-L1R and LB2-L1B) are better thanB-LS
by approximately 5%. Another fact to be noted in this last case
is that strategies using 2 sites are better than strategies using
all sites. This is because when using all sites the network is
overloaded. From these observations, we can conclude that in
the GrADS platform it is useful to use a (single) remote site
only when the total system workload is high. Nevertheless, it is
still interesting to look at other strategies in order to compare
them, based on the three proposed questions:
- When are the basic strategies good enough? The basic
strategies using more than 1 site (B-L1R andB-L2R) become
better than theLB1 andLB2 strategies ascomm comp ratio

andλ decrease. This is when the job have high computational
demands but the total workload in the system is low.
- What is the usefulness of global information for the division
policy? The LB2 strategies become equivalent or slightly
better thanLB1 strategies ascomm comp ratio decreases
and asλ increases. This result shows that dynamic information
could marginally improve the total performance in the GrADS
platform only when the system has high total load.
- How many and which remote sites should be picked by
the selection policy? Strategies using all sites become worse
than using 2 sites ascomm comp ratio decreases and asλ,
and thus the overall workload, increases. Regardingwhich
sites, picking random sites achieves best or close to best
performance.
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Fig. 2. Average turnaround time on GrADS platform

Figures 3, 4, 5, and 6 show the average turnaround time
and the percent of improvement of the best strategy over its
nearest, for all applications on the TeraGrid platform with three
different λ values. The results show that as the network is
faster, using only local resources is rarely judicious.B-LS
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Fig. 3. Average turnaround time for synthetic applications on the TeraGrid
platform.

is only the best only whencomm comp ratio ≥ 0.007 (no
matter whatλ is), with improvements from 10% to 64% (see
Figures 5 and 6). This happen when the job’s computational
demands decrease. Withcomm comp ratio < 0.007 it is
beneficial to use remote resources. Withλ = 0.3 the strategies
LB1-AS and LB2-AS have the best performance with a low
improvement overLB1-L2R (see Figures 3 and 4). With
λ = 3.0 and 4.8 the best strategies are that use 2 sites and
queue size information (LB2-L1R andLB2-L1B).

Let us examine the answers to our three main questions:
- When are the basic strategies good enough? For
comm comp ratio ≥ 0.007, the basic strategy using local
and two random sites (B-L2R) becomes better thanLB1-L2R
and LB2-L2R as the jobs’ computational demands decrease.
This is the only case in which the basic strategies are better
than the other two.
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- What is the usefulness of global system information for
the division policy? The LB2 strategies have the same or
better performance thanLB1 strategies, except when the
comm comp ratio ≥ 0.01. Therefore, dynamic information
could improve total performance at high total workload.
- How many and which remote sites should be picked
by the selection policy? Using all sites, with LB1 and
LB2 strategies, leads to the best performance forλ =

0.3 3.0 4.8
0

0.1

0.2

0.3
A Synthetic app (comp_comm ratio=0.006) on TeraGrid Platform

A
ve

 T
ur

n 
A

ro
un

d 
T

im
e 

(s
ec

)

λ

B_LS
B_L1R
LB1_L1R
LB2_L1R
LB2_L1B
B_L2R
LB1_L2R
LB2_L2R
LB2_L2B
B_AS
LB1_AS
LB2_AS

0.3 3.0 4.8
0

0.2

0.4

0.6

0.8

1

1.2
HMMER (comp_comm ratio=0.007) on TeraGrid Platform)

A
ve

 T
ur

n 
A

ro
un

d 
T

im
e 

(s
ec

)

λ

22%

10%

15%

26%

12%

10%

Fig. 5. Average turnaround time for a synthetic application and HMMER
on TeraGrid platform

0.3 and comm comp ratio ≤ 0.003. However, when
comm comp ratio and λ increase their performance de-
grades. In these cases, usingthe local and a single other
site results in better performance than using 3 or all sites.
Regardingwhich sites are the best selection, picking random
sites results in a performance better, equal or very close to
picking the best ones (compareLB2-L1R with LB2-L1B, and
LB2-L2R with LB2-L2B in figures 3, 4, 5, and 6).

B. Synthetic environments

Now, we turn our attention to synthetic platforms. With
these results, we also analyzed the three questions, starting
with: When are the basic strategies good enough?.
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Figure 7 shows the areas where theB-LS strategy is best
(shown in black) in terms ofcomm comp ratio and of total
workload (defined asλ timesWtotal), on average. According
to these results using remote resources is beneficial when when
comm comp ratio < 0.175 andλ ∗ WTotal > 3 ∗ 10

6bytes;
otherwise theB-LS strategy yields the best performance with
improvement between 10% and 90%. TheB-AS strategy
yields good performance when the total workload in the
system is low, but with high workload it performs the worst.

In most cases (68%), the strategies with the best perfor-
mance in the white area of Figure 7 were theLB1-AS and the



LB2-AS strategies (with almost similar performance). In 27%
of cases, best performance wasreached when using 2 sites.
Using 3 sites led to best performance in 5% of cases.

Figure 7 also shows the areas where the real applications
lie. Note that with lowcomm comp ratio, for all of them, is
beneficial to use remote sites.
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C. Impact of λ on the usefulness of global system information
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Fig. 8. Comparison betweenLB1 andLB2 strategies in a grid platform with 8
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0.0025

To answer our second and third questions, we performed
a third set of experiments in which we variedλ and the
heterogeneity in the system while keeping the number of sites
and the number of total processors in the system fixed. Whenλ

increases the overall workloadincreases as well. We find that
the information about FIFO queue sizes becomes beneficial
when λ increase, but not when all sites are used. Figure 8
shows an example of this fact on a grid platform with 8 sites,
64 processors in the system, and middle heterogeneity for an
application withcomm comp ratio = 0.0025. TheLB2-L2R
strategy (using 3 sites) is always better thanLB1-L2R but
the improvement decreases asλ increases.LB1-L1R is better
thanLB2-L1R for low λ, but LB2-L1R becomes better asλ
increases. Indeed, when the arrival rate is high, considering
queue size becomes critical assome sites can become more

overloaded than others. Note that when all sites are used, it
makes no difference whether queue information is used or not.

We also find that whenλ increases, the improvement of
using all sites over strategies that use 2 or 3 sites decreases.
The reason for this is that the network is overloaded with many
transfers of chunks. Figure 9 presents a comparison between
LB2-AS and strategies using 2 or 3 sites.

D. Impact of heterogeneity in the selection policy

We define heterogeneity as the standard deviation of the
number of processors on each site. So a heterogeneity of 0
represents an homogeneous grid platform, in which all sites
have the same number of processors. We observe that when
heterogeneity increases the improvement of the strategies
using all sites over strategies using 2 or 3 sites increases too.
Figure 10 shows an example of this fact in a system with
8 sites, 64 processors,λ = 3.0, and comm comp ratio =

0.0025. This is because small sites generally benefit from
using as many remote resourcesas possible, and using all
sites leads to good load balancing.
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VI. CONCLUSIONS ANDFUTURE WORKS

We evaluated several scheduling approaches on grid plat-
forms for DL jobs, with the goal of answering the questions
raised in this paper: (i)When are the basic strategies good
enough?, (ii) What is the usefulness of global system informa-
tion for the division policy?, and (iii) How many and which
remote sites should be picked by the selection policy?. In
support of this investigation, we have developed a discrete-
event simulator using the SIM GRID toolkit. We have modeled
real-world and synthetic platform as well as real-world and
synthetic applications.

Our simulation results lead us to the following conclusions
concerning the three questions listed above:

(i) In the presence of applications with high
comm comp ratio and high workload, the simple
B-LS strategy yields good performance. However,
results may be different if the sites have different LS
approaches (e.g., some sites not dividing the chunks into
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sub-chunks). The basic strategy using all sites (B-AS)
reported the worst performance in cases where the total
system workload was high.

(ii) Using dynamic FIFO queue sizes information for making
scheduling decisions is beneficial when the overall work-
load is high, with around 10% improvement over using
only static site information.

(iii) When heterogeneity increases the improvement of the
strategies using all sites over strategies that use 2 or 3 sites
increases, but ifλ increases this improvement decreases.
In systems with few sites and low workload the strategies
using 2 sites are better than using all sites, asλ increases
using the best sites gets better performance.

We have modeled the workload of jobs arriving to a Poisson
process with rateλ. We plan to use other models in future work
to see if there is any impact on our simulations.

While a centralized scheduling approach may not be practi-
cal, it would be informative to know by how much a distributed
approach loses when compared to a centralized one. In future
work we will compare our heuristics to the work in [23],
which proposes centralized algorithms for scheduling multiple
DL applications, in steady state. While their assumptions are
different (e.g., jobs are infinite, there are no LSs), a comparison
could still be made that sheds light on how much is lost by
the decentralized approach.
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ABSTRACT

During the last decade, collaborative commerce and

human-centric systems concepts have been applied in

several enterprise information systems. Many researchers

have studied, developed and proposed architectures for

such systems. In order to validate and verify the systems’

architectures, researchers use various types of modeling

and analysis techniques available. One well-recognized

technique is WorkFlow-nets (WF-nets), which is based on

Petri Nets. WF-nets focus on control flow and provide a

powerful analysis mechanism to verify the correctness of

workflow procedures. This paper discusses a human

centered collaborative system (HCCS) that has a

Web-based architecture and pays special attention to

collaboration and human-centric issues. The system is

modeled using Petri nets and workflow nets. The paper

then introduces Symbolized workflow-nets (SWF-nets)

which employ symbolized places, transitions and arcs to

illustrate the complicated processes more effectively.

Next, it presents an example, a college admission system,

as a case study that can be implemented in the HCCS

environment. We model the admission processes using

SWF-nets to illustrate the validation and verification of the

HCCS architecture.

1. INTRODUCTION

Lately, organizations in distributed environments have

become more dynamic than ever. Information

technologies (IT) have developed rapidly and information

systems play a major role in such environments. Other

noticeable renovations in the IT areas are those associated

with Internet-based systems, such as electronic commerce

(e-Commerce) systems. Working in distributed and

collaborative environments with Internet-based systems

introduces the subject of collaborative commerce

(c-Commerce). C-Commerce systems support dynamic

collaboration among individuals and organizations to

enhance their overall performance. They also harness all

organization’s information to provide personalized access

to all participants in a given organization (Chen 2000; Kim

and Smari 2005; Thuraisingham et. al. 2002).

The aforementioned changes make individuals and

organizations more competitive, and their tasks more

complicated. Today, organizations seek to achieve the

goals through distributed and specialized resources. At the

same time, they want their systems to support the execution

of individual tasks and manage the flow of work

(Georgakopoulos, et. al. 1995; Yi et. al., 2004). In order to

consolidate and automate such information resources and

tasks in an organization, workflow technologies provide an

appropriate platform to achieve that (Sadiq 2005).

A workflow is a partially or a wholly automated process

which contains tasks, data and resources. Workflow

management is a technology that includes the concepts,

techniques, and tools to support the management of

workflow processes (Abbott and Sarin 1994; Smari et. al.,

2006). Many individuals and organizations have

developed their own workflow management systems

(WFMS), to support their projects and processes and also

to contribute to the workflow management technology

markets (Jablonski and Bussler 1996). WFMS is a system

that defines, creates and manages the execution of

workflows through the use of software that is able to

interpret the process definition, interact with workflow

participants, and invoke the use of IT tools and

applications. The main reason for using a WFMS is to

support the definition, execution, and control of processes

(WfMC 1999).

Once an organization has developed a framework of a

system, it should use some modeling techniques to verify

that such a framework will do the job intended before

implementing it. Many researchers have recognized Petri

nets’ (PN) effectiveness as a modeling tool for workflow

systems. Graphical representation and self-documented

characteristics are the main advantages of using Petri nets

to support the verification procedure of system processes.

Further details of Petri nets will be discussed in the next

section.



This paper’s main objectives are to validate and analyze a

previously introduced c-Commerce architecture as well as

propose an abstract, the Symbolized WF-nets (SWF-nets),

which is a modification of the Petri net-based workflow

nets approach. Basically, SWF-nets are WF-nets with

symbolic places, transitions and arcs to enable easier and

more effective visualization of the whole process. We first

establish some definitions of PNs, WF-nets, and

SWF-nets. Then, we develop the suitable case study, the

college admission system scenario, and model the

processes in such a system using SWF-nets to determine

the validity of both the proposed architecture and the

SWF-nets approach.

This paper is organized as follows. The next section

introduces this paper’s background issues and concerns. It

also describes the main terminologies used in Human

centered c-Commerce system, Petri nets, and WF-nets.

We outline the proposed abstract, SWF-nets, their role and

properties in Section 3. In Section 4, we present SWF-nets

characteristics and analysis. This will be followed in

Section 5 by a case study, the college admission system,

and the details of the HCCS architecture’s components that

will relate to the case study. Section 6 shows the system

model of the case study using SWF-nets. Finally, the

paper offers some conclusions and future perspectives in

Section 7.

2. BACKGROUND AND TERMINOLOGY

Mainly, this section divides into two sub-sections. First,

Human-centered Collaborative Commerce System (HCCS)

which introduced an architectural framework for

c-Commerce that integrates human factors and aspects

with e-Commerce (Kim and Smari 2005) is discussed. The

next section talks about Petri net which is a modeling

language for representation and analysis of systems

(Peterson 1977), and WorkFlow nets (WF-nets) which is

Petri nets-based modeling analysis techniques (Aalst

1998).

2.1 Human Centered Collaborative Commerce System

Recently, more organizations have been configured as

distributed sub-organizations. Individual users of a

sub-organization seek better and faster services to access

and share information with user-friendly environments. In

order to provide seamless collaboration among these

participants and systems, an eminent framework for human

centered collaborative system is essential. The

human-centered decision making system (HUDS) (Kim et.

al., 2004) with capabilities for knowledge management

was developed to fulfill these demands. The HUDS

architecture can be employed in different situations, e.g.,

information grid environment (Smari et. al., 2005a),

collaborative engineering design platform (Smari et. al.,

2005b) and c-Commerce system (Kim and Smari 2005).

Figure 1 illustrates the proposed architecture of the HCCS

(Kim and Smari 2005) which is one of the extension works

of the HUDS architecture. The HCCS has three managers:

display manager, user manager, and information manager.

The display manager takes care of controlling input and

output devices of a virtual place and the Webpage. The

user manager controls the use of system and network

resources while information manager manages information

in the HCCS.

Figure 1: Proposed Architecture of the HCCS

Users of an organization, such as department members,

managers and directors, as well as others, such as

customers, applicants and partners, can access to the virtual

place through the Websites. On the Websites, there are

different types of information of the organization, and

anyone can browse the sites anytime and anywhere.

Existing or new authorized users can access to the virtual

place after they provide their personal information and get

the permissions. The information of c-Commerce and the

HCCS architecture (Kim and Smari 2005), architectural

framework for each module of the HCCS (Kim et. al.,

2006a), and an extended architecture, its security features

and access control techniques (Kim et. al., 2006b) can be

found in different articles.

2.2 Petri Nets and Workflow Nets

The classical Petri net is a bipartite directed graph with two

types of nodes: places, i.e., graphically represented by

circles, and transitions, i.e., graphically represented by

rectangles. The nodes are connected via directed arcs



which mean arcs, also called edges, are either from a place

to a transition or from a transition to a place. At any given

time a place contains zero or more tokens, i.e., graphically

represented by black dots (Peterson 1977; Murata 1989). A

Petri net can be formally defined as the following (Aalst

1998; Dong and Chen 2005; Murata 1989):

Definition 1: A Petri net is a triple (P, T, F), where P is a

finite set of places, i.e., P = {p1, p2, p3, … , pm}, T is a finite

set of transitions, i.e., T = {t1, t2, t3, … , tn}, and F is a set of

arcs (flow relation), i.e., F (P T) U ( T P).

A place p is called an input place of a transition t if and

only if there exists a directed arc from p to t, and •t

denotes the set of input places for a transition t. A place p

is called an output place of transition t if and only if there

exists a directed arc from t to p, and t• denotes the set of

output places for a transition t. Similar notations can be

used for •p and p•, where they denotes the sets of

transition sharing p as an input places and output places,

respectively.

A major strength of Petri nets is their support for analysis

of many behavioral properties which depend on initial state

(Murata 1989). Reachability, Boundness, Liveness, and

Strongly connected are useful properties when we need to

study the dynamic characteristic of a system modeled by

Petri net (Aalst 1998; Murata 1989; Yi et. al., 2004).

Definition 2: Given a Petri net (P, T, F), and states M1,

M2, …, Mn, a state Mn is called reachable from M1 if and

only if there is a firing sequence of transitions, t1, t2, … ,

tn-1, that transforms M1 to Mn.

Definition 3: A Petri net is bounded, if and only if for

every reachable state and every place p, the number of

tokens in p is less than a natural number.

Definition 4: A Petri net is live, if and only if for every

reachable state and every transition t, there is a state Mn

reachable from Mm that enables t

Definition 5: A Petri net is strongly connected, if only if

for every pair of places, p, and transitions, t, there is a

directed path from p to t.

A workflow process definition can be modeled by a Petri

net, which is called a WorkFlow net (WF-net) (Aalst

1998). A WF-net satisfies two requirements; first, there

should be a source place i and a sink place o; second, every

transition t and place p should be located on a path from

place i to o. Formal definition is addressed in Definition 6.

Definition 6: A Petri net is a WF-net, if and only if, it

satisfies the following two conditions; first, there should be

one input (i) and one output (o) places, i.e., •i = {}, and

o•= {}; second, when a transition ti is added to Petri net,

the transition ti connects place o with i, i.e, •ti ={o} and ti•

={i}.

3. SYMBOLIZED WORKFLOW NETS

The WF-nets are powerful modeling tools. However, when

we consider the complex sequences of work, the modeling

of the all sequences of the system using WF-nets are not

easy and become obscure. Another drawback is that it is

difficult to do performance analysis. To cover some of

drawbacks of the WF-nets, Normalized WF-nets

(NWF-nets) were introduced (Li and Song 2005). The

NWF-nets include some additional graphical components

to overcome those difficulties. But, the NWF-nets can only

be performed better in case of the simple processes.

NWF-nets are also failed to consider the complicated

processes.

We have developed a symbolic WF-nets called Symbolized

WorkFlow nets (SWF-nets), to emphasis on graphical

properties of the Petri net. The SWF-nets are facilitating

the easy communication between system processes,

process designers and system users.

Figure 2: Components of SWF-nets

Figures 2 and 3 illustrate the components and some

examples of SWF-nets, respectively. There are three types

of places, two types of arcs, and 14 types of tasks: 5

behavioral tasks, 8 routing-involved tasks, and 1

nets-in-nets task.

Ordinary places, True-condition Arcs, and Automatic-tasks

have the same meanings as those associated with places,
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arcs, and transitions in Petri nets. OR-Split and OR-Join,

MOR-Split and MOR-Join, and AND-Split and AND-Join

have to be used in pair, as shown in Figure 3 (i) and (ii).

There are Loop Begin and Loop End for loop structure.

The loop structure should be used with loop-condition-task

to avoid any livelock which will be discussed in the next

section. Figure 3 (iii) illustrates the loop example, i.e., if

tLC is true, then it goes to t3, otherwise it will be looping

until the loop condition tLC is satisfied. True-condition Arc

and Fault-condition Arc should be used with either the

loop structure or the binary-choice split, as depicted in

Figure 3 (i) and (iii). Figure 3 (iv) shows the user-task,

time-task, and storing-task. Task tUT is executed by a user;

tTT is executed at a predefined time; and executing tST
results in storing information into a certain database. The

Nets-in-Nets indicates nested nets inside the task, as will

be shown in Figure 7.

Figure 3: Examples of Using Components of SWF-nets

Table 1: SWF-net Expression for Figure 3

Example Formulized Expression

(i) P1TOS(P2T2P4 P3T3P5)TOJP6

(ii) P1TAS(P2T2P4 P3T3P5)TAJP6
(iii) PLET1P2TLCPLBT3P4
(iv) P1TUTP2TTTP3TSTP4

Three operators can be used to formulize the SWF-nets.

T1T2 represents the sequence routing which means that

task 1 (T1) should be executed before task 2 (T2). T3 T4

represents the choice routing which means that either task

3 (T3) or task 4 (T4) should be executed not both. T5 T6
represents the parallel routing which means that both task 5

(T5) and task 6 (T6) should be executed parallel. Table 1

shows the SWF-net expressions for the four examples

depicted in Figure 3.

4. ANALYSIS OF SWF-NETS

Three major workflow analysis methods are identified by

Aalst (1998): verification, validation, and performance

analysis. Verification examines the correctness of the

workflow process definitions while validation determines if

the workflow will behave as intended. A performance

analysis technique requires more advanced methods, such

as simulations. In this paper, we use Petri nets as a tool for

verification and validation of the proposed workflow.

The lack of verification and validation of a workflow often

results in runtime errors, such as deadlock and livelock.

(Aalst 1998). A deadlock happens when a workflow gets

stuck in a task, as a livelock occurs when a workflow has

trapped in an infinite loop. As long as a workflow can be

represented and executed without these errors, we can say

that the workflow is well defined. In order to provide the

evidence of being well-defined nets and capabilities of

describing the system behavior, there is the need to prove

the workflow is sound.

4.1 Soundness of SWF-nets

If a workflow is reachable, boundness, liveness and

strongly connected, there should be no deadlock and

livelock in any route, and the moment the flow ends there

is a token in place o which is the output place. These

constraints correspond to soundness property. Definition

of the soundness in a workflow is defined by Aalst and

Hofstede (2000).

Definition 7: A workflow is sound if and only if, it

satisfies the following three conditions; first, for every state

M reachable from state i, there exists a firing sequence

leading from state M to state o; second, state o is the only

state reachable from state i with at least one token in place

o; third, there are no dead transitions in the workflow.

Theorem 1. SWF-nets are the subset of Petri-nets.

Proof. The WF-nets are subset of Petri nets (by Definition

1) and the SWF-nets satisfy the WF-nets definition (by

Definition 6). Therefore, SWF-nets are the subset of

Petri-nets.

Theorem 2. SWF-nets are sound.

Proof. SWF-nets are subset of the Petri-nets and SWF-nets

are reachable (Definition 2), bounded (Definition 3), live

(Definition 4), and strongly connected (Definition 5).

Therefore, the SWF-nets are sound (Definition 7).
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These proofs allow us to use standard Petri net analysis

tools to verify the correctness of the SWF-nets (Aalst et.

al., 2000).

4.2 Comparisons

SWF-nets are subsets of WF-nets and satisfy most of

properties of WF-nets. WF-nets have some advantages and

disadvantages compared to other workflow nets.

First, SWF-nets structure gives a clearer understanding

than other workflow nets. Four pairs of routing

construction features and a loop-condition-task, shown in

Figure 2, provide no structure faults, such as livelock,

deadlock, or dead-task. Furthermore, symbolized places,

arcs, transitions, and net-in-net representations provide

apparent view of processes, i.e., easy to debug, change,

and modify, as well as hierarchical view for complicated

processes, i.e., top-down illustrations, as shown in Figure

7. Lastly, once processes are constructed by SWF-nets,

they also can be formulized using three operators. The

formulized expression provides the whole workflow at a

glance.

As a disadvantage of using SWF-nets, the representation of

processes is a bit longer than others since SWF-nets have

more detailed symbolized components than others.

5. A CASE STUDY: COLLEGE ADMISSION

SYSTEM AND PROCESSES

Graduate school admission process is complicated process.

Many users are involved, e.g., applicants, reviewers, and

decision makers, and many tasks have to be done in

sequence, e.g., application form first, other supporting

documents, and reviewing. We used the HCCS

architecture to model the college admission processes.

Figure 4: Possible Users and Procedures

Generally, there will be school Websites that anyone can

browse. If anyone wants to apply the school, one needs to

create an account and proceeds to the next steps, e.g.,

filling in the application form, uploading supported

documents, and checking the status of application

processes. Later, these applicants who submitted all

required materials will be reviewed by reviewers to decide

the acceptance. There are also other possible users;

reviewer reviews applicants’ files and make comments;

department chair examines reviewers’ comments and make

decisions; registrar verifies admitted students and sends

bills; webmaster checks Websites and update information.

Figure 4 shows a simple workflow to illustrate procedures

of each user’s possible activity.

Based on possible users, four user levels are identified, as

shown in Table 2, and a role hierarchy is generated as

shown in Figure 5, for the case study.

Table 2: User Levels and Possible User Actions

User

Level

T Web

Sites

Virt.

Place

Possible User Action

UL 0 N Y N Anyone can browse school Websites

and get information about the school.

UL 1 R Y L Applicants can submit the application

and upload supporting documents.

UL 2 R Y Y Reviewers can review applications,

and access to supporting files.

UL 3 A Y Y Department chair can access

reviewers’ comments, and make

decisions.

User level 0 (UL 0) contains normal (N) users, e.g., users

who want to browse the school Websites and no access to

virtual places, e.g., application Website, etc. User levels 1

and 2 include registered (R) users, e.g., applicants,

reviewers, and they can access to virtual places but UL 1

has limited access privileges to it. UL 3 can be assigned to

the department chair to give full access privileges.

Figure 5: Role Hierarchy with the User Levels

Expanded procedures of admission processes are shown in

Figure 6. Depending on the user level a user can be

directed to the right place. This workflow still shows brief

activities of each user level. Detailed explanations of some

security features, i.e., session assignment, RGT

assignment, UAM setting, can be found in the previous

article (Kim et. al 2006b).
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Figure 6: Detailed Procedure for Admission Processes

6. PROCESSES MODELING USING SWF-NETS

Figure 7 shows the whole admission process which

consists of three nets-in-nets processes: login, applying and

reviewing processes (shown in Figures 8, 9 and 10,

respectively). The nets-in-nets representation in the

SWF-nets is one of the main advantages. The top-down

zooming view approach gives a clear understanding of the

whole process, i.e., view 1, as well as the detail of a portion

of the process, i.e., view 4. Figure 7 illustrates the

top-down zooming view approach of the admission

process. There are three zooming views to examine tasks of

the department chair, i.e., reviewing process (View 2),

reviewing issues (View 3), and decision making (View 4).

For example, from the View 1, we can highlight the whole

process as follows: depending on the login process, a user

will be categorized by three levels and the user will follow

the corresponding route, and from the View 4, we can

observe what a department chair needs to do.

Figure 7: The Admission Process with Nets-in-nets
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Figure 8: Login Process

Figure 9: Applying Process

Figure 10: Reviewing Process
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Login process is shown in Figure 8. First, it verifies

whether a user is the new user which requires creating a

username and a password, or not. Once the user enters his

or her login information, the system checks the correctness

of login information. If it is correct, then login process is

ended. If it is not correct, the user can try three more times.

After the fourth time of failing to provide the right login

information, the system blocks the IP address for a certain

periods of time, and at the same time, the user is assigned

‘level 0 user’ and exited from the system. This method is

used many financial institutions to prevent the system from

abusing by phony users.

Applying process is shown in Figure 9. Based on the

security features of the HCCS architecture, a user will be

assigned a session. Then, there are three choices for the

user: filling in the online application form, uploading

supporting documents, or checking the status of the

process. In case of filling in the online application, system

checks the temporary database (DB_T) to see the user is

whether the returning user or not. If the user completes the

application form the system saves the form in the database

(DB_A) which will be available to the reviewers later. If

the user wants to quick this time the system will save

current form in the temporary database (DB_T) which will

be retrieved whenever the user comes back later. However,

if the user is not coming back within a certain period of

time, the system will delete the temporary database. Other

cases are to upload the supporting documents, e.g., test

scores, letters and so on, and to check the status of

application process.

Lastly, the reviewing process is shown in Figure 10. Places

from PF-01 to PF-08 are doing the session and RGT

assignments and setting or resetting the User Analysis

Module (Kim et. al 2006b). Then, depending on the user’s

role, the user will do the corresponding work, e.g., Web

design department people and registrar office people will

go through places from PF-09 to PF-13, and places from PF-14
to PF-18, respectively. A reviewer can review the applicants

and submit their comments. The chair can submit the final

decision once reviewers leave their comments in the

DB_B.

6.1 Formulized Expressions of Case Study

The whole admission process can be written with

formulized expressions. Table 3 summarizes the

expressions. The formulized expressions have apparent

advantages: it is easy for designers to understand each

process, debug and fix errors, and record the entire process.

For example, let’s take a look at the first expression from

the Table 3. In the TWHOLE, we can see there are three

parallel OR tasks. By definition of SWF-nets, it should

have the multiple-choice split before the tasks (TO-RS) and

the multiple-choice join after the tasks (TO-RJ). Also note

that there are three nets-in-nets in the process (TO-NN1,

TO-NN2, and TO-NN3).

Table 3: Formulized Expression for Admission Processes

Name Formulized Expression

TWHOLE PO-01TO-NN1PO-02TO-RS
(PO-03TO-03PO-04TO-NN2PO-05
PO-06TO-05PO-07TO-006PO-08
PO-09TO-07PO-10TO-NN3PO-11)

TO-RJPO-12TO-10PO-13
TO-NN1 TL-01PL-01TL-OS1(PL-02TL-UT1PL-03 PL-04)

TL-OJ1PL-LETL-UT2PL-06TL-OS2
(PL-07TL-LCPL-LBTL-LTTPL-09TL-09PL-10 PL-11)

TL-OJ2PL-12TL-11
TO-NN2 TA-01PA-01TA-02PA-02TA-OS1

(PA-LETA-04PA-04TA-UT1PA-05TA-NN1PA-20
PA-21TA-NN2PA-26)TA-OJ1PA-27TA-23

TA-NN1 TA-OS2{PA-06TA-OS3
(PA-07TA-LCPA-LBTA-ST1PA-09
PA-10TA-ST2PA-11)TA-OJ3PA-12
PA-13TA-OS4 (PA-14TA-13PA-15
PA-16TA-ST3PA-17TA-TTPA-18)

TA-OJ4PA-19}TA-OJ2
TA-NN2 TA-OS5(PA-22TA-UT2PA-23

PA-24TA-20PA-25)TA-OJ5
TO-NN3 TF-01PF-01TF-NN1PF-08TF-RS

(PF-09TF-09PF-10TF-NN2PF-13
PF-14TF-13PF-15TF-NN3PF-18
PF-19TF-17PF-20TF-NN4PF-36)TF-RJPF-37TF-33

TF-NN1 TF-02PF-02TF-03PF-03TF-OS1 (PF-04TF-UT1PF-05
TF-06PF-06 PF-07)TF-OJ1

TF-NN2 TF-10PF-11TF-11PF-12TF-12
TF-NN3 TF-14PF-16TF-15PF-17TF-16
TF-NN4 TF-18PF-21TF-OS2{PF-22TF-20PF-23TF-21PF-24

TF-ST1PF-25 PF-26TF-23PF-27TF-24PF-28
TF-OS3(PF-29TF-26PF-30TF-27PF-31TF-UT2PF-32
TF-ST2PF-33 PF-34)TF-OJ3 PF-35}TF-OJ2

7. CONCLUSIONS AND FUTURE WORK

Structured modeling processes of complex collaborative

commerce (c-Commerce) systems are very important for

verification and management. Current Petri net and

workflow analyses do not provide effective approaches to

carry out such functions. Modeling workflow processes

using Petri net based approaches provides powerful

analysis capabilities since it can specify, for example,

which tasks need to be executed and in what order.

In this paper, we discussed a previously introduced

c-Commerce architecture (HCCS) that can be used in many

situations. The intent was to assess this architecture and



verify its effectiveness. Modeling is a practical approach

to evaluate such system design. We investigated the use of

Petri nets in modeling applications of this system. Petri

nets abstracts and properties were reviewed and a modified

workflow net which symbolizes places, transitions and arcs

for modeling processes (SWF-nets) was proposed.

SWF-nets’ formulized expressions were derived to provide

effective analysis of processes. We showed the soundness

of the SWF-nets. This allows us to use standard Petri net

analysis tools to verify the correctness of the SWF-nets.

As a case study, graduate program admission processes in

a university were studied and mapped into the SWF-nets.

We showed that the complicated admission processes can

be presented in a much simpler form by using SWF-nets.

The method illustrated the usefulness and functionality of

the HCCS architecture as well. Developing complete

processes from college admission to graduation and

simulating the whole process using existing WF-net

software packages, such as YAWL

(www.yawl-system.com), will be considered in future

work. Practical issues and any limitations can then be

investigated further.
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ABSTRACT 

Web services are being increasingly adopted as the 
computing engine of choice for today’s Internet-driven 
applications. The composition of Web services further 
advances their advantages by allowing different services 
to integrate for providing new, value-added services. 
The automated discovery of adequate Web services is 
the pre-requisite and core feature for achieving dynamic 
Web services composition. In this paper, we present a 
novel approach that utilizes Case Based Reasoning 
methodology for modelling the Web services discovery 
and matchmaking problem. Our framework uses OWL 
semantic descriptions extensively for implementing 
both the components of the CBR engine and the 
matchmaking profile of the Web services.   

1. INTRODUCTION 

The last decade has witnessed an explosion of 
application services delivered electronically, ranging 
from e-commerce and Internet information service, to 
services that facilitate trading between business 
partners, better known as B2B relationships. 
Traditionally these services are facilitated by distributed 
technologies such as RPC, CORBA, RMI, and more 
recently Web services. 

Web services use XML extensively for messaging, 
discovery, and description. The use of standardized 
XML-based messaging makes Web services platform 
and language neutral. The Web services technology uses 
Simple Object Access Protocol for XML messaging, 
which in turn uses ubiquitous HTTP for the transport 
mechanism. As firewall bypasses HTTP, it allows the 
Web services to be exposed beyond the firewall. The 
above advantages make Web service the best-suited 
computing engine for today’s Internet-driven 
applications. Moreover, the composition of Web 
services adds a new dimension to Web services 
advantages by providing value-added integrated service 
to the end-user or facilitating co-operation between 
business partners. 

Automation prospects related to Web services 
composition, discovery and matchmaking are being 
explored to make Web services ubiquitous with open 
plug-in interfaces. Automatic Web service discovery 
and matchmaking is the principal aspect for the dynamic 

service composition. The accuracy of the matchmaking 
process enhances the possibility of successful 
composition, eventually satisfying the user and 
application requirements. The current standard for Web 
service discovery UDDI is syntactical and has no scope 
for automatic discovery of Web services. Hence, current 
approaches attempting to automate discovery and 
matchmaking process apply semantics to the service 
descriptions. These semantics are interpretable by the 
service agents and should include WSDL-based 
functional (Dean et al. 2005) parameters such as the 
Web services input-outputs and non-functional 
parameters (Aggarwal et al. 2004) such as domain-
specific constraints and user preferences. 

Current approaches match the static behaviour of 
Web services in terms of whether the service has similar 
description for functional and non-functional 
parameters. While for the candidate Web services it is 
highly likely that these parameters are semantically 
similar, it is the execution values for such functional and 
non-functional parameters that provide valuable 
guidance for decision-making process regarding service 
adequacy for the task. This is because service behaviour 
is difficult to presume prior to service execution and can 
only be formed based on the experience with the service 
execution. The accuracy of automatic matchmaking of 
Web services can be further improved by taking into 
account the adequacy of past matchmaking experiences 
for the requested task.   

Hence, there is a need for a methodology that uses 
domain-specific knowledge representation system for 
capturing the Web services execution experiences and 
reason based on those experiences. Case Based 
Reasoning (CBR) provides such methodology as its 
fundamental principle is that experience formed in 
solving a problem situation can be applied for other 
similar problem situation. In this paper, we present such 
a framework based on Semantic Case Based Reasoning 
(S- CBR), in which reasoning for service discovery and 
matchmaking is done based on set of previous 
experiences or cases.  

The paper begins with an introduction to Case 
Based Reasoning. In section 3, we introduce the 
Semantic CBR modelling applied to Web services. In 
section 4 we discuss the design of our matchmaking 
algorithm. Section 5 presents our implementation of 
such Semantic CBR system for Web services. In section 
6 we discuss differences and similarities with other 
related work. Section 7 presents conclusions and a note 



about how we plan to extend this framework in the 
future.   

2. OVERVIEW OF CASE BASED REASONING 

We adopted CBR as the engine for our Web services 
discovery mechanism because CBR’s fundamental 
premise that situations recur with regularity, (Aamodt 
and Plaza. 1994) i.e. experience involved in solving a 
problem situation can be applied or can be used as guide 
to solve other contextually similar problem situation. 
Reasoner based on CBR hence matches the previous 
experiences to inspire a solution for new problems. 
There are three main stages in CBR reasoning: 

Case Representation 

Case- the core component of CBR system can be 
defined as a contextualized piece of knowledge 
representing an experience (Aamodt and Plaza. 1994). 
Case records knowledge at an operational level by 
capturing experiences in terms of problem situation and 
the solution involved. Case vocabularies are the labels 
or the representation schemas defining what knowledge 
needs to be captured. These vocabularies need to be 
organized in modular or structured fashion to make 
them recognizable by the CBR reasoner; hence various 
representation styles for case representation exist. 

Case Storage and Indexing 

Case worthy of storage contributes to the reasoning 
of CBR reasoner in solving new problem situations. 
Such Cases need to be indexed and stored in the case 
library or case base, so that reasoner can retrieve them 
for reasoning. Apart from efficiency, the purpose of 
indexing cases is relevance, i.e. to retrieve contextually 
relevant cases to the new problem. 

Case Search and Evaluation 

Whenever a new problem needs to be solved, case 
library is searched for the cases that can provide 
potential solution. The first phase of the search is case 
retrieval, and uses indexing to retrieve cases that are 
contextually similar to the new problem. In the next 
phase matchmaking, the retrieved contextually similar 
cases are further matched or investigated to verify if the 
possible solution is the one applied to the prior problem 
situations. If the system does not find an adequate 
match, then the combined contextual knowledge of 
relevant cases is applied to solve the problem, this phase 
is called adaptation.  On success, adopted cases are 
entered in the case library. On failure, the situation 
leading to failure is entered in the case library, which 
serves as a case and guides the CBR reasoner to avoid 
future failures in similar situation. Inconsistencies 
encountered during the evaluation are recorded as cases 
and are termed case revision.

In our approach, Web services execution 
experiences are modelled as cases. The cases are the 
functional and non-functional domain specific Web 
services properties described using semantics.  In this 

modelling, the case library will be the storage place for 
such execution experiences and is identical to Web 
service registry in that it stores Web services references, 
but unlike registries case libraries also describe 
execution behaviour. 

Case retrieval is similar to Web services discovery 
problem in that both mechanisms seek to find potential 
Web services for the current problem. Case 
matchmaking is similar to Web services matchmaking 
as both attempts to select acceptable Web services, from 
the retrieved Web services during the case retrieval or 
Web service discovery phase respectively.  Case 
adaptation, applicable when the available cases cannot 
fulfil the problem requirements by and carried out by 
adapting available cases, is similar to Web service 
composition, as the composition is applied when 
available services are not sufficient in meeting the 
requirement for the problem. 

3. USE OF CASE BASED REASONING FOR WEB 
SERVICES MATCHMAKING 

The Framework Architecture 

In our S-CBR framework, there are two main roles: 
case administrator who is responsible for case library 
maintenance by entering or deleting cases from the 
library and case requestor who searches the case library 
to find solution for the problem and is similar in role 
with Web service requestor. Figure 1 is the schematic 
diagram for our framework. 

S-CBR allows the Web service requestor to provide 
problem description and search for Web service that 
meets the requirements. The dynamics of the framework 
operation is as follows: 
1) Initially, the administrator populates the repository 
with semantic case representation formats for specific 
application domain. This representation is used to 
semantically annotate both the user requests for suitable 
services and the execution experiences of Web services 
for the specific domain.  
2) The S-CBR Engine is the first contact point for the 
web service requestor, who can use the user interface to 
input the problem requirements and as a final result 
receives Web service references with other details. After 
receiving the problem description, S-CBR starts search 
for finding suitable services that matches the request.  
3) At this stage, the CBR Engine passes new problem 
description and the custom semantic case representation 
format to the Semantic Description generator module, 
which annotates the new problem according to the 
representation format 
4) The annotated problem is then passed to the indexing 
module, which computes the suitable index for the new 
problem and passes the index to the Case retrieval
module. .  
5) The case retrieval module queries the case library for 
cases with the similar indexes. Output at this stage will 
be the cases, which have similar index to the current 
problem and these retrieved cases are passed to the next 
stage.



6) The case matchmaking module takes retrieved cases 
and the annotation of problem description from the 
semantic description generator module, and outputs 
matched cases.  
7) The CBR engine receives these matched cases and 
extracts the Web services details from the solution part 
of the case. 
8) The CBR engine returns Web services details to the 
service requestor. 

Figure 1: Architecture of the S-CBR framework 

Although the chosen case study for this work is 
from the travel domain, the modular, ontology-driven 
design of framework makes it application-independent 
and allows its seamless reuse for other application 
domain. 

Semantics for Case Representation and Storage 

This section provides details on the CBR modelling 
to address the Web services discovery and matchmaking 
for specific application domains, exemplified by the 
classic Travel Domain problem (Thakker et al. 2005). In 
this problem domain the user (Web service requestor) 
wants to find suitable Web service for a planned travel 
trip.  

Case Vocabularies 

In our approach, we store Web services execution 
experiences as cases. The vocabulary for such cases 
includes functional and non-functional parameters, 
which characterize the Web services execution 
behaviour. The choice of these parameters should be 

domain-specific and should represent the knowledge 
associated with the context of that particular domain.  

In our travel domain based framework the 
vocabulary includes functional and non-functional 
parameters: 
1) The functional parameters are inputs (i.e. travel 
details) to the travel domain Web services and outputs 
(i.e. travel itinerary) from such Web services.  
2) Non-functional parameters are constraints on various 
values (i.e. exclusion of particular travel medium or 
particular travel medium instance) or preference for 
certain parameters (i.e. price range, currency, Quality of 
Service expected). In addition, execution experiences 
stored in the case library should also include the 
solution and a notion to specify if the solution was 
acceptable for the end-user. Features that characterise 
the domain are extremely useful for top-level indexing 
and can also be included as non-functional parameters.  problem
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Case Representation using Frame structures. 

After deciding on the knowledge and corresponding 
vocabulary to be represented as a case, we need to 
decide how this knowledge can be represented. 

In our approach, we adopt frame structures for the 
case representation. In frame structures, frame is the 
highest representation element consisting of slots and 
fillers. Slots have dimensions that represent lower level 
elements of the frame, while fillers are the value range 
the slot dimensions can draw from. In our 
implementation, slot dimensions represent case 
vocabulary in modular fashion while fillers describe the 
possible value ranges for the slot dimensions.

Frame representations are highly structured and 
modular which allows handling complexity involved in 
representation. Moreover, frame structure has 
relationship with semantic net, which makes natural 
transition to the Semantic Web descriptions possible.  
Table 1 shows such a frame structure for our travel 
domain case vocabulary. 

Table 1: Travel Domain Frame Structure 

Slot Dimension Filler

City Departure  valid city Travel
Request

City Arrival valid city 

On Instance Valid Travel Domain 
Instance

Constraints

on Goal
On Domain Valid Travel Domain 

On Price range positive Double 

On Currency valid  currency 

Preferences

On QoS parameter possible QoS parameter(s) 

Features Travel Regions Domestic/International 

Mapping Frame structure to Ontologies.  
In the developed framework, we map the frame 

structures to ontologies. We derive rules for such 
mapping as described in Figure 2. According to this 
mapping, frame and slot are represented as classes.  The 



relationship between frame and slot is expressed in 
terms of properties of frame, as the range for these 
properties are the slot classes. Dimensions are the 
properties of the slots. Possible range for these 
properties is the values the respective filler can derive 
from. 

We use Web Ontology Language (OWL), a 
Semantic Web standard for constructing these 
ontologies. OWL is the most expressive Semantic Web 
knowledge representation so far. The layered approach 
adopted by semantic web, allows reasoning and 
inference based on ontologies, which is the most 
powerful and ubiquitous feature of Semantic Web. After 
applying the mapping, the ontology for the travel 
domain case representation is created (Figure 2), where 
CaseRepresentation class has: hasTravelRequest,
hasTravelResponse, hasConstraintsOnGoal,
hasPreferences, hasFeatures, hasSolution and
hasFeedback object properties. Range for these 
properties are TravelRequest, TravelResponse, 
Constraints, Preferences, Features, Solution, and 
Experience classes respectively. 

(S-CBR. 2006) contains the main ontology classes 
that CaseRepresentation ontology refers to in our 
framework, namely TravelRequest, Constraints, 
Features, Solution, Feedback, QoS and City. In order to 
exercise the noble objective of globalization of semantic 
descriptions, we used external ontologies where 
appropriate (Currency 2005, Portal 2005). For instance, 
the cityOfArrival is an object property referring to the 
publicly available ontology (Portal 2005) where other 
useful information about the specific city can be found 
such as country, the number of inhabitants, etc. 

Figure 2: Mapping between frame structure and 
semantic case representation for Travel Domain 

After modelling cases in OWL based semantic 
descriptions, it is possible to reason using OWL 
reasoner (Parsia and Sirin 2004).  Each new case stored 
in the case library, will be an instance of the ontology 
class CaseRepresentation. This makes it possible to 
derive inference for the purpose of decision-making, 
which involves further phases of CBR system. 

Frame structure based case representation for Web 
services execution experiences, which has a notion for 
describing functional and non-functional parameters, 
provides a mechanism to represent higher structured 
real-life problems. For instance, a real world web 
services execution problem described in plain English 
representation:  “Find a Trip for single person, Mr Lee; 
Mr Lee wants to travel from Boston to New York, with 
price range in total $220, He does not want to travel by 
road. The dates of Travel will be 27-02-2005 for 
departure and 01-03-2005 as return date. He prefers to 
pay in USD. He needs quick results (approximately in 
1.5 seconds).”  will be transformed as frame as shown in 
Table 2.

Table 2: Example of a Case 

Travel Request 

City Departure New York ([City (USA [Country])]) is-city-of

City Arrival Boston ([City (USA [Country])]) is-city-of

Preferences 

On Price range 220

On Currency USD ([Currency]) code

Features

Travel Regions Domestic ([Travel Regions]) 

Class = [class],  Instance = instance ([class]),  Property =  properties

4. S-CBR FRAMEWORK DEVELOPMENT 

Case Indexing and Storage. 

Cases can be indexed based on vocabularies, which 
should allow retrieval of appropriate cases during the 
search procedure. For indexing cases in our framework, 
we use “partitioning the case library” method, which is 
a variation of “flat memory indexing” technique 
(Kolodner 1993). In this indexing method, case library 
is partitioned based on certain vocabularies and the new 
problem is recognized based on the identical 
vocabularies to decide which partition the problem falls 
into. In our architecture, cases are stored based on 
vocabulary element Features as presented in Table 1,
which corresponds to hasFeatures property (see Figure 
2) from the CaseRepresentation ontology class. For our 
travel agent case study, the possible values for this 
vocabulary (hasFeatures property) are either Domestic
or International (pre-defined instances from the 
TravelRegion class), hence indexing will partition case 
library into two parts. This simple procedure for 
indexing works for our proof-of-concept, however the 
real-world Case Based Reasoning system can use more 
than one vocabulary term or combinations of 
vocabulary terms for indexing.   

Case Representation 

TravelResponse Features Constraints

frame

slot

hasTravelResponse 

hasFeatures 

hasConstraintsGoal

property 

$520

price

London

city 

filler 

dimension

Case Retrieval 

Whenever a new Web service needs to be searched, 
the problem description involving the functional 
parameters and non-functional parameters are encoded 



using the case representation frame structure. In our 
framework, the new problem description is an instance 
of CaseRepresentation ontology, which involves 
possible values for properties: hasTravelRequest,
hasConstraintsOnGoal, hasPreferences and
hasFeatures.

Our CBR architecture identifies the new problem 
based on the partition it falls into, and then the rest of 
the matching is applied to cases from that partition only.  
In Framework, this corresponds to using hasFeatures
property value to reason whether the new problem falls 
under Domestic or International Travel Region. Based 
on the outcome of reasoning, the cases associated with 
particular partition are further investigated.  

Case Matchmaking and Ranking 

The case retrieval procedure suggests cases that are 
a potential solution to the problem. The matching 
procedure that narrows down the retrieved cases to 
present acceptable solution(s). From the available 
methods for matchmaking in CBR literature, we choose 
Nearest-Neighbour Matching and Ranking using 
numeric evaluation function (ReMind 1992) method for 
our framework. This method assigns importance 
ranking to properties of case and then computes the 
degree-of-match by comparing the cases based on 
values for these properties. Applying this procedure to 
all the retrieved cases gives the best matching cases. We 
implement the Nearest-Neighbour Matching and 
Ranking method in the following manner:  

We rank case dimensions that contribute to the 
decision-making procedure for finding a successful 
solution. Ranking is applied to the slot dimensions with 
the importance indicator in the range of 0-1, where 1 
indicates the highest importance. For example, we 
assign City Departure and City Arrival importance of 
1.0. 

Next, for the new problem and each retrieved cases 
we compare the filler values for ranked dimensions to 
derive the degree of match.  As the implementation of 
case is in terms of semantic descriptions, the degree of 
match is semantic based.  To find degree of match, we 
use two different approaches for dimensions
implemented as object properties and those 
implemented as data type property. 

Object Property Comparisons 

For the dimensions annotated as object properties, 
the possible filler values will be an instance of slot 
class. Hence, for semantically matching object property 
value for the new problem and the retrieved cases, the 
algorithm compares the instances. If the instances 
matches then the degree of match = 1, otherwise the 
algorithm traverses back to the super class of the class, 
the instance is derived from and comparison is 
performed at that level.   

The comparison is similar to traversing tree 
structure, where the tree representing the class hierarchy 
for the ontology element.  This procedure of traversing 
back to the super class and matching instances is 

repeated until there are no super classes in the class 
hierarchy; hence leaf node for the tree is reached, giving 
degree of match=0. The value assigned for the partial 
match will be, 

DoM =   MN
               GN 

Where, MN is the Total number of matching nodes 
in the selected traversal path, and GN Total number of 
nodes in the selected traversal path. 

For example, comparing the departureCity object 
property values for the new problem request and the 
retrieved cases (#1 and #2) will give degree of match for 
Case#1 =(0/3)=0 because no matches are found while 
traversing the ontology tree until the leaf node is 
reached. However for Case#2, the degree of match will 
be 2/3=0.67 as the instances (New Jersey, New York) 
does not match but the instance of the Country super-
class match. Refer Figure 3

Figure 3: Semantically matching object properties 

DataType Property Comparisons 

For semantically comparing the dimensions that are 
implemented as data type properties, we use qualitative 
regions based measurement (Kolodner 1993) method. In 
this method, the qualitative range classifies possible 
values into number of qualitative regions. The 
respective values in the retrieved case and new problem 
are evaluated based on which region they fall into. 
Degree of match =1 if they fall under the same 
qualitative region. Otherwise, degree of match is 
assigned based on the relative distance from the new 
problem’s qualitative region. Higher the distance, lower 
the value.  Hence,

Where, DQ is the Distance from the desired 
qualitative region and TQ is the Total number of the 
qualitative regions. For example, if the 
hasPreferenceOnpriceRange data type property have 
qualitative regions (0-299), (300-599) and over 600. 
Comparing price range for the new problem request 
(350) with the respective retrieved case (220): value for 
the retrieved case falls under range (0-299), while for 

Continent

Country

City 

America  

USA 

New York

Request 

Europe America 

USA    UK 

London New Jersey

Case#1 Case#2 

DoM = 1 -     DQ  
                      TQ 



the new problem it is (300-599), hence the degree of 
match is  (1- 1/3)=0.66. 

Computing the overall similarity value 

Apply following evaluation function (ReMind 
1992) to compute the aggregate degree of match for 
each retrieved case. 

Where, n is the number of ranked dimensions, Wi is 
the importance of dimension i, sim is the similarity 
function for primitives, and fi

N     and fi
R are the values 

for feature fi in the new problem and the retrieved case 
respectively. The evaluation function sums the degree of 
match for all the dimensions as computed in previous 
step, and takes aggregate of this sum by considering the 
importance of dimensions. 

The accuracy of Web services discovery and 
matchmaking is dependent on the right combination of 
indexing, ranking and the existence of adequate cases in 
the case library. 

5. IMPLEMENTATION HIGLIGHTS 

The implementation of our framework uses 
semantics extensively to implement the component of 
the CBR system as case representation is in terms of 
ontologies, the individual cases are implemented as 
ontology instances and the CBR system logic for 
indexing, matching, retrieval and ranking of cases is 
developed using Java based ontology reasoner. OWL 
DL was our ontology language of choice. We used 
Pellet - a Java based OWL reasoner. 

Figure 4: User Interface 

Figure 4 illustrates a snapshot of the GUI developed 
for the matchmaking framework. The interface allows 
different options to two kinds of users: The case 
administrator, who is responsible for case library 
maintenance and a case requestor who wants to retrieve 
Web service for a trip. The implementation issues case 
administrator privileges for administrator in order to 
perform case maintenance activities: case seeding, 
rankings, setting up the threshold value (the acceptable 

value for matching coefficient) and deletion of old 
cases.  Case requestor can also setup rankings, which 
will be applicable for a particular session. 

While seeding the case library with a new case, the 
interface assists the case administrator in creating the 
ontology instances. The main feature of the framework 
is that the program creating the user Interface uses 
CaseRepresentation class from the CaseRepresentation 
(Figure 2) ontology to form the GUI elements. 
Subsequent properties from the CaseRepresentation 
class and the range for those properties constitute the 
rest of the user interface.  For example, one GUI 
component in figure 3 shows the mode in which case 
administrator is assisted for creating the instance of 
Travel Request class while entering hasTravelRequest
property of CaseRepresentation class. The value entered 
for particular property is validated against the range and 
cardinality from the ontologies. Framework also makes 
the possible instances available once they are created. 
For example, in Figure 4 while entering values for the 
Travel Request, city instances Boston and New York are 
available for re-use. As a result of seeding a new case, 
framework creates an ontology instance of 
CaseRepresentation class and stores into case library.   

       n
i=1 Wi  * sim (fi

N, fi
R ) 

ADoM =    ____________________  

                 n
i=1  Wi

For case searching, the framework assists the case 
requestor with the user interface similar to that available 
for case administrator, and creates semantic description 
for the new problem parameters. Generated index for 
such semantically described problem governs the 
decision regarding which partition the problem falls into 
and the cases from that partition are retrieved for further 
matching. This matching procedure is implementation 
of the algorithm described in previous section. Result of 
the matching procedure displays the case instances, 
which have similar problem situation to the new 
problem. The framework also displays the aggregate 
matching coefficient associated with such suggested 
case instances for the case requestor to view and make 
appropriate selection. 

6. RELATED WORK 

Semantic descriptions are increasingly being used 
for exploring the automation features related to Web 
services discovery, matchmaking and composition. The 
semantic approach to composition aims to achieve a 
more dynamic composition by describing the Web 
services semantically, thus allowing software agents to 
reason about the service capability, and make all the 
decisions related to the composition on behalf of the 
user or developer. OWL-S (Ontology Web Language 
for Web services) is the leading semantic composition 
research effort. OWL-S (Dean et al. 2005) ontologies 
provide a mechanism to describe the Web services 
functionality in machine-understandable form, making it 
possible to discover, and integrate Web services 
automatically. An OWL-based dynamic composition 
approach is described in (Sirin et al 2003), where 
semantic description of the services are used to find 
matching services to the user requirements at each step 
of composition, and the generated composition is then 



directly executable through the grounding of the 
services.  Other Approaches use Artificial Intelligence 
planning technique to build a task list to achieve 
composition objectives: selection of services and flow 
management for performing composition of services to 
match user preferences.  A constraint driven 
composition framework in (Aggarwal et al 2004), uses 
functional and data semantics with QoS specifications 
for selecting Web services.  These approaches use 
semantics for automatic Web services discovery; 
however overlook the Web service execution behaviour 
in decision-making.  

Experience based learning using CBR is a relatively 
old branch of Artificial Intelligence and Cognitive 
Science and is being used (Hammond 1986) as an 
alternative to rule-based expert system for the problem 
domains, which have knowledge captured in terms of 
experiences rather than rules. However, Case based 
reasoning for Web services were initially documented in 
(Limthanmaphon and Zhang 2003), where the 
developed framework uses CBR for Web services 
composition. In their approach, the algorithm for Web 
services discovery and matchmaking is keyword based 
and has no notion for semantics. This affects the 
automation aspects for Web services search and later for 
composition. Our framework consumes semantics 
extensively and achieves the automation required for 
web service discovery and matchmaking. Use of 
ontologies also makes our framework extensible and 
reusable.  

7. CONCLUSIONS AND FUTURE WORK 

Semantic description of Web service profile paves 
the way for automating the discovery and matchmaking 
of services since it allows intelligent agents to reason 
about the service parameters and capabilities. However, 
the accuracy of such automatic search mechanism 
largely relies on how soundly formal methods working 
on such semantic descriptions consume them.  

In this paper, we argued for the importance of 
considering the execution values for semantically 
described functional and non-functional Web services 
parameters in decision making regarding Web service 
adequacy for the task. This is because the service 
behaviour is impossible to presume prior execution and 
can be only generalized if such execution values are 
stored and reasoned for deciding service capability. AI 
planning and Intelligent Agent based reasoning methods 
provide rule-based reasoning methodology rather than 
experience-based. Hence, we used CBR method that 
allows capturing experiences and reasoning based on 
them.  We implemented Semantic Case based Reasoner, 
which captures Web service execution experiences as 
cases and uses these cases for finding a solution for new 
problems. The implemented framework extensively uses 
ontologies, as semantics are used for describing the 
problem parameters and for implementing components 
of CBR system: representation, indexing, storage, 
matching and retrieval. These components are modelled 
based on ontologies, making the application logic 

captured within semantic descriptions. Semantic 
approach for modelling CBR reasoner achieves required
automation and makes CBR reasoner extensible and 
reusable.  

A problem that research in semantic-based 
matchmaking and composition has not addressed 
sufficiently is the interoperation between independently 
developed reasoning engines. Without this 
interoperation, the reasoning engines remain imprisoned 
within their own framework, which is a drawback, 
especially that most engines usually specialize in 
serving a particular domain, hence interoperation can 
facilitate inter-domain orchestration. We believe that in 
this work we took a small step forwards standardization 
at the reasoner level by describing the CBR reasoning 
model semantically. 

Future work will involve exploring case adaptation, 
which is applicable when the available cases cannot 
fulfil the problem requirements, so matchmaking is 
attempted by adapting available cases.  
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ABSTRACT 

This paper describes generic multi-agent systems 
architecture for an urban driving advisory system. This 
architecture is described as composed of basic role-
oriented processes communicating though primitive 
interaction protocols. The architecture is aimed to 
provide an enabling communications framework upon 
which multi-agent system models can be organized and 
built to be used for an simulation of an urban map and 
to estimate the traffic behavior (to provide information  
about the best routes). The paper presents a hierarchical 
routing strategy for an Urban Driving Advisory System 
(UDAS), based on agent technology. UDAS assists the 
drivers to get the desired destination taking into 
account the current situation of traffic characteristics. It 
gives the estimated arrival time and the corresponding 
distance between a start and an arrival point. The 
necessary information is obtained from a real-time 
traffic control system (RTCS). The drivers could 
consult the advisory system using a variety of devices 
like mobile phones. The information given by the 
advisory system has the form of predefined short 
messages. 

INTRODUCTION

The urban traffic is frequently perturbed by 
congestions, followed by usual delays, accidents and 
road closures that cause supplementary delays. The 
architecture of Urban Traffic Advisory System is 
described by A tilean et al. (2002), according to this 
paper different clients can access the system to receive 
data about the road traffic. The communication 
between possible clients and UDAS can be done using 
a mobile phone (through Short Message Service – 
SMS, General Packet Radio Service – GPRS, Wireless 
Application Protocol – WAP). 
We propose a system architecture base on multi – 
agent technology. The agents will work in an online 
environment. The architecture that we propose for this 
system is implemented on several different layers.  

Communication makes it possible for agents to 
cooperate. To solve the communication problem, we 

use intelligent agent. When we describe agents as 
intelligent, we refer to their ability to:  
- communicate with each other using an expressive 

communication language; 
- work together cooperatively to accomplish 

complex goals; 
- act on their own initiative and; 
-  Use local information and knowledge to manage 

local resources and handle requests from peer 
agents. 

We implement agents with different function like: 
agents for urban map (for intersections, streets) and 
route agents. The needed data is collected from 
different sensors (installed on the road surface and 
counting the number of vehicles, cameras installed 
along the roads which provide visual information about 
the traffic, ultrasonic sensors etc.) locally stored and 
transmitted to other agents. The paper is structured into 
four sections: the first section introduces the early 
work in the field, in the second section the proposed 
multi-agent system architecture is presented, the third 
section the communication system used by agents is 
presented and in the fourth section the system used to 
provide the best route for the mobile users is presented 
shortly. The ant algorithm is used for finding the best 
route. The simulated map is divided into several zones. 
The routing algorithm is applied on two layers, first to 
get the zones needed to be pas and second on each 
zone to find the route between entry point and exit 
point (for the situation that we just pas the zone) or the 
entry point and destination (for the situation that we 
are in the final zone).   

SYSTEM ARCHITECTURE 

Multi – agent systems provide possible solutions to the 
traffic problem, while meeting all the criteria. Agents 
are expected to work within a real-time environment. 
For managing an urban traffic system, a hierarchical 
multi – agent system that consists of several locally 
operating agents each representing an intersection of a 
traffic system or an area (depend on the configuration 
and the complexity of the area) is proposed. 
Improvements to urban traffic congestion must focus 
on reducing internal bottlenecks to the network, rather 
than replacing the network itself. 



Traffic lights possess sensors to provide basic 
information relating to their immediate environment. 
This includes road and clock sensors, measuring the 
presence and density of traffic and providing the time 
of day to the traffic light. 
A solution to the urban traffic problem using agents is 
to simply replace all decision-making objects within 
the system by a corresponding agent.  
The proposed architecture is presented in figure 1. 

The map is divided into several areas and these areas 
are supervised by a local agent. All agents 
communicate with the controller agent. On this paper 
we propose a multi – agent architecture of the UDAS.  

The UDAS will provide information about the traffic 
like: congestions, queues at the priority to all the 
requests from the police, ambulances and fire 
department and will provide detailed information to the 
public transportation companies. 

In figure 2 are presented the goals of the multi agents 
system to achieve the imposed request on the system.  

The controller agent must manage the local zones, 
manage the requests from users (about the urban traffic 
behavior, the best route between two points – provided 
by the user, manage the request of modification of an 
previous request about an best route, display the result 
for user – send an SMS, or how the user specified to 
receive the response, save the request and the response) 
and to manage the communication between different 
simulated zones. For zones simulation (urban traffic 
and different situations – like any traffic problems that 
occur and we simulate the map to find the best 
solution, ex: car accident and we have two or more 
possible solution for managing the traffic with 
minimum cost, time and money) we use the simulator 
presented by Avram & all, 2005. When the controller 
agent produces the simulation zones must take into 
consideration several request presented in the paper of 
Avram & all, 2005.  

Local 
Agent

Local
Agen

Local 
Agent

Local 
Agent

Local 
Agent

Controller
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Figure 1. The system architecture 
AGENT COMMUNICATION 

The UDAS agent is based on a three-layer deliberative 
architecture. This architecture comes from 
conventional knowledge – based applications. This 
system separates the application into three knowledge 
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bases. The three layers that compose the UDAS agent 
architecture are the Knowledge Layer, the Inference 
Layer and the Controller Layer. The UDAS multi – 
agent architecture is presented in figure 3.  

The Knowledge Layer (KL) is the one where the 
knowledge about the traffic of the respective area is 
stored. Above other information, this layer contains a 
formal representation of the road map of certain area. 
This representation consists on a partial instantiation of 
the traffic ontology. The fulfillment of the KL with 

data from the geographical area consists on giving the 
list of instances of nodes, roads, etc. 
The Inference Layer (IL) is where the functionalities 
of the UDAS agent are implemented. This layer uses 
the knowledge of the KL, and certain algorithms to 
calculate its results. More concretely, in order to 
calculate the proper route for a given petition, the IL 
implements a modified Dijkstra algorithm that operates 
with the graph contained in the KL (more information 
you can find in the paper written by A tilean et. al, 
2003) and for this paper we implement the ant 
algorithm. Dijkstra algorithm gives good result in case 
of a static search. The ant algorithm calculates the 
optimum route between two nodes. The selection 
method selected is the travel time from a node to its 
neighbors. The travel time is calculated dividing the 
distance between two nodes and the maximum velocity 
of the road that connect them. This velocity can be 
modified at run time in order to reflect the road state. 
That it’s to say, to reflect the congestion level of a 
road: fluid, with intermittent stops, road closed, etc. 
This reduces the maximum velocity value used in the 
selection.  

Finally, Controller Layer (CL) is the one who 
manages the communication tasks of the UDAS 
agents. These tasks include the sending and receipt of 
Agent Communication Language (ACL) messages and 
the follow up of the coordination protocols that have 
been defined. This layer is able to interpret the 
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incoming messages, to extract the query and send it to 
the lower layer. Also, it has to construct the proper 
message in order to reply the petition with the data 
received from the IL. On the other hand, the CL has to 
perform some other tasks, related to the FIPA 
(Foundation for Intelligent Physical Agents) 
specifications and the Agent cities network. It has to 
register the agent in the DF, search for other agent 
name in the DF, connect and disconnect the agent from 
the network, etc. 
The goal is to develop a multi – agent system that 
makes use of the knowledge based methodology. 
In figure 4 the goals of the agent that manage the 
simulation zone is presented.  
The agent must simulate the road traffic for his zone 
and for simulation is using the simulator described by 
Avram & all, 2005.  
This simulator is a hybrid simulator; use macroscopic 
model in case of the streets where we have information 
about the medium values of the speed and no. of cars 
(on and off ramps, or long street where we are not 
interested about the individual cars) and microscopic 
model in case of the streets where we want to track 
individual cars (intersections and the adjacent streets). 
Streets can be divided into several virtual segments 
and these segments can be modeled using microscopic 
or macroscopic model based on the amount of 
information from traffic. The simulator gives 
information about the no. of cars / time interval and the 
speed needed to pass that street (in case of the 
macroscopic model we get average values and in case 
of the microscopic model we get the speed of all cars 
that pass the street).  This simulator can simulate an 
average map (with 3000 cars) and 2-3 hours of traffic 
in less than 2 minutes having different traffic scenarios 
(the map have several inputs streets, we can modify the 
time interval between the cars that enter on the 
simulated map).  
The agent must determine the best route between two 
points from his simulated map; this goal can be 
achieve using the algorithm that will be presented later. 

The UML Class diagram for finding the best route is 
presented in figure 5.  

For a scenario the agent can setup some constraints for 
traffic and also for the best route algorithm. The agent 

must estimate the traffic behavior for each request for a 
best route and set up some costs for each route. In case 
that we have several request for the same interrogation 
or part of the rote we set up some costs and these costs 
are use when we search for best route do not give the 
same result, other wise we will have some traffic jams 
started by our system (for ex.: In case of a music 
concert if several hundred request for the same 
destination are solved statically (giving the same result 
for all the request) will be a problem so we will 
memorize all the request, setup some costs and 
estimate the traffic behavior when the user will be in 
that area to get the best result from the system).  
In figure 6 is presented the UML Package Diagram for 
the packages used for solving the estimation problem. 

estimation simulation 

model

bestRoute 

Figure 6. The UML Packages Diagram 
– used for estimation problem 

BEST ROUTE 

 Ant algorithm 

Ant algorithm is a class of meta-heuristics that can 
yield near-optimal solutions to hard optimization 
problems. They maintain a population of agents that 
exhibit a cooperative behavior. For example, ants 
deposit pheromones in the environment that influence 
others which tend to follow it. Such an approach is 
robust and well supports parameter changes in the 
problem.  
Ant algorithms has been applied successfully to 
various combinatorial optimization problems like the 
Traveling Salesman Problem by Dorigo (1997), 
routing in networks by Caro (1997) and by White 
(1997), for distributed simulation by Bertelle et al., 
(2002) and graph partitioning by Kuntz et al., 1997).  

Arc Node 

Map ListNode Algorithm

RunSim 

* *

Figure 5. The UML Class Diagram of the 
package used for finding the best route. 

Based on the model described on a previous chapter 
we describe the urban map as a weighted digraph: 

,, ANG    (1) 
Where: 
N is a set of nodes, representing the short segments and 
the long segments (the boundary between two 
segments) and;  
A is a set of directed edges representing the length of 
the segments.  

ji nnaNxNA ,;   (2) 



In case of the intersections from one node we can have 
multiple choices depending on the number of the 
possible next segments. Two directed edges, one in 
either direction, are used if the street is two – way, and 
a single directed edge is used if it is a one – way 
segment.  
The edge weight wij between the vertices vi and vj is a 
dynamic factor which represents the time to cross the 
edge (vi,vj). We search in the graph some paths 
between two vertices v0 and vn. The resolution method 
is distributed and based on auto – organization 
mechanisms. We continually release numerical ants on 
the dynamic graph, and allow them to find routes 
between pairs of vertices. The ants deposit numerical 
pheromones on edges. The amount of pheromone 
deposited is a function of the length and congestion of 
paths. Ants are attracted by weights of edges and 
pheromones. The evaporation allows forgetting bad 
paths. The ants tend to converge on paths which are the 
fastest.
This algorithm is best suited for dynamic search of the 
map; in case that the search situation is changed the 
algorithm is applied from that point and if we use the 
Dijkstra algorithm we have to search the entire map 
again.

 Best route finding system 

In the process of finding the best route we divide the 
problem into two parts: 
- First we apply the ant algorithm to a graph that has 

as nodes the zones (the map is divided into several 
zones) and the weight of vertices is a coefficient 
named Pij (i, j are nodes). The Pij coefficient is 
variable and his value is influence by degree of the 
occupancy of the specific urban zone. Using 
different values for the same Pij in time the system 
can avoid the situation of sending all the clients’ 
on the same route and blocking the streets.  

- After we decide the optimum way zones we start 
to use the ant algorithm on each zone. Each zone 
has a number of input and output streets and for 
each of them we setup a coefficient. The 
coefficient is different for each search.  

This system uses the earlier mentioned ant-based 
control algorithm (ABC-algorithm) by Kramer et. all, 
(1999). This algorithm makes use of forward and 
backward agents. The forward agents collect the data 
and the backward agents update the corresponding 
probability tables in the associated direction. The 
algorithm consists of the following steps:  
- At regular time intervals from every network node 

s, a forward agent is launched with a random 
destination d: Fsd. This agent has a memory that is 
updated with new information at every node k that 
it visits. The identifier k of the visited node and 
the time it took the agent to get from the previous 
node to this node (according to the timetable) is 
added to the memory. This results in a list of (k, tk)
– pairs in the memory of the agent. Note that the 

agent can move faster than the time in the 
timetable.  

- Each traveling agent selects the link to the next 
node using the probabilities in the probability 
table. The probabilities for the nodes that have 
already been visited by this agent are filtered out 
for this agent. Then a copy of the remaining 
probabilities is made for this agent and these 
probabilities are normalized to 1. Only this agent 
uses this temporary probability distribution to 
choose a next node. So the probability table is not 
updated yet. 

- If an agent has no other option than going back to 
a previously visited node, the arising cycle is 
deleted from the memory of the agent.  

- When the destination node d is reached, the agent 
Fsd generates a backward Bds. The forward agent 
transfers all its memory to the backward agent and 
then destroys itself. 

- The backward agent travels from destination node 
d to the source node s along the same path as the 
forward agent, but in the opposite direction. It uses 
its memory instead of the probability tables to find 
its way. 

The backward agent with previous node f updates the 
probability table in the current node k. The probability 
pdf associated with node f and destination node d is
incremented. The other probabilities, associated with 
the same destination node d but another neighboring 
node, are decremented. 
The final result will be a sum of local optimal values: 

n

i
optlopt iRR

1
_ ;     (3) 

Ropt – is optimal result; 
n – Number of zones; 
Rl_opt – is local optimal result. 

CONCLUSIONS 

In this paper the authors propose and present a multi-
agent architecture for managing the urban road traffic 
and providing information about the traffic and best 
route between two points. The architecture presented is 
multilayered and the problem of agent communication 
is solved. The agents are intelligent; they can 
communicate each other and also can communicate 
with the controller agent. For solving the best route 
problem the authors transform the map into a graph 
and the ant algorithm is used for optimization. The 
costs for arcs of the graph can be time or distance 
between two intersections. The ant algorithm is best 
suited for a dynamic search. 
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Abstract—HiPoP is a P2P platform of computing specialized in the
execution of applications as DAG (Directed Acyclic Graph). This plat-
form works in an heterogeneous environment and relies on the porta-
bility of the JAVA language. We secure resources lent by volunteer by
the use of HDS (HiPoP Dynamic Sandbox). Moreover the communi-
cation protocol of our platform fight against the attack ”Man In The
Middle”.

I. INTRODUCTION

To secure a system is not an easy thing to do. In
client/server applications it is possible to secure communi-
cations by using the public certificate of the server. Thus,
clients can authenticate servers, communications can be en-
crypted and messages stay confidential, messages are signed
to check their integrity and the extensibility of a such sys-
tem can be obtained using credential.

In P2P system, there is no such procedure to secure a system
because nobody can have confidence in nobody. The use of
one certificate by users is to avoid because the signing of
the request certificate is not scalable. But above all, signing
a request certificate aof a user which just provide an email
address doesn’t directle take a great interest.

A big number of platforms exists but are not used because
of their difficulties to install, administrate, use,... Thus, we
can’t forced volunteer to follow a tedious and long proce-
dure to secure its system. All must be simple and transpar-
ent as much as possible. The main goal is to permit user
to share their resources in a secure wy in order to increase
their power computation and to be able to perform applica-
tion they can’t do locally on their own PC.
HiPoP is not a classical P2P-platform because it is submit-
ted to a set of precedance constraints due to its specialization
to carry out DAG. To secure it is then again more difficult.
This article presents the solutions we use to offer a minimal
security solution for user resources.

In this article, we firstly describe DAG that we use to per-
form parallel applications. We carry on with the descrip-
tions of HiPoP architectures and HiPoP functionning. Thus

we presents the sandbox concept and how we made to adapt
it, in a dynamic way, to our configuration. We then detail
the protocol modifications we made to protect against the
attack ”Man-In-The-Middle”. The next section deals with
the problem of confidentiality of data and applications. Fi-
nally, we announce one of our short-term prospect and we
conclude.

II. DAG

As we saied it, HiPoP is a P2P platform specialised to
perform applications as DAG. Its functionning is dependant
of the DAG to perform. It’s why we formaly detail a DAG.
A DAG (Gerasoulis & Yang 1993), (Chen & Maheswaran
2002), (Suter et al. 2003) is a data structure used to repre-
sent the dependences among the tasks of an application. Let
G = (J,E) be a DAG which models an application, where
J = Ji : {i = 1, ..., N} is a set ofN nodes, jobs or tasks
andE = Ei,j is a set of edges.Pred(Ji) denotes the set of
immediate predecessors of the taskJi andSucc(Ji) is the
set of immediate successors of the taskJi. Pred(Ji) = ∅
means thatJi is an entry task because it has no predeces-
sor. In the same way,Succ(Ji) = ∅ means thatJi is an
exit task because it has no successor. An edge in a DAG
corresponds to dependences in terms of communications or
precedence constraints. Typically, one notes by the prece-
dence relationJi → Ji′ the fact thatji′ can’t begin as long
asJi isn’t entirely finished. Generally speaking, a task is
ready to be computed when the set of its predecessors have
finished their execution. Each task is a node in the DAG and
each node can have unspecified number of parents as long
as there is no loop.Fig. 4 gives an example of DAG.

III. HIPOP ARCHITECTURES

Our goal is to build a light platform, simple of use and
easy to administrate. The different architectures of HiPoP
and its functioning are described in this section.

A. Software architecture

The HiPoP platform is composed of 5 elements:
• RP (Resource Provider): The goal of the Resource
Provider is to register and to provide references of resources.
Sometimes we also name it referencor because it just gives
some references. Each RD registers on the RP to be avail-
able to perform calculation for other RD.
• Resultd: Resultd is the application which gets results of
calculations submitted by the client. We also name it results



collector.
• RD: RD is the peer-to-peer application itself. It manages
relations with other peers. It can be client or worker for the
other peers. This dual role is sometimes called servent.
• hipop submit: hipopsubmit is the application used to
submit a DAG to the platform.
• dagdesigner: dagdesigner is a tool that builds graphically
DAG to perform. This tool is not essential because DAG can
be built manually or generated by a third generator using
HiPoP libraries.

B. Hardware architecture

Contrary to platforms based on client-server architec-
ture, HiPoP doesn’t have to take care of the set of ma-
chines/resources of the server side. Indeed, except the RP
which is a dedicated machine, the rest of the platform is
composed of machines of volunteer which are applicants or
providers of power calculation. A resource is a machine
connected to the Internet having computation power (CPU,
HD, free memory space).

C. P2P discussion

We saied a system is a P2P system when it is fully decen-
trallized. With this definition, a few of system can really be
qualified of P2P. HiPoP is part of them because of the Re-
source Provider. We choose to use a centralized Resource
Provider for several reasons :
• We don’t want to contact resources which are ever use
• For security reasons we need to the minimum a trusted
machine
• The actions of the Resource Provider are very limited thus
it is not necessary to distribut it.
HiPoP s a P2P system in the sens where there is no central
scheduler. Each peer schedule its successors. The load of
the system is then balanced enough.

IV. FUNCTIONNING OF HIPOP

A. Dedicated resources

Resources implied in the platform are resources lent by
users. These resources are, in general, never used at 100%
so we can employ them for personal or professional use and
at the same time imply them in the platform. Nevertheless,
the trouble caused by the execution of tasks in user’s ma-
chines can urge him to unsubscribe to the platform. So it is
imperative not to overload the user’s machine. In order to
do so, we submit only one task by resource. We say that a
resource is dedicated to the execution of one task. Although
that doesn’t ensure a weaker use of the processor, to dedi-
cate a resource to the execution of only one task restricts the
memory occupation in decreasing the number of instance of
JVM launched and avoid to machines equipped with a weak
memory capacity to “swap” and to be hampered.
Say that the machineMj executes only one task at the same
moment means that at any momentt, the

∑
i δj

i (t) ≤ 1
inequality is verified. In other words, at the most a dash
i+ ∈ [0, n]/δj

i+(t) = 1. Consequently, if a resource dis-
appears, the whole execution of the DAG is stopped. It is
therefore imperative to implement a fault tolerance proce-
dure. This point is approached in section IX.

B. The resource deamon

The peer-to-peer (Shirky 2000), (Crowcroft & Pratt
2002), (Chawathe et al. 2003) architecture of HiPoP leans
on the ResourceDeamon application which is the main el-
ement of the platform. RD almost manages all the com-
munications of the platform as well as the execution of the
tasks of the DAG. As we have already noticed previously,
resources are dedicated to the execution of one task. Thus, a
RD executes only one task at the same time. The function-
ing of the ResourceDeamon is detailed in this subsection.

Actions carried out byJk, a task located in an unspecified
position of a DAGG:

• ∀d(i, j) ∈ D/j = Jk makes the download ofd(i, j)
• performs the taskJk itself
• ∀d(i, j) ∈ D/i = Jk: asks a resource to the Resource
Provider for the execution ofJj . The resourceMj obtained
is like M ′ = M − Mj , M ′ being the new set of resources
• ∀d(i, j) ∈ D/i = Jk: makes the delivery ofd(i, j)

C. Particular case

1

5

2 3

4

Fig. 1. Synchronisation

In the DAG ofFig. 1,J1 andJ5 are respectively the entry
and exit tasks. These tasks which do not perform any cal-
culation are always taken in charge by the user’s machine
which has submitted the DAG. The entry task, besides be-
ing in possession of the entry data of the DAG, partially per-
forms the role of coordinator between the tasks of the DAG.
Partially, because it is far from being a central scheduler
which makes all decisions. It only intervenes in particular
cases such as the one shown inFig. 1. IndeedJ4 is con-
tained at once in the successors of the tasksJ2 andJ3. In
this situation, only one task must ask a resource to the Re-
source Provider to performJ4. That is precisely here thatJ1

intervenes because it will be able to say toJ2 andJ3 which
task can request a resource.
When the Resource Provider sends the reference of one re-
source to a resource which requests one, this reference is
removed from the list of available resources. To monopo-
lize the resource which has to performJ4 the shortest possi-
ble time, the task which ends last its execution is elected to
make the request.



D. State of the RD

The RD can take different states during the execution of a
DAG, according to its execution step of the task and its role
: client or server.Fig. 2 shows these states.

AVAILABLE

RESOURCE_
RECEIVED

DAG_    
SUBMITTED

NEXT_TASKS
_SUBMITTED

IS_LAST_COMP
ETITOR_4_TASK

UPDATE_TASK_
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EXIT_TASK_ 
SUBMITTED

RESULT_ 
DOWNLOADED

RESULT_SEND_
2_RESULTD

TASK_ 
RECEIVED

DATA_ 
DOWNLOADED

EXECUTABLE_
DOWNLOADED

EXECUTION_
FINISHED

RESOURCES
_RECEIVED

NEXT_TASKS
_SUBMITTED

RESULTS_ 
UPLOADED

Fig. 2. State of the RD

The departure state is the AVAILABLE ONE, when a
peer is registred to the Resource Provider. To the left part
of the figure, we have the states that a RD can take when a
DAG has been submitted to him. On the opposite side, we
can see the states that a RD can take when a task has been
submitted to him by another RD. A RD becomes available
before to go through the RESULTSUPLOADED state, this
is for the case where the number of availaible resources is
lower than the number of tasks to carry out.

V. SANDBOX

In compute security, a sandbox is a security mechanism
for safely running programs owning to untrusted users. All
the permissions like network access, the inspection of host
systems or the reading from input devices are disallowed or
heavily restricted. The sandbox prevents the scratch space
on disk and memory by a hard controll of the guest programs
running in a resource. A lot of kinds of sandboxes exists like
applets, jails, emulation.

VI. HIPOP DYNAMIC SANDBOX

In HiPoP, peers are either clients or servers. If they are
servers, they perform tasks submitted by client peers. These
peers can be trusted peers or peers which disguise them-
selves as trusted peers. Thus, it is dangerous to allow any-
one to execute anything on its own machine. Very few users
would be ready to provide its resources with such a big risk.
The concept of sandboxing (Oaks 2001), (Network (1997)
1997), (Gong et al. (1997) 1997) answers this problem by
analyzing and by limiting the actions of an application.
Each time an application requires particular rights (read,
write, connect...) the sandbox authorizes or not these actions
according to a certain number of privileges allocated to the
execution of these applications. Many systems already use
the concept of sandboxing but many do it in a static way.
I.e. they allocate a list of privileges/permissions/restrictions
which remains unchanged from the start to the end of the
execution of their system. Even though the needs for the
applications evolve in time. One could for example allows
connection of a peer at a moment and refuses it later. This
is this kind of dynamic allocation we put in place using the
JAVA sandboxing. We set some default permissions VI-A

which are completed by dynamic permissions VI-B during
the execution of a DAG.

Hardware

Network File System

Operating System

JVM

Sandbox

User tasks

RD

Fig. 3. HiPoP Dynamic Sandbox representation

Fig. 3 shows that user tasks have to go through the sandbox
to be allowed to achieve the network or file system layers.

A. Default permissions

By default, the permissions given to a Resource Daemon
is very limited. It can :
• connect to the Resource Provider to register itself or to
obtain the references of other Resource Deamon
• be contacted by the Resource Provider which verifies that
it is joinable from the outside
• be contacted by the local hipopsumbit application to per-
form a DAG
• contact the local Resultd application to send it a result

All other permissions are disallowed. Moreover, users can’t
launch the RD in overloading the permissions using a ”.pol-
icy” file. The permissions are managed in the source code
and it is not possible to use another SecurityManager. The
reading of system informations are unauthorized too.

B. Dynamic permissions

B.1 Network Access

During the execution of a DAG, peers need to contact and
to be contacted by other peers. This subsection presents
which peer are allowed to contact and to be contacted to
which peers and how its permissions are given.
When a peerM1 finishes the execution of a taskJ1 (”EXE-
CUTION FINISHED” state), it asks some resources to the
Resource Provider with the intention of submitting them the
tasks inSUCC(J1). In order to accept these submissions,
the Resource Provider informs chosen resources that they
will have to accept the connections fromM1. In this case,
affected resources have not to be open to all the other peer
but just toM1. When all the successors ofM1 will have
downloaded the results ofM1, they will remove this per-
mission andM1 will not be able to contact them again.
RD CLIENT must accept connections from all the re-
sources used in the DAG because of the synchronisation
process. RDCLIENT knows all the resources implies in the
DAG it carries out because when a resource obtains resource
references from the RP to perform its successors, it commu-
nicates them to the RDClient. Fig 4 details the sequence of



messages need in order thatM4 accept a connection from
M1 to perform a task.

J1

J2

M1

RP

M4
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 1. GET_RESOURCE 

 3. SEND_RESOURCE(M4)

 4. SUBM
IT_TASK(J2)

Fig. 4. Messages sequence for netwok access

B.2 File Permissions

A resource can only read files contained in a tempory di-
rectory identified by the task it executes. All other reading
is forbidden. For instance, it is not permitted to read the
”/etc/passwd” file.

VII. MAN IN THE MIDDLE ATTACK

When a peer registred itself to the Resource Provider, it is
not added to the list of available resources without carrying
out checks. Indeed, the Resource Provider try to contact it.
If the connection is successful, it means that it is the good
peer and not a peer which uses its IP address for the add
request. On the contrary, either the peer is an untrusted peer,
either the peer is misconfigured. In that last case, a message
is addressed explaining to the user how setting its RD.

M1 RP

1. ADD_RESOURCE(M1)

2. TRY_CONNECTION(M1)

3. RESOURCE_ADDED or
RESOURCE_NOT_ADDED

Fig. 5. Registration of a RD on the RP

Fig. 5 shows the registration stage of a RD. The answer
numbered 3 is made in the same connection as the request
numbered 1. It’s why it is possible for theRP to tell M1
the result of the connection test (request 2) from the outside.

VIII. CONFIDENTIALITY

A. Application confidentiality

The application that a peer receives to perform is not re-
ceived in the form of file. It is direcly load from network
to memory using our HipopJarLoader class. Then it is not
impossible but very more difficult for somebody to get the
.jar or .class file from memory and to uninterpret it using a
JAVA decompilator. In add, a .jar or a .class application is
just a part of a DAG. Without the others tasks, a task of a
DAG is needless.

B. Data confidentiality

Contrary to the applications, data are downloaded and
written on the hard drive. It is then easy to steal data files.
But firstly, these data files are only a few part of the data
of the DAG, secondly, even if a user read these files, he has
to understand them and thirdly, users do not chose the task
they will perform. Then this kind of attack is a short sniffing
one.

IX. FUTURE WORKS

We are currently adding a host certificate to the Resource
Provider in order that peers can check its authenticity and
don’t register on another machine that the real Resource
Provider and be exploited to do something else.

X. CONCLUSION

HiPoP is a securized P2P platform of computing special-
ized in the execution of applications as DAG. Its goal is not
to be the most performant system but to offer the possibil-
ity to users to share their resources in a secure way. Thus,
users can carry out calculations they can’t do before. The
use of HiPoP is very simple and they can use it without
having administrative privileges, without having to create
a specfic user with specific rights, without having to install
a database,... In a lot of cases, the simplicity and the perfor-
mances of HiPoP suit users.
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NETWORK

Untrusted Environment
Environment

Customer

Grid of Java Cards = Trusted Env. Grid of Java Cards = Trusted Env.

PC/SC

Secure channel

Physical links

PC/SC
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ABSTRACT

This paper presents a new arithmetic architecture 
hierarchically optimized for implementing modular 
exponentiation in ASIC. We combine a new version of 
high radix Montgomery multiplication algorithm with a 
super-pipeline design. With this algorithm, modular 
exponentiation (ME) can be decomposed into a series of 
primitive operation (PO) matrixes. All the POs are 
scheduled on the pipeline by employing column-sharing 
strategy, and inside the PO the partial results are 
compressed first by Wallace tree to assure only one 
carry propagation in the critical path. We also 
investigates speed/area tradeoffs using a 0.18um library, 
and gets that the ratio of the increasing in speed to the 
extra area used decreases as radix length k steps up from 
2 to 64. A ME coprocessor SEA-II with k=32 was 
fabricated, with 140 MHz clock, a decryption rate of 
6353 Kb/s can be achieved for 1024-bit RSA. 

1  Introduction 

It is widely recognized that security issues will play a 
crucial role in many future computer and communica-
tion systems. Although public-key algorithm is the 
essential part because of its convenience in key 
management and distribution. Modular exponentiation 
(ME) of long integer is the primary operation of several 
widely used public-key cryptosystems and is often the 
bottleneck for implementation in e-commerce servers 
and certificate authority centers. So there has been great 
interest in finding efficient ways to perform long ME. 
Field-programmable gate arrays (FPGAs) and 
application specific integrated circuits (ASICs) are the 
two approachs. 

Some famous FPGA-based designs are listed as 
follows. (Shand and Vuillemin 1993) designed a RSA 
(Rivest et al. 1978) coprocessor on 16 XC3090s , and it 
achieved a decryption speed of 165 kbps for a 1024-bit 
key. This design had been the fastest RSA 
implementation until (Blum and Paar 2001) proposed a 
systolic architecture based on high radix Montgomery 
algorithm, which can finish a 1024-bit RSA decryption 
in 3.3 ms on XC2V3000-6 device when using Chinese 
Remainder Theory (CRT). Blum's architecture stores 
the multiples of long integers and performs 

multiplication through looking up these tables, the radix 
is limited to 24 by the device, and the pre-computations 
need extra cycles. (Tang et al. 2003) combined a semi-
systolic architecture with a similar algorithm to (Blum 
and Paar 2001). This design extended the radix length 
to 17 by employing the 18 18 signed multipliers in 
XC2V3000-6, and decreased the decryption time to 
0.66ms. 

Although FPGA implementations need shorter time 
to market and lower development cost, their 
performance is constrained by device resources and the 
price is high for larger volumes. The ASIC approach 
can overcome these shortcomings inherently. Orup and 
Korerup presented their ASIC implementation in (Orup 
and Korerup 1991), which can finish a 512-bit RSA 
signature in 5.5ms. (Hong et al. 2000) used 
Montgomery algorithm and computed modular 
multiplication and modular square alternatively to get a 
speed of 4.1ms to decrypt a 512-bit RSA. (Wu et al. 
2001) used CRT beyond (Hong et al. 2000) and 
decreased the time to 1.7ms. References (McIvor and  
McLoone 2003, Liu et al. 2004) presented their special 
accelerating techniques based on carry save method, 
and could decrypt a 1024-bit RSA in 1.32ms and 
1.01ms respectively. These reported works show that 
ASIC implementations were slower than FPGA's. 
Except the gap in manufacturing technologies, the more 
important reason is that they did not employ the design 
flexibility of ASIC to dig the parallelism exhaustively.  

We optimize the ASIC implementation of ME 
hierarchically, i.e. from algorithm, pipeline architecture 
to micro-architecture. The improved algorithm will be 
introduced in Section II, and architecture optimization 
techniques will be discussed in Section III and Section 
IV respectively. Section V presents the results and we 
draw some conclusions in Section VI. 

2 Algorithms 

A ME can be decomposed into a series of parallel 
modular multiplication (MM) and modular square (MS) 
(Knuth 1981) by a parallel multiplication and square 
algorithm. So, we will focus on implementation of MM. 
In this section, first we review the high radix 
Montgomery multiplication algorithm, and then we 
modify it to a radix-length based version for efficient 
hardware implementation. 

2.1 High Radix Montgomery Algorithm 



  A MM can be unified as R = A x B mod M.
Montgomery proposed an efficient MM algorithm in 
(Montgomery 1985), it is a method for multiplying two 
integers modulo M, while avoiding division by M.
However it still has difficulties in hardware 
implementation at two points: (I) the final subtraction 
induces irregularity of the hardware; (II) the operators' 
granularity is too large to be processed directly. 
(Eldridge and Walter 1993) proposed an algorithm 
suitable for hardware implementation by splitting the 
multiplier A in bits and avoided the final subtraction by 
extending the input condition from 0<A, B<M to 0<A,
B<2M, but the quotient determination limited the 
splitting granularity to higher radix. The quotient 
determination problem was solved in (Orup 1995), and 
the high radix method can accelerate the computation 
practically. The high radix version of Montgomery's 
algorithm is described as Algorithm 1. 

Algorithm 1: High Radix Montgomery algorithm 
(HRM) 

Inputs: M=
1

0
(2 )

m k i
ii

m ,mi {0,1,2...2 1}k ;

A=
2

0
(2 )

m k i
ii

a ,ai {0,1,2...2 1}k , am+2=0;

B=
1

0
(2 )

m k i
ii

b , bi {0,1,2...2 1}k ;

Ms'=-M-1mod 2k, M =M'×M
0
(2 )

m k i
ii

m ,

{0,1,2...2 1}k
im

Conditions: A,B<2 M ,4 M <2k(m+2)

Output: R = A×B×2-k(m+2) mod M
1. R-1 = 0; 
2. For (i=0;i < m+3; i=i+1)

2.1 qi = Ri-1 mod 2k;
2.2 Ri = (Ri-1 +qi× M )/2k + ai×B;

3. Output R=Rm+2.
When applying Algorithm 1 to ME, pre-computations 
and post-computations are required.  These expenses 
can be negligible compared to the main part of ME, so 
we do not discuss these computations in this paper. 

2.2 Radix-length Based HRM Algorithm
The complexity of Algorithm 1 lies in two ( )k n k

multiplications and one accumulation of three (n+2k)-
bit addends, recall that 128<n<2048 is of great interests 
in RSA. As the propagation of n carries is too slow and 
an equivalent carry look-ahead logic requires too many 
resources, two different approaches have been adopted: 
(I) Redundant representation: intermediate results are 
kept in a redundant form, resolution into binary 
representation is only done at the end. Carry-save 
method is a redundant representation (McIvor and  
McLoone 2003, Liu et al. 2004). (II) Pipelining: 
splitting multiplicand B to little words and pipelining. 
The widely used systolic array (Blum and Paar 2001, 
Tang et al. 2003) belongs to this category.  

Two disadvantages exist when applying carry-save 
method to implement ME. Firstly because there is data 
dependency between adjacent iterations in ME 

algorithm [10], carry-save method needs extra carry 
propagation time, but pipelining method can avoid it 
through forwarding; secondly with the growth of the 
radix, the process unit in carry-save method will be too 
large to be optimized for current EDA tools, otherwise 
the process unit in pipelining method is much smaller 
for the same radix. Thus the pipelining method is better, 
but the splitting granularity is still a problem in the air. 

Proposition 1: if employing pipelining method to 
implement Algorithm 1, we can get the highest 
performance when splitting granularity L = k.

Proof: a) As L decreases, the carry propagation path 
will decrease, and higher frequency will be get; b) if L<
k, the data dependency of determining q will make the 
growth of the frequency nonsense, and the increased 
pipeline stages consume more resources to register the 
intermediate results, more register set-up time is needed, 
and the frequency will descend. 

We take L = k to split multiplicand B and modify 
Algorithm 1 as follows. At first we transform operation 
2.2 in Algorithm 1 to Ri = (Ri-1+qi× M + ai×(B<<k))>>k.
After substituting (B<<k) with B’, we get Ri = (Ri-

1+qi× M + ai×B’)>>k. Then we split Ri, B’ and M , that is 
2

0 ( 2)(2 ) , {0,1,...,2 1}, 0k j km
ji ij ij i mR r r r ;

' ' '2
00 10, , ' (2 )k jm

jj j jb b b B b ;
2
0 1 2(2 ) , 0k jm

j j m mM m m m .

At last the long integer multiplication and addition of 
Algorithm 1 can be broken into multiplications and 
additions of k-bit digits, as Algorithm 2 describe. 

Algorithm 2: Radix-length Based HRM Algorithm 
    Inputs, conditions and output are as same as 
Algorithm 1. 

1. R-1 = 0; B’ = B<<k;
2. For ( 0; 2; 1i i m i i ) // Loop i

2.1 qi = r(i-1)0; ( 1)iqMC =0; '
( 1)iaB S =0; ( 1)iC =0;

2.2 For ( 0; 2; 1j j m j j ) // Loop j

2.2.1 ( 1)

( 1)

( )div2 ;

( )mod 2 ;

k
ij i j i j

k
ij i j i j

qMC q m qMC

qMS q m qMC

2.2.2
' ' '

( 1)

' ' '
( 1)

( )div2 ;

( )mod 2 ;

k
ij i j i j

k
ij i j i j

aB C a b aB C

aB S a b aB S

2.2.3
'

( 1) ( 1)

'
( 1) ( 1)

( ) 2 ;  

( ) mod 2 ;

k
ij i j ij ij i j

k
ij i j ij ij i j

C r qMS aB S C div

r r qMS aB S C

2.2.4 ri(j-1)=rij; // k-bit right shift 
3. Output R=Rm+2.

3 Column-sharing Super-pipelined Architecture 

In this section, a super-pipelined architecture is 
proposed to minimize computing cycles. 

3.1 Parallelism Analysis 
Definition 1: A primitive operation (PO) is a oeperation 
set which includes all the calculations in the same 



iteration of loop j in Algorithm 2, the PO must be 
implemented in single cycle and can be presented as Pij.

According to Definition 1, the MM can be 
decomposed into a (m+3) x (m+3) matrix of POs, and 
the ME can be taken as a series of PO matrixes. Fig.1 
illustrates the data relationship in the PO matrix of MM 
for m=2 and we get the data sharing and data 
dependency as follow: 

Data sharing: (I) The POs of row i share ai and qi;
(II) the POs of column j share '  and j jb m .

Data dependency: (I) The Pij depends on the 
result of P(i-1)(j+1) and the carries of Pi(j-1); (II) the 
qi which is shared by the POs of row i depends 
on the result of P(i-1)1.

In Fig.2, we simplify the graph and do a transformation 
to make the parallelism apparently. Because the MM 
and MS of the same iteration can be executed 
simultaneously [10], we analyze them together, and the 
principle is that POs in the same column have no data 
dependency. The upper half of Fig.2 shows the 
parallelism of the MM and MS separately, the lower 
half shows the scheduled result with column-sharing 
strategy. The concept of column-sharing is that POs in 
the same column of Fig.1 share one processing unit 
(PU). PU realizes the PO physically.  In the lower half 
of Fig.2, every PU orderly performs POs in the same 
circle. We can get that the most parallelism is 5 for m=2,
and m+3 for common cases. So to get the highest speed, 
the number of PU should be m+3.

3.2 Super-pipelining Architecture 
Fig.2 demonstrates the idea of column-sharing super-

pipelining and we generate the pipeline as follow: 
The m+3 PUs are arranged from right to left 
with j ascending.  

The architecture of a PU is generated. A register 
is generated for each source operator of PO, and 
let the combinational logic array (CLA) to 

perform the computations of PO. Then seven k-
bit registers are generated for a_i, b_i, aBC_i,
q_i, m_i, qMC_i, and r_i, and one 2-bit register 
is required for C_i. Micro architecture of CLA 
will be described in Section IV. 

Interconnection between adjacent PUs is 
generated according to the data sharing and 
dependency relationship. Signals passed from 
right to left are qi, ai, carries and control signals; 
the signal feed-backed is r. M, A, B are all 
distributed stored in the PUs. The initial value of 
qi is the result of PU_1. Configuration bus is 
used for initialization. Multiplication bus and 
square bus are added to read ai. Results are 
accessed through multiplication bus. 

The control block generates control signals to 
the pipeline and the buses. The final pipeline 
architecture is shown in Fig.3. 

At the beginning of implementing ME with the super-
pipeline, P and Z are mapped to A and B respectively. A
and B are initiated through the configuration bus. Then 
MM (P = P x Z) and MS (Z = Z2) in the same iteration 
in ME will be processed in the pipeline as Fig.2 shows. 
Every PU computes the POs of MM and MS 
alternatively, but the result of MM is written to A only 
when corresponding bit of exponent is not zero. 

Because data dependency only exists between 
adjacent iterations, the ME can be pipelined by 
forwarding. But this would induce that the critical path 
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Figure 1: Data dependency analysis of PO matrix for m=2
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is composed of the computation path and the 
forwarding. This would expand the cycle time heavily. 
So here we write the result of one MM or MS to the 
PUs first, then read it by multiplication_bus or 
square_bus, and the critical path is broken into 
computation path and transition path. Consequently one 
pipeline stall must be inserted. Additional m+2 cycles 
are required to flush the pipeline, so the whole cycles 
consumed by the main part of one ME are: 

[2 ( 3) 1] 2.K l m m                             (1) 

4 Micro Architecture 

In this section, we optimize micro architecture of 
CLA to reduce the clock time. As shown in previous 
section, CLA is the kernel of a processing unit, which 
implements the PO. From Fig.4(a) we can get that the 
critical path of CLA is composed of one multiply-
accumulation (MAC) and two additions, if we employ 
parallel MACs and adders directly, there will be carry 
propagation additions (CPAs) for three times. Recall 
that carry propagation is time-consuming. Our target is 
to reduce CPAs, and the idea is that all the partial 
results are compressed first by Wallace tree to assure 
only one CPA in the critical path. We extract the CPAs 
from parallel MACs and merge it with the two later 
additions, and then the 6 addends will be compressed, 
finally only one CPA is left. 

Fig.4(b) shows the optimized micro architecture. 
AND arrays perform bit multiplications to generate 
partial products, a and b as same as q and m generate k
partial products. Combined with carries aB'C_i or 

_qMC i of long multiplications, these partial products 

are compressed to 2k-bit (C, S) pair by Wallace tree, 
which is called 'Wallace tree 0'. The higher significant 
half are used to generate the current PU's carry aB'C_o
or _qMC o of long multiplications. Carry from the lower 

half of (C, S) pair is extracted by using carry generator 
(CG). Carry select adder (CSA) is employed to 
implement CPA. Carries of long multiplications are 
calculated as follow: two results are first calculated by 
CSAs which speculate their input carry with 0 and 1 
separately, the lower half's carry extracted by CG 
selects the result by multiplexer (MUX) . 

The lower half of (C, S) are compressed with r_i and 
C_i by another Wallace tree, i.e. 'Wallce tree 1', and we 
get a new (k+3)-bit (C, S) pair. Lower k-bit of the new 
(C, S) are added to generate r_o. The left 3-bit with 
carry generated by this adder and the carries from CGs 
construct C_o through a carry amender (CA). 

To generate the bit-wise partial products, we need k2

AND gates. And the Wallace tree 0 and 1 require k2-
2k+4and 3k+3 full adders (FAs) respectively. For CSA, 

22 3log 1k FAs and 2 2
log log1

2
2 3

k k ii

i
 MUXes are 

required. CG is also implemented with carry select 

method, but needs less k/2 MUXes. CA is very small 
and can be ignored. So gate count of the CLA can be 
calculated as: 

2

2

2

log 12 2

log
log1

2

2 (14 3 2 11)

(7 2 3 )

k
CLA AND FA

k
k ii

MUX
i

G k G k k G

k G
 (2) 

The critical path of the optimized architecture is 
marked with bold lines in Fig.4(b), and it consists of 
one AND gate, one Wallace tree with (k+1) partial 
products (i.e. Wallace tree 0), one Wallace tree with 6 
addends (i.e. Wallace tree 1), one k-bit carry select 
adder and part of CA. The delay of Wallace tree 0 and 
CSA can be calculated as: 

0 1.5[log ( 1)]Wallacetree FAD k D                          (3) 

2[log 1]CSA FA MUXD D k D                          (4) 

Delay of Wallace tree 1 is a constant, which 
equals 3 FAD . Time consumed by part of CA in the 

critical path is1 MUXD . With equation (3) and (4), we get 

the CLA's delay: 

1.5 2[4 log ( 1)] [log ]CLA AND FA MUXD D k D k D  (5) 

5 Results 

This section presents the experiment results. First we 
reviewed how the radix length k takes effects on the 
area and performance for our architecture. Then a ME 
coprocessor with k=32 was fabricated in a multi project 
wafer (MPW), and results of applying the prototype 
chip to RSA were compared with previous works. 

5.1 Reviewing Radix Length 
To review radix length k conveniently, a super-

pipeline generator and a PU generator were 
implemented in Python. Input arguments are radix 

Figure 4. (a) Operations involved in CLA (b) Optimized micro architecture



length k and maximum modulus length n, the output are 
source codes in Verilog hardware description language. 
These designs were synthesized by using a 0.18um 
CMOS stand cell library. 

Table 1. Relationship between k and area, performance 
k Num. 

of PU 
Scale

(K NANDs) 
Delay
(ns)

Time(us) 

2 515 162 1.67 1764.0 
4 259 214 2.01 1068.7 
8 131 318 2.83 762.5 
16 67 433 4.52 625.1 
32 35 786 6.98 507.8 
64 19 1592 10.92 436.3 

When modulus length n=1024 and exponent length l
= 1024, the results are shown in Table I. When doing 

floor plan, we set the utilization to 70% to leave enough 
area for clock tree and in placement optimization. We 
got the computing cycles with equation (1), and the 
critical path delay, i.e. the clock cycle time, was 
achieved by static time analysis and signal integrity was 
fully taken into account. 

For the super-pipeline, the number of PU is m+3, i.e. 
[n/k]+3. Additional with equation (2), and considering 
the sequential part, we can get the coprocessor's scale in 
theory: ([ / ] 3) ( (7 2) )coprocessor CLA FFG n k G k G .

The actual scale result is from 30 to 38 percent higher 
than the theoretical value. The area complexity 
increases with O(k), when k steps up. 

From equation (1) and (5), we get that time 
complexity of coprocessor to implement ME 
is

2(log / )O k k . But the actual time decreases much 

slower than it, when k steps up. The reason is that 
optimization ability of back-end EDA tools descends 
heavily while single PU's scale increases with O(k2).

The result of reviewing tradeoffs between scale (i.e. 
area) and performance is shown in Fig.5. Ratio of the 
delta in speed to the corresponding change in area 
decreases as k increases. The ratio is greater than 1 
when 2<k<16, and less than 1 when 16<k<64.

5.2 Result of Fabrication 
Because 5mm x 5mm was the basic block in MPW that 
our design took part in, considering fee, we took k=32
to finish the full design of a long integer ME 
coprocessor: SEA-II. SEA-II has 38 PUs, it support 
either one full 1024-bit ME or two parallel full 512-bit 
MEs. Besides this kernel PU array, it has a pre-process 
unit, a post-process unit, a 256 x 32 register file, and an 
interface to general purpose processors. In addition of 
IO pads and power ring, the whole die area is 4.7mm x 
4.7mm, and the scale equals 923K NANDs. Now the 
prototype of SEA-II has been fabricated and tested. 

5.3 Test Results for RSA 
The test system is a board which was connected with 

a personal computer through a PCI bus. Hardware of 
the computer was Pentium4 2.4G + 512MB memories, 
and the operation system was Redhat 9.0. Except for 
SEA-II, there were three other chips in the test board: a 
16-bit Digital Signal Processor (DSP), a PCI slave chip, 
and an 8-MB SDRAM, the DSP controlled the whole 
board and measured performance, and the SDRAM 
stored the raw data and results. Table II shows the test 
results. 

Table 2. Test results of SEA-II for RSA 
Key 

length
Operation SEA-II operation 

Time with 
SEA-II (us)

768 Signature (384 x 384) x 2 95.9 
768 Authentication (768 x 17) x 1 11.1 
1024 Signature (512 x 512) x 2  157.4 
1024 Authentication (1024 x 17) x 1 14.3 
2048 Signature (1024 x 1024) x 2 1127.9 

 Column 'SEA-II operation' presents the operations 
performed by SEA-II, e.g. a 1024-bit RSA signature 
needs two MEs which are 512-bit in both modulus 
length and exponent length. Exclude time consumed by 
SEA-II, the whole time includes data I/O and assemble 
time to finish CRT in signature. When I/O voltage is 
3.3V and the core voltage is 1.8V, the top working 
frequency of SEA-II is 140 MHz. For key length = 
1024, a RSA decryption (i.e. signature) rate of 6353 
Kbps can be achieved with SEA-II as a coprocessor, 
and the actual measured average power is 1.619W. 

5.4 Comparison to Previously Reported Works 
Table III lists comparisons to previously reported 

implementations since 2001, they all perform 1024-bit 
RSA signature. 

Table 3. Comparison with previously reported works 

 Year
Device/

Technology

Scale
(K

NANDs)

Clock
(MHz)

Rate
(Kbps)

[3] 2001 XC40250XV-09 - 46 322 
[4] 2003 XC2V4000-6 - 90 1515 
[8] 2003 0.18um 109 150 294 
[9] 2004 0.13um 198 556 986 
SEA-II 2006 0.18um 923 140 6353 

The fastest implementation that we found is in the 
reference [4], which is based on XC2V4000-6 FPGA 

Figure 5. Tradeoffs between scale  and throughput for 1024-bit ME 



device. This work employed a semi-systolic architecture 
and 18 18 signed multipliers embedded in the device. 
The multiplier resources constrained the algorithm's 
radix length to 17, and its micro-architecture of the 
processing unit used the embedded multiplier directly, 
and three CPAs are required. However, by using our 
optimization technique, the PU of SEA-II only needs 
one CPA and has higher clock. By extending radix 
length to 32, for the same ME, SEA-II needs much less 
cycles, and SEA-II is 4.2 times as fast as [4] as a whole. 
Compared to the reported ASIC implementations, SEA-
II is 7.2 times faster than [8] at additional area cost of 
3.9 times in the same technology. Although the feature 
size which [9] targeted is smaller, SEA-II is 5.7 times 
faster at larger scale of 3.7 times. The carry-save 
method that [8, 9] used has difficulties in extending 
radix to higher length because single processing unit 
will be too large to be optimized for current EDA tools. 
As Table I shows that our architecture has the similar 
scale as [9] when k=2, we can get a throughput of 2251 
Kbps when using CRT, and this speed is still better. 

6 Conclusions 

In this paper, we presented a new arithmetic 
architecture hierarchically optimized for high-speed 
implementation of modular exponentiation in ASIC. 
Based on radix-length based high radix Montgomery 
algorithm, we took the long integer modular 
exponentiation as a series of primitive operation 
matrixes, then we proposed a column-sharing super-
pipelining architecture to minimize the processing 
cycles and a novel micro architecture to reduce 
the carry propagation additions in the critical path of a 
primitive operation. Experiment results about 
relationship between radix-length k and the 
area/performance showed that area increased with O(k),
and performance increased with much slower than 
O(k/logk), when k steps up. Result of reviewing 
tradeoffs between area and performance showed that, 
the ratio of the delta in speed to the corresponding 
change in area decreases as radix length k steps up from 
2 to 64. Because of cost constraints, we took k=32 to 
implement a full coprocessor SEA-II, which had been 
taped out on .18um 1P6M CMOS logic technology. 
When applying the prototype chip to RSA, for key 
length equals 1024, we can achieve a RSA decryption 
(i.e. signature) rate of 6353 Kb/s. The performance is 
much better than the previous reported FPGA or ASIC 
implementations. 
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ABSTRACT 

Leakage power is becoming dominant part of the micro-
processor chip power budget as feature size shrinks. 
Leakage energy consumption is of particular concern in 
memory structures, such as on-chip caches, for large 
scale transistors and rare access. Chipmakers have pro-
posed many low leak circuit techniques for cache leak-
age control, in which gated-vdd and DVS are two effec-
tive methods. In this paper, based on these two circuits 
we propose two architectural mechanisms, LRU-assist 
and ADSR, to reduce leakage energy consumption in on-
chip cache hierarchies. LRU-assist decay combines time-
based decay with existing LRU information to aggres-
sively cut off lines in L1 cache. ADSR (Always Drowsy 
Speculatively Recover) puts the whole L2 cache in low 
leakage state all the time and speculatively recovers 
line’s supply voltage using prefetch-like mechanism. We 
run SPEC CPU2000 benchmarks on a cycle accurate 
simulator to evaluate their efficiency. LRU-assist decay 
reduces L1 cache leakage power by 55% on average and 
improves EDP by 2%. ADSR with next-line recover 
reduces L2 cache leakage power by 66% on average and 
improves EDP by 47%. 

INTRODUCTION 

Controlling power dissipation is becoming a challenging 
job in high performance microprocessor design. Proces-
sor power contains mostly two parts (N.H.E. Weste 2005): 
dynamic power and static power. Dynamic power arises 
from circuit switches, and is determined by voltage, 
switch frequency and effective capacitance. Static power, 
which comes from leakage current, is always there no 
matter what state the circuits are. Leakage current is sen-
sitive to voltage, technical parameter and temperature. 
As feature size shrinks leakage current increases expo-
nentially due to threshold voltage drop, short channel 
effect, drain-induced barrier lowering, gate-induced 
drain leakage and thermal feedback.  According to ITRS 
reports (SIA 2004), static power dissipation on chip will 
surpass dynamic power in the next several generations. 
Leakage power warrants new approaches for managing it. 

On-chip caches are the most leakage energy intensive 
components in microprocessor for large scale transistors 
and low access frequency. In order to close the speed 
gap between CPU and memory, bigger (more bytes), 
wider (more ways) and deeper (more hierarchies) caches 
are integrated. So reducing cache leakage energy dissipa-
tion is a first-line work.  

Many circuit techniques have been proposed in the past 
to reduce leakage power, such as MTCMOS (K. Nii et al. 
1998), gated-vdd (M. D. Powell et al. 2002) and DVS (T. 
Pering et al. 1998). When used to reduce SRAM leakage 
power, these circuits can be categorized into state-
destroying and state-preserving. Gated-vdd is state-
destroying circuit which results in the holding contents 
lost when the cell is gated. Accesses to the gated cells 
need data reloading from the lower memory level, which 
leads to extra dynamic energy consumption. DVS can be 
state-preserving method when a lower voltage is 
switched on instead of completely cutting off. So the 
ability of reducing leakage energy is not as aggressive as 
gated-vdd. Cells supplied by this lower voltage can not 
be accessed either, but the contents are just preserved, as 
we call them in drowsy state. Drowsy cells need several 
cycles to wake up (drive to the normal voltage) before 
they are able to be accessed, which results in pipeline 
stall and performance drop. All these special circuits can 
reduce leakage current efficiently but inflexibly. Which 
transistors to be control and when to act need to be de-
cided by architectural or micro-architectural structures 
according to real-time parameters. 

Cache decay (S. Kaxiras et al. 2001) and drowsy cache (K. 
Flautner et al. 2002) use time-based strategy to control 
leakage power. Counters are associated with each cache 
line, so the extra leakage power of counters and extra 
dynamic power of counter clocking are considerable. 
Moreover, the counters can not be dynamic configured, 
so before a cache line is put into low leakage state, the 
preset number of cycles must elapse since its last access. 
If cache lines are determined dead effectively before 
counters overflow, a great portion of leakage energy can 
be saved. 

According to Lin Li (L. Li 2002), L1 cache should use 
state-destroying strategy to aggressively reduce the leak-
age energy consumption, and L2 cache should use state-
preserving strategy to avoid severe performance effect 



 

 

because off chip access is a time-consuming and energy-
consuming work. In this paper, we propose several new 
algorithms for leakage power controlling in on-chip 
cache hierarchies. The rest of this paper is organized as 
follows. Section 2 introduces the experiment framework 
and evaluation metric of our work. Section 3 introduces 
LRU-assist algorithm for L1 cache leakage power reduc-
tion. ADSR mechanism for L2 cache leakage control is 
proposed in section 4. Section 5 concludes this paper and 
plans our future work. 

METHODOLOGY 

Architectural level power optimization is always based 
on power analyzing tools and true application simulating. 
This section describes our simulation environments, in-
cluding the underlying processor architecture and bench-
marks. Evaluation metric is also described. 

Simulator And Benchmarks 

Simulations in this paper are based on the SimpleScalar 
framework (D. Burger and T. Austin 1997). Our processor 
model closely resembles Alpha 21264 (R. Kessler 1999) 
(Table 1), and on-chip caches are the main objective for 
leakage control evaluation. Power estimation models are 
based on Princeton Wattch (D. Brooks 2000; P. Shivakumar 
and N. P. Jouppi 2001) and Virginia HotLeakage (Y. Zhang 
2003). We choose 70nm technology with 0.9V supply 
voltage and 0.3V drowsy voltage, 5.6GHz clock speed 
and 80  environment temperature. The threshold vol℃ t-
ages of N-transistor and P-transistor are 0.19V and 
0.21V respectively. 

The benchmark suite for this study consists of a set of 
thirteen SPEC CPU2000 benchmarks: ammp, applu, art, 
equake, lucas, mgrid, swim, bzip2, gcc, gzip, mcf, twolf 
and vortex. They are compiled for the Alpha instruction 
set using Compaq Alpha compiler with SPEC peak set-
tings. In order to capture the most important program 
behaviors while at the same time accelerating simulation, 
we use the simulation points that were described and 
verified in SimPoint (T Sherwood et al. 2002). 

Metric 

The leakage power of caches is mainly determined by 
active ratio, so off-ratio can be used to evaluate the op-
timization ability of leakage control mechanism. Consid-
ering the extra misses and extra stalls as a result of put-
ting cache lines into low leakage mode, energy-delay 
product (EDP) is used to trade-off performance and en-
ergy consumption. Lower EDP represents higher energy 
efficiency. Simulation cycles are gathered to represent 
delay. Energy is computed as the sum of dynamic energy 
and leakage energy of only on-chip cache hierarchies. 
This is reasonable because a large transistor budget is 
allocated for on-chip memories and our leakage control 
methods only impact the power of cache hierarchies. 

Table1: Configuration of Simulated Processor 

Processor core 
Instruction Win-
dow 

80-RUU, 40-LSQ 

Issue width 4 
Function Unit 4-IntALU, 1-IntMULT 

2-FpALU, 1-FpMULT 
2-MemPort 

Memory Hierarchy 
L1 DCache 64KB, 4-way, 32Bblock, WB 
L1 ICache 64KB, 2-way, 32B block, WB
Unified L2 Cache 1MB, 4-way, 32B block, WB, 

6-cycle latency 

Memory 100 cycles, 16 bus width 

LEAKAGE OPTIMIZATION IN L1 CACHES 

L1 cache is close to processor core and relatively small. 
State-destroying low leakage circuits are appropriate to 
L1 cache because the overhead of data reloading from 
lower level memory hierarchy is small. To reduce the 
miss rate, set associative L1 cache is always equipped. 
LRU algorithm is a simple but the most popular re-
placement strategy in set-associative caches. It can be 
described as a function : {0,1, , 1}LRUi n Wi− → .  n  
is associativity, and Wi  is the blocks in set i . LRU can 
effectively reduce cache miss rate and can be imple-
mented with systolic ordering array [19]. ( 1)LRU n − , 
which has the longest idle time since its last access, is 
always the most preferential candidate for replacement. 
In high performance processors, high associative (≥4) 
caches are essential. But as associativity increases, cache 
occupancy toboggans and accesses hardly hit 
in ( / 2)LRU n≥ . We simulated SPEC CPU2000 bench-
marks on our framework. Figure 1 shows the 

( / 2)LRU n≥ hit rate for 2, 4, 8-way 64KB L1 DCache. 
Hit rate is approximately 1% on average, no more than 
3%. So LRU information gives us some hints that which 
cache lines can be candidates for leakage power optimi-
zation. 
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Figure 1: Hit Rate in the Second Half of LRU List 



 

 

LRU-based Algorithm 

In order to reduce hardware and power overheads, LRU 
information can be directly used to cut off cache lines as 
soon as possible. Ordinary LRU-based algorithm con-
stantly puts the latter /w n  part ( w  least recently used 
lines) of each set into low leakage mode. n  is associativ-
ity and w  is a number between 0  and n . 0w =  repre-
sents the conventional cache, and w n=  represents a 
slower cache (each access needs a next-level fetch). So 

1, 2, , 1w n= −  is our concern. 
Obviously, ordinary LRU-based algorithm is not very 
useful for state-destroying leakage control circuits like 
gated-vdd, because /w n LRU-based low leakage cache 
is almost the same as ( )n w− -way set associative cache, 
or even worse. To confirm this observation, we run 13 
benchmarks in the framework mentioned above with 2/4 
LRU-based leakage control enabled and without any 
leakage control but half associativity cache (32KB, 2-
way) respectively. The EDP results are illustrated in fig-
ure 2. EDP shows the poor ability of ordinary LRU-
based algorithm in energy-performance trade-off. So 
ordinary LRU-based leakage control mechanism is 
worthless and gilds the lily. But it can be combined with 
time-based gated-vdd strategy to more aggressively op-
timize leakage power. 
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Figure 2: EDP of Ordinary LRU-based Algorithm 

LRU-assist Algorithm 

In essence, the function of LRU list and line-associated 
counters in time-based strategy partially overlaps. Cache 
line order in LRU list is always consistent with the 
counter value order. In one set the cache line whose 
counter overflows firstly must be ( 1)LRU n − , and any-
time the counter value of ( 1)LRU n −  is also affirma-
tively the biggest one. Without regard to access latency 
and miss penalty, the counters for leakage control can 
completely replace LRU list, while it is impractical espe-
cially for large scale caches. So LRU is still necessary, 
but it can complement counters as an assistant for con-
trolling cache leakage power more aggressively. We call 
this LRU-assist. 
Considering the blindness to runtime states when use 
ordinary LRU-based algorithm to control cache leakage, 
we extend it with adaptivity. Instead of toggled in ordi-
nary LRU-based algorithm, w  is alterable in LRU-assist 

algorithm. Each set has its own way-mask wi . Corre-
sponding to the cold start of cache, wi  is initialized n  
which means all cache lines are cut off. A cache miss in 
set i  decreases wi  by 1 until 0wi = . When 

( 1)LRUi k −  (the thk  most recently used cache line in 
the LRU list of set i ) is shut off due to counter overflow, 
which means this way has been idle for a long time, we 
predict the ( 2)LRUi k −  way will also overflow in the 
near future and set 1wi n k= − + . The cache is con-
trolled by LRU and counter jointly. wi  swings from 0  
to n  in this manner, which implies a metaphorical bal-
ance between performance and power. Figure 3(a) shows 
the state machine of wi  in a 4 way set associative cache. 
To reduce the area and energy overhead of way masks 
( *n sets bits), one alternative is sharing only one way 
mask w  throughout the whole cache. Then all sets have 
the same off ratio. There is a little change in algorithm. 
When a cache line is cut off due to counter overflow, w  
increases by 1 until 1n − . Figure 3(b) illustrates the 
state machine. 

 

Figure 3: State Machine of wi  in 4 Way Caches 

Results 

In essence, LRU-assist is a kind of prediction or even 
gamble based on statistical information instead of obtru-
sion, indicating the trade-off among performance and 
leakage energy. In this section, we will evaluate the 
LRU-assist algorithm by running true applications. We 
apply LRU-assist decay to 4-way set associative L1 
Dcache, which dissipates a considerable portion of en-
ergy in modern microprocessors. We examine the L1 
Dcache off ratio of LRU-assist decay and counter-only 
decay strategy (decay interval is 32k cycles). We also 
show the EDP metric for performance-energy trade-off 
evaluation. Figure 4 shows the experimental results. 
LRU-assist decay can gain approximately 9% more leak-
age power saving than counter-only decay on average. 
Normalized EDP results for 4-way L1 Dcache based on 
conventional cache without any leakage control method 



 

 

are illustrated in figure 5. LRU-assist gains the lowest 
EDP on average, approximately 2% lower than baseline. 
All the energy efficiencies of gzip decrease because the 
miss rate of this benchmark is very sensitive to cache 
size and performance is greatly reduced when leakage 
control methods are used. 
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Figure 4: L1 Cache Off Ratio Using LRU-assist Decay 
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Figure 5: Normalized EDP Using LRU-assist Decay 

LEAKAGE OPTIMIZATION IN L2 CACHE 

L2 cache is the biggest component on microprocessor 
chip, but it is also rarely accessed due to L1 cache filter. 
So leakage power is the dominant item in L2 cache. 
Theoretically all other leakage control mechanisms are 
also work on L2 cache. But L2 cache has two larruping 
feature: high miss penalty due to off chip access and 
large capacity due to inclusion of L1 cache. State-
destroying leakage control methods are rarely used be-
cause data reloading from off chip memory is time-
consuming and energy-consuming. LRU-assist or other 
time-based DVS strategy are also impractical because 
the energy consumption of large number of additional 
counters can offset the leakage energy saving. Low over-
head state-preserving strategy should be developed. 

Always Drowsy Speculatively Recover 

As access frequency of L2 cache is very low, all L2 
cache lines can be put into drowsy state. Currently the 
tags are also put into drowsy mode along with the data 
for aggressive power saving. When a cache line is ac-
cessed, supply voltage of the whole set it located must be 

recovered to the normal level firstly for tag comparison, 
which costs several cycles and impacts the processor 
performance. L2 cache accesses can be partially pre-
dicted using prefetch-like mechanism, such as next-line 
prediction or stride-based prediction (S. Sair et al. 2002). 
We call this leakage control mechanism ADSR (Always 
Drowsy Speculatively Recover). Whenever an access to 
L2 cache line occurs, synchronized with tag compare 
and data read (wake up first if this objective line is 
drowsy), speculatively recover the whole set where the 
predicted line locates. If the next access exactly indexes 
this recovered set, recover latency is saved and perform-
ance is protected whether the tag comparison is match or 
not. Note that predicted set is only recovered to normal 
state instead of fetched from off-chip memory for dy-
namic energy saving. Each set is drowsed back as soon 
as the access is finished. Also the whole speculatively 
recovered set is drowsed back when the prediction is 
proved wrong by the next access. 

Results 

We implemented ADSR based on next-line prediction 
and stride-based prediction, as well as time-based 
drowsy. Two-cycle recover latency is first evaluated and 
drowsy threshold is set to 32k cycles. Thirteen SPEC 
CPU2000 benchmarks are simulated. Off ratio, IPC and 
EDP results are gathered and illustrated in figure 6, fig-
ure 7 and figure 8. We can see that ADSR can achieve 
more aggressive leakage power reduction than drowsy, 
and comparative performance (sometimes even better). 
The energy efficiency is also satisfying, which is better 
than drowsy and approximately 50% of the conventional 
L2 cache without any leakage control method. Though 
sometimes the IPC of ADSR is lower than time-based 
method, when the recover latency rises to 4-cycle, the 
IPC of time-based strategy drops obviously relative to 
ADSR (figure 9). So ADSR is more robust. We have 
also evaluated the recover accuracy of ADSR, and the 
result is not so exciting (only about 15% on average). It 
is suggested that the next-line and stride-based predic-
tion does not work very well. Evaluating other pre-
recovering mechanism and devising more accurate 
speculation such as compiler-based prediction are our 
plans in the near future work. 
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Figure 6: L2 Cache Off Ratio Using ADSR Algorithm 
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Figure 7: Normalized IPC Using ADSR Algorithm 
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Figure 8: Normalized EDP Using ADSR Algorithm 
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Figure 9: Normalized IPC Using ADSR with 4-cycle 
Recover Latency 

CONCLUSION AND FUTURE WORK 

This work presents two improved approaches, LRU-
assist decay and ADSR, to respectively control L1 and 
L2 cache leakage energy consumption. Evaluation re-
sults show that they all work well in reducing leakage 
energy consumption and improving energy efficiency, 
with little hardware cost and without drastic performance 
decrease. These two methods can also be used simulta-
neously in the same memory system to control leakage 
power of the whole cache hierarchies. Current LRU-
assist algorithm still needs counters to adaptively control 
the way mask. These counters consume considerable 
dynamic and static energy. A more saving LRU-assist 
mechanism will be developed in our future work. As 
mentioned above, evaluating other pre-recovering 
mechanism and devising more accurate speculation such 
as compiler-based prediction are also our plans. 
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