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During the talk, the modeling paradigm Petri nets is 
explained. Then, it is shown how to obtain model 
parameters from field data, and finally, an exemplary 
analysis is performed, using the analysis tool Expect. 
Different modeling and analysis examples are 
discussed and demonstrated. Together with numerical 
examples, an introduction to the analysis tool Expect is 
provided. To obtain the model parameters, the tool 
ParEs is used.   
 
 
PETRI NET MODEL (GSPN) 
 
A Generalized Stochastic Petri Net (GSPN) is a state-
transition system, where the transitions are assigned 
firing times. The set of all possible states in the Petri 
net is called the state space of the Petri net. Only in the 
case where the Petri net consists only of exponential-
and timeless transitions, the state space can be solved 
in a closed form by setting up the balance equations 
and solving them. In the case of a transient analysis we 
obtain a system of linear differential equations to be 
solved and in the case of a steady state solution, the 
system of differential equations is reduced to a linear 
system of equations.  
Especially in industrial applications, we have very 
often non-exponential distributions assigned to the 
transitions. Consider for example the mileage behavior 
of a vehicle. In this case it turns out that the underlying 
distribution has a log-normal nature. Or, in the case of 
modeling the failure behavior of mechanical 
components, the underlying distribution usually shows 
some type of Weibull nature. We have either an infant 
mortality failure behavior (high failure rate at the 
beginning and then a decreasing failure rate over time), 
a wear-out behavior (low failure rate at the beginning 
and then an increasing failure rate over time), or a 
mixture of both types. Electronic components usually 
show a random failure behavior. Taking this into 
account, a numerical solution of the Petri net by 
solving the flow equations is usually not possible. 
Therefore, we turn very often to system simulation to 



solve a Petri net to obtain the corresponding 
performance, reliability, quality and cost  measures.  
In the following, we will introduce common types of 
distribution functions and how to obtain the parameters 
of a distribution function from field data in order to 
parameterize the corresponding Petri net models.  
 
 
PARAMETER ESTIMATION 
 
While stochastic Petri nets have become a widely used 
means for modeling complex systems, problems 
already arise in practical applications when the 
transitions in a net have to be parameterized. The goal 
of this paragraph is to introduce techniques, that allow 
the estimation of the parameters of several lifetime-
distributions from field-data. These parameters serve 
then as input for the Petri nets.  Besides the two- and 
tree-parameter Weibull distribution that are used in 
traditional reliability analysis, the exponential 
distribution, normal and logarithmic normal 
distribution and a new distribution-type, referred to as 
bathtub distribution, can be handled. The algorithms 
used for parameter estimation rely on traditional 
methods as regression and Maximum-Likelihood-
Estimation, employing local and global optimization 
techniques. 
 
 
THE WEIBULL FAMILY 
 
The Weibull distribution, introduced by Waloddi 
Weibull in 1937 [Abe94] is the most frequently used 
distribution in reliability engineering. The original 
Weibull distribution has the distribution function 
(CDF):  
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with the two parameters α and β (which we therefore 
refer to as the two-parameter Weibull distribution). 
α is called the characteristical lifetime, which is 
defined as the point, where F(α ) 0.632  (i.e. 63.2% 
of all units have failed. The parameter

≈
β  is referred to 

as the shape parameter, because it defines, whether the 
distribution models infant-mortality failures ( β  < 1) 
or wear-out failures ( β  > 1). In the case of β =1 we 
have the exponential case, i.e. random failure.  
 
 
THE BATHTUB DISTRIBUTION 
 
This distribution models the whole lifetime of a 
component with infant-mortality- random-and wear-
out-failures. It is obvious from the previous paragraph, 
that this distribution can be built from the superposition 
(weighted sum) of two Weibull and one exponential 

distributions. The name bathtub distribution is derived 
from the curve of the hazard rate of this distribution 
which gives the well known bathtub shape as shown in 
the following picture:  
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But doing this, one can see that, with one exception, 
the exponential distribution, which should explicitly 
model the stable lifetime, has nearly no influence on 
the shape of the distribution. The reason for this is that 
the exponential part is implicitly contained in the 
superposition of the two Weibulls. Therefore, for 
practical reasons we decided to leave the exponential 
part out to reduce the number of parameters to be 
estimated from eight to six (for clarity: this is not 
because we consider the exponential part as 
unimportant but because its explicit representation is 
superfluous).  The CDF of the bathtub distribution is 
therefore given by the following equation (please note 
that the parameter p determines to what extent the 
current distribution function is subject to infant 
mortality or subject to wear out):  
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The two parameter Weibull is used to model infant 
mortality failures and the three-parameter Weibull 
models wear-out-failures and p (0 p 1) defines the 
weight of the terms (note: the index 2 has been omitted 
intentionally to remember the reader, that the explicit 
representation of the exponential part is missing). The 
exceptional case mentioned above in which the 
influence of the exponential part would be visible is the 
case if there are no wear-out-failures. But in this case, 
the second Weibull distribution can be used with 

≤ ≤

3β  = 
1 to model the exponential part, such that this special 
case of a constant failure is also covered within the 
bathtub distribution. 
 
 
 



THE NORMAL FAMILY 
 
The distributions of this family, namely the normal and 
logarithmic normal (lognormal) distribution, are in 
general not used for the modeling of failure behaviour. 
The typical use of these distributions is the use as a 
mileage distribution, whereas the lognormal 
distribution has become the most commonly used 
distribution in this application area. The CDF of the 
normal distribution is given as: 
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and that of the lognormal distribution as 
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respectively. Hereby, µ is the mean value and σ  the 
standard deviation.  
 
DIFFERENT TYPES OF FIELD DATA 
 
In this paragraph we describe the different modes of 
data that have to be treated by the estimation 
algorithms. Most presentations of the algorithms shown 
later implicitly assume a so-called full sample, i.e. all 
parts fail till the end of the test and the exact times of 
the failures are known. In reality, this is very rarely the 
case. One has to deal with clustered and suspended 
data. Clustered means, that the exact failure times of an 
error are unknown but one only knows that there were 
for example  errors for parts with a lifetime between 

and hours / miles. Suspended means, that some 
parts survived the end of the test, each of which with a 
certain lifetime / milage. Certainly, also the 
information about the suspended elements can be 
clustered, for example there were  parts with an 

operating time between and  hours / miles, that 
did not fail. To put it in a nutshell, combining all 
possible modes of single / clustered data with failures 
and / or suspensions, there are six combinations that 
have to be considered in practice (the cases that contain 
only suspensions and no information about failures are 
not considered as all following estimation procedures 
need at least one failure for performing an estimation). 
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The main advantage of using field data for analysis is, 
that one can be sure that the data reflect the behaviour 
of the part under investigation under real conditions. 
Thus, by using field data, the most critical point of a 
test rig series -- does the simulated stress reflect the 
real usage stress -- is circumvented. But this 

convenience comes at a price: Usually, field data have 
very poor quality, such that the estimation algorithms 
must be able to work with this low quality, and 
commonly contains no information about the milage of 
the suspended elements, simply because one doesn't go 
to the garage if there is no error. Thus, in practice, the 
milage of the suspended elements has to be estimated, 
too. 
 
 
LINEAR REGRESSION 
 
In the following, the linear regression method for 
determining parameters of a distribution function is 
explained. Since the linear regression method is the 
simplest type of analysis techniques, we will focus on 
it. Other techniques as for example the maximum 
likelihood technique are not explained in detail. For 
more information on these techniques, the reader is 
referred to [BGdT98]. 
The basic idea of linear regression is to transform the 
CDF of the distribution into a linear form y = a*x + b, 
find a least-squares fit through the failures and finally 
calculate the distribution parameters from the straight 
line parameters. This is also the idea behind the well 
known probability papers. For example, in the case of 
the two-parameter Weibull distribution with CDF 
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the linear form can be achieved by taking the natural 
logarithm twice. This leads to the linear form 
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and obtain the linear form y=ax+b. One of the 
problems in performing a least-squares fit to this form 
is, that one has only the x-values, i. e. the times of 
failure or suspension, but no y-values. Therefore one 
has to find an estimation for the correct plotting 
positions. According to [Abe94] median ranks, which 
have to be adjusted for the handling of suspended 
elements, are used for that. For the least-squares 
solution it is important that there is usually a large error 
in the time of failure, such that x should be taken as the 



dependent variable in the fit. Finally, the back-
transformation of the straight parameters to the 
distribution parameters in the two-parameter Weibull 
case is done by the formulas: 
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For the treatment of clustered failures and suspensions, 
there are different possibilities: For example, in 
[Lawl82]  an algorithm for calculating the ranks in the 
clustered case is given. In practice, a simpler solution is 
possible: the failures or suspensions in a cluster are 
distributed either uniform or normal over the cluster 
(both versions have been implemented and tested but 
the differences are neglectable) and then the formulas 
for the single-data-case are used. Surely, this enlarges 
the number of data points that have to be considered in 
the least-squares estimation, but in practice the runtime 
of the estimation even with thousands of failures is 
within a few seconds. 
The application of regression to the lognormal 
distribution leads to a numerical problem, as the linear 
 transformation is 
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and therefore requires the efficient calculation of the 
inverse of the Gaussian error function.This can be done 
starting with the equality 
 

0))(())(( =−⇒= yierferfyyyierferf
 
Defining  we must find 

the zeros of where can be approximated by 
one of the known total formulas for ierf. The solution 
follows the idea of Newton's Method [BuFa01] but 
uses a third-degree Taylor-polynomial instead of one of 
first order, which leads to faster convergence, and erfc 
instead of erf for numerical stability. 
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Another problem is the use of the three-parameter 
Weibull distribution with regression as one has to 
estimate three distribution parameters from two 
straight-parameters. As the parameters forα and 
β can be easily estimated by the method described 

above, it is obvious to separate the estimation of . 
When using a probability paper it is a hint that there is 
an  if the plotted points don't lie on a straight line. 
Hence it is adjacent to use the correlation coefficient, 
which indicates how well the points fit onto a straight 
line, for the estimation of , i.e. the failure times have 
to be shifted such that the correlation coefficient is 
maximized. A golden-section-search is used for 

performing the optimization. The shift needed for the 
maximization is the estimation for and the 
estimation of the remaining parameters works on the 
transformed values. 
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Parameter Estimation Tool ParEs 
 
This paragraph introduces ParEs, a tool for parameter 
estimation based on field data. ParEs (Parameter 
Estimation) is a GUI-based pure java-tool that 
incorporates all of the algorithms given above to give 
even the statistically non-experienced user the 
possibility to estimated parameters from field data and 
therewith to parameterize the transitions in his Petri net 
model. In the following, a screenshot of the tool is 
shown.  
 

 
 
As datasources, the user has the choice between an 
ODBC-datasource, which is usually a database in the 
background, the manual input of failures and 
suspensions in a spreadsheet-like form or the selection 
of special car-components from a tree-structure. The 
user has the choice to pre-define a distribution function 
to be fitted or he can select the automatic detection 
option. In this case the system determines 
automatically which distribution function fits the given 
field data best. After the selection of the estimation-
algorithm, the user may insert start values for the 
estimation, which are by default computed 
automatically, if someone wishes to fix some 
parameters to a special value. Finally, one can start 
either the computation of the point estimation and 
confidence-interval-calulation altogether or just the 
point estimation and the confidence-interval-
calculation manually afterwards. The reason for this 
possibility is, that the calculation of the point-
estimation is usually very fast while the computation of 
the confidence-intervals takes a lot of time, such that 
one should first be able to decide, if the distribution he 
guessed is correct before the lengthy part of the 
computation is started. To help the user in the decision 
if the supposed distribution is right, a Chi-Square 
goodness-of-fit test is performed, too. The final 
estimation results are presented to the user as the pure 
parameter values with the confidence bounds but also 



the typical plots of CDF, PDF, hazard-rate or the 
regression-straight line (if regression has been used) 
are provided. Finally, the resulting parameters are also 
provided as tagged data to facilitate the use of the 
component for example by the Petri net tool Expect. 
The idea behind this data export facility is, to make the 
whole parameter estimation process completely 
invisible for the user in the case of input modeling. 
Because in this case, users are usually not interested in 
and are not familiar with the parameter estimation 
process and its special details but just need appropriate 
parameters for their model. For example, if one wishes 
to use a transition in a Petri net to model the failure 
behavior of a special part, one just has to select this  
part and need not to know anything about the 
parameters. All the rest (parameter estimation, data 
handling and model parameterization) is handled by the 
tool. For this reason, a whole web based system 
environment has been set up and ParEs is part of this 
environment. This environment has been developed in 
Java and is constantly extended.  
In the following, we will demonstrate the accuracy of 
the methods given above. For a better judgement of the 
results, no real data were used but data that were 
generated by a random number generator for the given 
distribution. For all examples, the confidence level is 
set to 95%. In the Weibull example, 50 failures have 
been generated while in the bathtub case 500 failures 
were used. At a first glance, this seems to be only a few 
input data if one considers the fact, that in the case of 
real field data thousands of real vehicles are 
considered. But, on the other side, one has to consider 
the fact that the data used in this example are single 
data while in the case of real field data we have data 
clusters. Each of these clusters can contain thousands 
of data points. Thus, even with a small cluster size of  
only 1000 miles, 500 clusters would define a range 
from 0 to 500.000 miles which will surely cover the 
whole lifetime of a vehicle.  
The time for the evaluation of the likelihood function 
depends linear on the number of failures and 
suspensions in the case of single data and on the 
number of clusters, otherwise. Thus, one would expect 
that enlarging the size of the sample will always result 
in an enlarged runtime in the same order of magnitude. 
Practically, this can be taken as a worst case estimation 
because a larger sample usually contains also more 
information. Thus, fewer iteration steps will be needed 
if MLE is used such that the increase in runtime will be 
sub-linear in the average case. As in the regression 
case, there is a closed form solution where the runtime 
is within a few seconds even with thousands of 
failures. 
One question that is often asked is, how many failures 
are needed to perform a reasonable estimation. If using 
MLE, theoretically one typical failure is enough if 
there are suspensions. But, if  of the tree parameter 
Weibull distribution has to be estimated, too, at least 15 
failures are needed. Practical applications show that 
one can expect reasonable estimates if there are at least 

about 20 failures. But using these values, one has to 
keep in mind that this always means representative 
failures for the failure mode under investigation and 
not only random failures. 

0x

The first example to be demonstrated is a three 
parameter Weibull distribution.  The following table 
shows the result of the estimation with the confidence 
intervals for local optimization with heuristic 
confidence interval calculation and regression.  
Hereby, lα  denotes the lower confidence bound for 

the parameter α while uα  denotes the corresponding  
upper confidence bound.  
 

Parameter True Value MLE Regression 

lα  --- 137407 95435 

α  150000 151029 150969 

uα  --- 167381 279169 

lβ  --- 1.572 2.620 

β  3.2 3.092 2.710 

uβ  --- 4.542 2.801 

lx0  --- 0.736 44859 

0x  40000 40494 44859 

u
x

0
 --- 69144 44860 

 
The computation of the above results took 18 seconds 
(point estimation: 3 seconds, confidence interval 
calculation: 15 seconds), while the regression needed 
only 4 seconds. There is only a slight difference in the 
upper confidence bound of β if an evolutionary 
strategy or the deterministic version is used for 
calculation. But, in this case the calculation time 
increases to about 5 minutes (compared to 15 seconds 
as before). 
In the second example we apply our analysis 
algorithms to a bathtub distribution. The corresponding 
results are shown in the following table. 
 
Parameter True 

value 
Lower 
Bound 

Point 
Estimation 

Upper 
Bound

1α  3000 981 2026 4707 

1β  0.5 0.38 0.52 0.7 

3α  80000 79378 79944 80548 

3β  4.2 3.64 4.16 4.789 

0x  65000 62562 64645 66032 

p  0.15 0.11 0.16 0.22 
 
The computation time for the point-estimation was 29 
seconds with the penalty method, and 4 seconds with 
the simplex method. The confidence intervall 
calculation took 241 seconds.  
 



THE ANALYSIS TOOL EXPECT 
 
The analysis tool Expect has been developed at 
DaimlerChrysler [HeGrHo02] and is designed for a 
broad range of applications, including safety, quality 
and cost analysis. Safety analysis is concerned with the 
design of safe automotive systems, including their 
interactions with humans. In the area of safety analysis, 
system measures as for example reliability, availability, 
load and throughput of system components and 
probabilities for critical states, are determined. Quality 
analysis is concerned with building models at the 
component, system and vehicle levels for obtaining 
information on product quality. One example of this is 
comparing the behavior of systems built using different 
components. Cost analysis allows, for example, the 
calculation of price models for maintenance and 
service packages, which depends on the level of service 
offered, as well as the age and mileage of the vehicle. 
In addition, statistical methods are used to predict the 
expected quality and cost into the future. In all cases, 
the goal is that these analyses can be performed as fast 
and as comfortably as possible, while covering a large 
number of variants, in order to study and compare 
different real-life scenarios.  

The analysis tool Expect was designed with the goal of 
offering the modeler an easy to use and understand 
modeling environment and on the other side, allowing 
for an integrated system simulation, using discrete time 
event simulation. In the following, a short excerpt of 
the capabilities of Expect is described.  

 
TOOL FUNCTIONALITY 
The modeling and analysis tool Expect consists of a 
graphical editor, a simulator and a visualization 
component. It is implemented in Java in order to ensure 
platform independence, and also to make use of its 
special language features. One example is the dynamic 
loading of classes, which makes it possible to include 
functions in the Petri net model which are formulated 
in Java syntax, which can then be compiled and 
executed at run-time. This means that such functions 
execute with the same level of performance as the tool 
itself, since expensive parsing routines are no longer 
necessary. Furthermore, the Java compiler and 
interpreter are available everywhere free of charge.  

The Expect graphical editor is designed with multi-
document capability, allowing several nets to be edited 
simultaneously. This in turn allows sub-nets to be 
copied between models and for these to be compared 
quickly. Since Petri nets can quickly become very 
complex and unwieldy, Expect also allows hierarchical 
modeling. A net may be divided into sub-nets, which 
may be edited separately and linked together via 
transition or place interfaces. This supports both logical 
model development on the one hand, and clear 
graphical presentation of large models on the other. 
Expect contains a large number of configurable 

parameters; model parameterization is supported by 
dialog windows for each net component, which include 
plausibility checks for parameter values. All net 
components, with the exception of arcs, have unique 
names. 

The visualization component of Expect can be started 
directly from the editor. This allows the user to study 
the behavior of the net by watching the token game. 
This is important for demonstration and debugging 
purposes. The visualization module contains 
continuous speed settings as well as a step-by-step 
mode. The enabling state and enabling times of timed 
transitions are visualized in order to further enhance 
understanding of the net's dynamic behavior.  

The simulator may also be started directly from the 
editor. Both simulation up to a specified point in time 
or up to an absorbing state are permissible. 
Furthermore, a number of replications can be specified, 
and the simulator will provide appropriate statistical 
results. These include the values of the user-specified 
rewards in addition to the standard measures for places 
(probability of being non-empty, average number of 
tokens) and transitions (throughput and probability of 
being enabled.) In addition to this functionality, it is 
also possible to perform transient analyses by 
parameterizing the range and step size of solution time 
points. The simulator will then compute statistical 
values for each of these. 
 
 
CLASS OF NETS SUPPORTED 
Expect supports a very general class of stochastic Petri 
nets. These include many additional features which 
greatly enhance the usefulness of the tool to the 
modeler.  

Places can be assigned an initial marking and a 
maximum capacity, which may either have a constant 
value or be defined as a function of the current state of 
the net. An otherwise enabled transition is disabled, if, 
by firing, the maximum place capacity would be 
exceeded. 

Both timed and immediate transitions are supported. 
Immediate transitions can be assigned a weight, 
whereas timed transitions can be assigned a firing time 
distribution chosen from a large set of alternatives. 
Firing time distributions range from exponential and 
phase-type distributions to Weibull and Normal 
distributions. In addition, the parameters for the firing 
probabilities and distributions may be defined as 
marking-dependent functions. Expect also allows the 
use of marking-dependent guard functions and 
priorities to control the enabling of transitions.  

Transitions may be of single, multi- or infinite server 
type; multi-server and infinite-server transitions are 
treated by the simulator by assigning multiple firing 
times to the transition in accordance with the current 
enabling degree. Transitions may also be assigned a 



memory policy of type age or enabling. Memory 
policies define how the enabling time of a transition is 
treated when the transition becomes disabled for any 
reason other than itself firing. In the enabling case, a 
transition will "forget" that it has been enabled for a 
certain period; when it once again becomes enabled, a 
new firing time will be computed. In the case of the 
age policy, the transition "remembers" its enabling 
time, which shortens its remaining firing time when it 
once again becomes enabled. These memory policies 
are very important for modeling purposes. 

Expect also supports multiple arcs, whose multiplicity 
may be specified as a constant or with a function.  

Various types of rewards are also available, including 
accumulated, non-accumulated and impulse rewards, 
which are associated with the firing of a transition. In 
addition to the net components themselves, 
independent parameters and functions may be defined, 
which can be referenced by the functions used to 
parameterize the net components. These facilitate the 
fast and safe modification of model parameters. 
In the following, three screenshots of Expect 
demonstrate, how a system can be modeld in a 
hierarchical manner, how a detailed block looks like 
and  and how analysis results are finally presented to 
the user.  
• Hierarchical top layer of a Petri net 

 

 
• Detailed Petri net model within a hierarchical layer 
 

 

• Representation of the analysis results 

 
 
NEXT DEVELOPMENT STEPS 
Expect is used very heavily at DaimlerChrysler 
Research in the form described here. In addition to the 
current functionality, various extensions are also 
planned, which will be briefly described.  

One important application of Expect is the simulative 
prediction of the availability and reliability of current 
and future on-board vehicle systems. In addition, the 
tool is used to analyze quality measures and predict 
warranty costs. These applications include features for 
automatic report generation and integration with a 
corporate database, which contains up-to-the-minute 
reliability data. In order to access this database, an 
interface to Expect has been developed and is currently 
under test. Another very important topic while 
providing an interface between the analysis tool Expect 
and our corporate database is the pre-calculation of 
model parameters, based on our warranty data. 
Therefore, right now techniques are included into the 
tool Expect that allow the user to set up a model. Once 
this is done, the user can link every transition in the 
model with a component in our corporate database. As 
soon as this link is established, the system 
automatically extracts the field data from the corporate 
database that are associated with the link, performs a 
statistical analysis on these data and feeds the 
corresponding parameters into the model. Every time, 
the model is started and information in the corporate 
database has changed (e.g. new field data arrived at the 
corporate database), then the system automatically 
initiates a re-calculation of the parameters and starts a 
new  simulation.  

In this sense we are able to set up a quality-and cost 
tool suite, consisting of  

• A Web-framework that contains statistical analysis 
algorithms for pre-processing the field data 

• The analysis tool Expect that uses the pre-
processed field data to parameterize and analyze 
the model 



 

 

 

 

 

Many questions of interest can be answered by 
analyzing the state space of a net. These include 
qualitative properties such as deadlocks and livelocks 
in addition to the usual quantitative simulation results 
such as average reward values and marking 
probabilities. In particular, when all timed transitions in 
the net are exponentially distributed (or phase-type), 
then the state space can be converted into a continuous-
time Markov chain, for which very efficient numerical 
transient and steady-state analysis methods are 
available. For these reasons, state space generation and 
analysis techniques will also be included in the tool. 

A further issue of interest is to increase the 
performance of the discrete-event simulation itself. 
This is motivated by the high accuracy requirements 
for safety analyses, requiring a large number of 
replications to achieve statistically significant results, 
and the large degree of stiffness of many models, 
which require a long time to reach steady-state. In both 
cases, very expensive computations can result. Our 
approach to accelerating simulations by aggregation of 
the state space [HeHoLu98] will be studied in the Petri 
net context. In addition, an automatic parallelization of 
the net has been incorporated into the tool. Hereby, not 
the Petri net is split into pieces and each beeing 
analyzed on a different computer but we just parallelize 
the replications across a network of workstations. This 
means that we distribute the overall Petri net to 
different computers. Each computer starts the 
simulation with a different starting value. In this case 
we avoid the communication overhead involved in a 

standard parallelization (distributing pieces of the Petri 
net to different computers). This type of parallelization 
proved to be very effective, stable and provided a 
linear speed-up. Therefore, this type of parallelization 
has been incorporated into the tool as a standard feature  
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MODELING EXAMPLES 
 
Example 1: The following picture shows a screenshot 
taken during the visualization of the simulation of a 
small example net. The distribution functions of the 
transitions can be identified by the transition color. The 
expired enabling time of each transition is shown by 
the darker portion of the transition. Tokens are drawn 
in red. When a transition fires, tokens move 
symbolically along the input arcs from the input places 
to the transition and along the output arcs from the 
transition to the output places, according the various 
arc multiplicities. Viewing the simulation visualization 
in this manner significantly enhances the user's 
understanding of the net's dynamic behavior, and is 
very useful in presentations to non-specialists and of 
course for verifying (i.e debugging) the model. 

 
 

Example 2: The next Expect screenshot shows a small 
Petri net, which is part of a model developed at 
DaimlerChrysler Research. The goal of this project was 
to study the reliability of a system over the entire life 



cycle of a vehicle, including the interaction with the 
driver, in particular the manual deactivation of faulty 
systems. Rewards are used to compute the probabilities 
of light and serious damage occurring due to 
inappropriate behavior by the driver. The screenshot 
shows a Petri net with its initial state, in which the 
system is off. This is characterized by the token in the 
place sys_off. In this state it is possible to activate the 
system by the user or the system can fail unused. When 
the system is not used and it fails, it is detected by the 
system and it changes the state in defect. This behavior 
is modeled by the transition Sys_intError, which 
changes the state of the Petri net from Sys_off in 
Car_Garage. From this state, the system will be 
repaired and changes into the initial state of the net. If 
the system has not failed, the user can activate it and 
the token in place Sys_off walks to place Sys_on. By 
the activation of the system it is possible that the 
system is defect. In the case of no defect, the state of 
the system will change to working and the token walks 
to the place Sys_working by firing of the transition 
Sys_works. In this state the system can be deactivated 
by the user and the system changes in the state 
deactivated. This way from system deactivated to 
activated and back is the normal usage of the system, 
but while using the system, the system can fail and the 
token in place Sys_Working moves to the place 
Sys_Failed. This state of the system is the same state 
which will be reached if the system is down and will be 
activated. In the case of a system failure while the 
system is in use, either the driver can be warned by the 
vehicle or, in the case of a failure, the warning does not 
occur. When the user is warned, the token moves to 
place Warned. In this state, the driver can ignore the 
warning or he will secure the vehicle. Ignoring of the 
warning will lead to the same state as when the vehicle 
cannot warn the driver. This state is characterized by a 
token in place unwarned_ignor. At this point, the 
question arose, whether it is necessary to improve the 
availability of the warning or not. In the original model 
it was not obvious if it is or not. By analyzing the 
model, it was possible to prove that the warning must 
not be redesigned, because the most probable cause for 
damage was the ignorance of the driver. If  the driver 
does not ignore the warning, he secures the vehicle (by 
braking, for example) and the system will be repaired 
at a garage. This case is modeled by the places P4 and 
Car_Garage, and the transitions Drv_Secures_1, 
To_Garage and Car_Repair. In the case where the 
driver ignores the warning,  or there is a warning 
failure, we have three different possibilities. The first 
way is the securing by the driver, if he is fast enough to 
react; the second is securing by the front-seat passenger 
if he can react fast enough. In both cases, the token will 
go to place P4 and the system will be repaired in the 
garage. The last possibility is the worst one, in which 
the system has failed and the vehicle is in an 
uncontrolled state, in which there is no way to return to 
a secure state. In this situation, damage is unavoidable 
and the question is how heavy the damage will be. In 

the model, the damage is divided in two classes, light 
and heavy. These are modeled in the Petri net with the 
transitions p_Light and p_Heavy. In both cases, the 
vehicle is repaired after the crash and the vehicle with 
the system returns to the initial state. A very interesting 
question for DaimlerChrysler was the amount of light 
and heavy damage. For measuring this, the impulse 
rewards Rew_Garage_L and Rew_Garage_H are used. 
The model is a simplified model, because it abstracts 
from system functions and different failure modes of 
the system. Nevertheless, it shows the usage of Petri 
nets for analyzing systems and the behavior of systems 
with interactions with humans. With the model shown 
in this example, it was possible to prove that a failure 
in the warning system was not the main danger; the 
main problem was the driver ignoring the warning, 
which lead to new concepts for increasing the safety of 
the overall system. 
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ABSTRACT 

Key aspects of a signalling protocol governing the 
interactions between terminals and network entities 
within a composite radio environment are presented in 
this paper. On the basis of these aspects, simple  
simulation models for capturing the dynamics of the 
message exchanges are discussed. The simulation study 
allows the derivation of both qualitative and 
quantitative results, that provide insight on key 
characteristics of the environment. 
 
INTRODUCTION 

Composite radio is directly relevant to the actively 
researched area of Fourth Generation (4G) wireless 
systems (4GVision&Technologies 2004). The concept 
refers to the joint employment of co-operating 
heterogeneous wireless technologies (Mobile 2.5G or 
3G telecommunications systems, such as GPRS (3GPP 
TS 23.060 2004) and UMTS (3GPP TS 22.101 2004); 
Broadband Radio Access Networks, such as IEEE 
802.11 (Groups 802.11 2004) or HIPERLAN 
(Varshney and Vetter 2000); and wireless broadcasting 
technologies, such as DVB-T (Digital Video 
Broadcasting 2002)) towards a versatile infrastructure 
that can support flexible wireless access to quality-
aware information services. 
Taking the same approach as the CREDO (Composite 
Radio and Enhanced service Delivery for the Olympics) 
(CREDO consortium 2001) project, this paper does not 
regard composite radio simply as a system where 
terminals switch to alternative access networks through 
a vertical handover merely upon loss of coverage, but 
rather as a system where its constituent components 
coordinate intelligently, towards exploiting the 
increased potential for optimisation that becomes 
possible when these constituents are jointly operated. 
Operation at this level of intelligence presupposes the 
existence of appropriate management functionality; 
such functionality is assumed to be available at both the 
composite network and the wireless terminals. In the 

context just outlined, the following key features of the 
composite radio system may be identified: 
o Diverse radio segments interconnected via a 

backbone. 
o A Network Management System (NeMS) for the 

management of the composite radio network. It 
enables the joint optimisation of the alternate radio 
network segments, so as to deliver services efficiently, 
in terms of QoS. 

o A Terminal Management System (TeMS) for the 
management of the wireless multimode terminals 
capable of operating in the composite radio 
environment and comprising functionality for 
interfacing to NeMS and for conducting decisions 
(NeMS-driven or independent) about the most 
appropriate radio technologies to be used for the 
efficient (in terms of QoS) reception of services 
through this terminal, under the each time applicable 
circumstances. 

o The NeMS and TeMS exchange information towards 
beneficially combining the terminal’s ‘local view’ 
(e.g., radio conditions in the area, services 
requested/received over the terminal, QoS levels 
associated with those services, etc) and the ‘global 
view’ of the composite network (e.g., traffic load over 
the various segments, QoS preservation via 
congestion avoidance, etc) 

o Quality-aware applications and demanding service 
access. 

It is clear that in order to fully develop a composite 
radio system comprised of the aforementioned key 
features it is imperative to adopt a signalling protocol 
governing the interactions between the terminal’s TeMS 
and the network (through NeMS) towards the efficient 
selection (or reselection) of the most appropriate access 
network for the terminal to use. In this context, the 
paper presents a study on the efficiency of such a 
signalling protocol, implemented for the purposes of the 
IST project CREDO. The study contributes to the 
understanding of the protocol’s dynamics and provides 
insight towards further improvements and modification. 
The concepts employed in the study are of a nature 
more general than the specific protocol and thus of 
value in other similar interaction mechanisms as well. 
Early work found in (Kontovasilis et al. 2003) on the 
model where simple analytic approximations are 



 

 

employed to allow the computation of response times 
guided the presented work. 
The rest of the paper is organised as follows: the second 
section outlines the technical requirements and the main 
structure of the TeMS-NeMS communication protocol 
developed in the context of the CREDO project. The 
third section argues on the necessity of an efficiency 
study and sets its context. Fourth section introduces the 
proposed model and exemplifies its use through the 
simulation of representatives case studies. Finally, the 
last section concludes the paper. 
 
SIGNALING PROTOCOL REQUIREMENTS 

The main technical requirements for the communication 
protocol are outlined as follows: 
 The interaction mechanism should allow terminals 

to 
 Ask from the network (through NeMS) the 
engagement of new/additional services. 
 Notify the network about service termination and 
candidate access segments within the terminal area. 
 Report to the network status parameters relating to 
the quality with which services are received over the 
terminal (e.g., status values at the radio-/ IP-, and 
application-level). 

 The interaction mechanism should enable the 
network (through NeMS) to 
 Advise a terminal about the access segments that 
should be selected. 
 Ask from terminals to send status reports for 
assessing the conditions in specific radio segments. 
 Instruct terminals to switch to a different access 
network. 

 The message protocol governing the interaction 
mechanism should not depend on the high-level IP 
means used for its implementation. In particular, the 
implementation should not assume that the order of 
messages sent from any communication end is 
preserved. Given the signalling nature of the 
protocol, low-overhead implementations requiring 
few packet exchanges may be preferable, but should 
not be imposed by the protocol’s structure. 

 The message protocol should be independent from 
the specific radio access technologies integrated into 
the composite network. 

Following the above requirements, the messages of the 
signalling protocol between the terminals and the 
network can then be categorised as follows: 
 Initial terminal registration/initialisation to the 

composite network. 
 A core pair of messages (a Service Request/Reply 

pair) used from a terminal (the request) in order to 
report in a periodic manner the services running and 
the reachable network or to ask for new services, to 
report a change in the currently running services 
(e.g., a stopped service) or in the networks reachable 
to the terminal, and from NeMS when replying with 
the appropriate network to be selected. 

 Messages for reporting quality status information 
from terminals to NeMS. 

 A message from NeMS to a terminal for triggering a 
message exchange leading to reselection of the 
network segment used by the terminal. 

The main advantages for the signalling protocol 
implemented within CREDO are its simplicity (easy to 
implement), its low overhead (appropriate to carry 
critical messages), and finally that it is specifically 
designed for responding to the challenges posed on a 
composite radio environment. An outline of the protocol 
in the context of the multimode terminal’s architecture 
can be found in 0. 
 
SIGNALING PROTOCOL EFFICIENCY STUDY  

In light of the protocol’s outline in the previous section, 
the bulk of the signalling traffic are Service Requests 
(sent from TeMS to NeMS), which trigger 
corresponding Service Replies (from NeMS back to the 
TeMS). If reply to a Service Request hasn’t been 
received within time equal to half a Lifetime threshold, 
the request is considered to have been lost and is 
retransmitted by the TeMS. 
Customarily each terminal should periodically send 
Service Request messages every T time units, even if 
there is no updated information to report. These 
periodic messages act also as “keep-alive” indicators, 
assuring NeMS that the terminal is “still there”. Note 
that whenever T≤Lifetime/2, there is no point in 
retransmitting timed-out requests, as a more recent 
message has been issued before deciding to repeat the 
old one. Retransmissions are of value when T >> 
Lifetime/2. 
Since other messages occur rarely compared to the ones 
just mentioned, they are not so important when studying 
the efficiency of the signalling protocol. 
Exchange of messages between TeMS and NeMS occur 
in a network setting like that depicted in Figure 1. The 
configuration includes a GPRS network, a WLAN 
segment and a DVB-T segment. Note that the latter is 
unidirectional and must use one of WLAN or GPRS as 
return channels. Due to the presence of Mobile IP, each 
message from TeMS to NeMS must traverse the uplink 
radio segment, reach the system’s Home Agent, and be 
forwarded to NeMS for processing. A corresponding 
sequence is involved in the backwards direction. 
In light of this multi-step process, it is important to 
ensure that the exchange of messages occurs efficiently, 
i.e., that excessive delays in the delivery of messages 
are not very probable, considering even large-scale 
contexts. 
Towards this goal, suitable modelling is employed to 
capture key properties of the signalling dynamics. Focus 
is on a ‘steady-state’ setting, where terminals regularly 
send Service Requests to NeMS and receive back the 
corresponding replies from it. The quantity of primary 
interest is the total roundtrip time from the issuance of 
the Service Request to the reception of the Service 
Reply. This should be kept sufficiently low to ensure 



 

 

that the TeMS may take benefit of the advice from 
NeMS as soon as possible, in case this is required. 

IP networkIP network

Access 
Router

Access 
Router

NATNAT

WLAN APs
and DHCP 
servers

NATNAT

GGSN

GPRS
Network
GPRS

Network

Access 
Router

IP/DVB 
Gateway

DVB-T 
transmitter

WLAN SegmentWLAN Segment GPRS SegmentGPRS Segment DVBDVB--T SegmentT Segment

Terminal

Home 
Agent
Home 
Agent

NeMSNeMS

Terminal

 
 

Figure 1: Composite radio network architecture 
 
MODEL SPECIFICATION  

This section introduces, in a detailed manner, the model 
developed for the study of the efficient exchange of 
signalling messages between network and terminal 
entities followed by the simulation study. 
 
The Model 

Figure 2 identifies the various components contributing 
to the roundtrip time between the emission of a TeMS-
initiated Service Request message and the reception of 
the Service Reply message returned by NeMS in 
response. These components include network traversal 
(one-way delay) times and queueing (i.e., waiting plus 
service) times. 
Random variables of potentially distinct probability 
distribution function (PDF) are used for the traversal 
times of different radio networks. Without further 
modelling complexity, it is also possible to assign 
different PDFs for uplink and downlink traversal of the 
same radio segment (this issue being void in the case of 
DVB-T, as it is unidirectional). The main simplifying 
assumption adopted by the model is that the times for 
different traversals along a given radio segment are 
assumed independent, for messages associated either to 
the same or to different terminals. This is an assumption 
typically employed in end-to-end networking studies 
and has been proven quite reasonable to adopt. 
The traversal times over the IP backbone are associated 
with a PDF different from the previous ones. An 
independence assumption like the one just mentioned is 
assumed for this case too. It should be pointed out that 
although IP traversal does not always correspond to 
one-way delay between the same endpoints (e.g.,  there 
is traversal from the radio network to the Home Agent 
and from the Home Agent to the machine hosting 
NeMS) nevertheless, the model follows the assumption 
that all such times are distributed according to the same 
PDF. This assumption, supported by measurements, 
appears a reasonable one to make for high-speed 
backbones that employ optimised routing between their 
major nodes. These characteristics are quite 
representative of the setting being modelled. 
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Figure 2: Flow of messages in Service Request/Reply 
chains 

For the functional form of the traversal time PDFs, a 
rather conservative choice (i.e., one that is likely to 
yield estimates worse than the actual values) can be 
provided by the distribution corresponding to the sum 
of a constant time plus one term with a truncated 
exponential PDF. The second term signifies an 
additional occasional delay, due to congestion. 
Measured statistics for the mean, variance and 
percentile of exceeding a preset threshold could serve 
matching purposes. For a simpler choice, a plain 
exponential distribution may also be used. As already 
noted, different parameters apply to each of the three 
radio segments and to the IP backbone. 
Besides network traversals, the time components in 
Figure 2 include two queueing times, at the Home 
Agent and at the NeMS, where messages pool for 
processing. Both queues are assumed to operate 
according to the FIFO policy. The service time at the 
Home Agent queue is the time required for 
processing/forwarding the packet carrying the message. 
The service time at the NeMS queue is the amount 
required for the internal bookkeeping (including 
possibly the execution of short-term optimisation 
algorithms) and for creating the Service Reply message. 
The traffic load to these queues primarily consists of the 
periodically generated Service Request messages (for 
both queues) and the corresponding Service Replies 
(only for the Home Agent queue). The model assumes 
that each active terminal in the composite network 
generates a service request every T time units. 
Consequently, the average rate of message arrivals due 
to these periodic messages is n/T at the NeMS queue 
and 2n/T at the Home Agent (because for each request 
there is a corresponding reply). It is conservatively 
assumed that the packets carrying the requests and 
replies do not get lost along the way and thus the queues 
are presented with the full ‘nominal’ load. 
Besides the explicitly considered messages (and 
possibly retransmitted Service Requests, discussed 
shortly), external Poisson load is introduced by the 
model to each of the two queues. For the NeMS queue, 
the Poisson load models packets carrying other 
messages (e.g., corresponding to non regular Service 
Requests for invocation of a new service, or messages 
of a type not considered in this study). This load is 
typically low, compared to the main one. For the Home 
Agent queue, the Poisson load, besides implicit 
messages also represents actual data packets (i.e., 
carrying content from servers to terminals) and 



 

 

(possibly) packets coming from other parts of the 
Internet, external to the composite network 
infrastructure. 
The choice of Poisson process is a reasonable 
assumption when modelling a large aggregation of 
independent packet arrivals. In fact, when modelling a 
composite network with a large number of terminals, all 
traffic arriving at the two queues can be reasonably 
assumed of Poisson type. This further simplification is 
not employed in the simulation study. However, 
comparisons of mean value results between the 
simulation and an approximate analytic technique (c.f., 
(Kontovasilis et al. 2003)) support the validity of the 
simpler model in a context associated with many 
terminals. 
In following the functionality of the signalling protocol, 
the model uses a Lifetime constant for determining 
‘expired’ Service Requests (retransmitted only if the 
model’s input parameters satisfy T>Lifetime/2).  
The model treats the events relevant to disjoint service 
request/replies (associated to either the same or 
different terminals) through independent “process 
threads” (meaning that events corresponding to drawing 
a time sample for e.g., traversing the radio segment, 
occur in parallel and independently between different 
threads) as depicted in Figure 2. These “threads” 
coordinate (become dependent) at the two common 
queues, which handle all packets arriving at them. 
It is clear that the roundtrip delay involved in a 
request/reply pair is equal to the sum of  all the random 
variables associated with the time components of  
Figure 2, distinguishing when applicable between 
uplink and downlink radio traversal (e.g., a required 
distinction for a terminal in DVB-T, as the return path is 
through another radio segment). However, when the 
parameters of the model suggest that retransmissions be 
modelled, the computation of the roundtrip is a bit more 
complicated when timeouts occur. Indeed, assume that a 
request timeouts k times; this means that k+1 requests 
were ultimately generated and only the last one received 
a reply before time equal to Lifetime/2 passed from its 
issuance. In that case, the roundtrip delay should be 
computed by subtracting the time when the first request 
was generated from the time when the (k+1)-th reply 
was received at the terminal.  
Given this model description the following list provides 
suitable Input/Output parameters for use when the 
model is implemented on a simulator: 
 Input Parameters 
o Number of terminals active (in each of the three 

radio segments; for each of those in DVB-T, the 
uplink segment must also be specified). 

o Lifetime. 
o Time interval T between the periodic issuance of 

Service Request messages from each terminal (not 
including those generated due to timeouts, should 
the notion apply). 

o Delay PDFs for the IP traversal and the traversal of 
radio segment. 

o Service time PDFs for the Home Agent and the 
NeMS queues. 

o Poisson load at the NeMS and the Home Agent 
queues. 

 Output parameters: 
o Statitistics for the roundtrip time for each segment 

hosting active terminals. 
o Probability of timeout (per segment). 
o Average arrival rate at each of the two queues (non-

redundant only if retransmissions are enabled). 
 
A Typical Case Study. 
Table 1 summarises typical input parameters for an 
application of the methodology just described. Some 
parameters (like the f factor and the mean service times) 
have been intentionally kept greater than the values one 
would normally expect them to have, in order to come 
up with conservative predictions.  

Table 1: Typical input for the study of system’s reaction to 
terminals’requests 

Network Parameters 
Network Size 240 terminals 

Terminal distribution among radio segments 
GPRS WLAN DVB/GPRS DVB/WLAN 
110 110 15 5 

Traversal Times (ms) 
GPRS WLAN DVB-T IP 
400 50 60 100 

Home Agent Parameters 
average service time 25 ms (i.e., 40 messages/sec) 
Sq. coefficient of variation for 
service time 

1 

Arrival_rate_HA 9.6 messages/sec 
Utilisation, ρ 0.24 

NeMS Parameters 
average service time 50 ms (i.e., 20 messages/sec) 
Sq. coefficient of variation for 
service time 

1 

Arrival_rate_NeMS 3.47 messages/sec 
Utilisation, ρ 0.174 

Additional Parameters 
Lifetime 180 sec 
f-factor for additional load 30%  
r_external 100% of Tn  

 
Nevertheless, traversal times are typical, as is the value 
of the Lifetime. The parameter T is half the Lifetime. 
The composite radio hosts a large number of terminals, 
so that the Poisson assumption is realistic. 
The model has been simulated on the OPNET 
simulation platform. In all cases simulation time was 
large enough to guarantee reaching steady state 
conditions. 
Figure 3 displays the mean roundtrip delay for each 
radio segment as a function of the number of terminals, 
with values ranging from 200 up to 400 terminals. With 
magnification of the size of the system, appropriate 
dimensioning is presumably applied to the radio 
segments, so that the traversal times do not vary. In the 
graph, different traversal and queueing time 
components are indicated by different colour (tones of 
grey in black-and-white printouts). It can be observed 



 

 

that most of the delay is due to traversing networks, 
while queueing is negligible, even for higher number of 
terminals, resulting in higher traffic at the queues. The 
most dominant part of the delay is due to IP traversal 
and (where applicable) to the traversal of the ‘slow’ 
GPRS segment. 
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Figure 3: Mean roundtrip delay (and parts of it) for 
exchange of service request/reply messages vs number 

of terminals, for terminals in GPRS (a), WLAN (b), 
DVB/GPRS (c) and DVB/WLAN (d) 

 
Additionally Figure 4 and Figure 5 display the roundtrip 
delay for each radio segment as a function of the Home 
Agent (rates from 25 up to 50 packets/sec) and the 
NeMS (rates from 10 up to 35 packets/sec) service 
times respectively. In each case a trend is exhibited in 
respective delays within the queues with the service 
times modified. However, the overall effect on the total 
round-trip time remains small in all cases due to the 
significantly larger delays imposed by the IP and the 
radio segment traversals, which are independent of the 
service times within the queues. 
In all cases, in a qualitative sense the higher delays are 
found at the ‘slow’ GPRS segment, the faster segment is 
the WLAN, while DVB-T is affected by the choice of 
the uplink route with WLAN being the faster choice. 
It is also notable that even in the most stringent case, the 
mean roundtrip delay remains below 2sec, i.e., about 50 
times smaller than the timeout threshold. This illustrates 
that timeouts are highly improbable and would have 
remained so for considerably smaller values of T. 
Chebyshev’s inequality (see e.g., (Feller 1968)) gives a 
conservative upper bound for this probability, through 
Pr{T>50·mean_delay}≤SCV_delay/502= 
SCV_delay·4·10-4, which is less than 1% even when 
the squared coefficient of variation for the delay is as 
high as 25. 
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Figure 4: Mean roundtrip delay (and parts of it) for 
exchange of service request/reply messages vs Home 
Agent service rate, for terminals in GPRS (a), WLAN 

(b), DVB/GPRS (c) and DVB/WLAN (d) 
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(d) 

Figure 5: Mean roundtrip delay (and parts of it) for 
exchange of service request/reply messages vs NeMS 
service rate, for terminals in GPRS (a), WLAN (b), 

DVB/GPRS (c) and DVB/WLAN (d) 
 
As an indicative additional test, Figure 6 displays the 
mean roundtrip delay for DVB/WLAN, this time with 
unreasonably high variability (SCV=10) in the service 
times (at both the Home Agent and NeMS). The impact 
of queueing in the total delay has increased, although it 
has remained much smaller than the IP traversal part 
(see subfigure (a), when T has the previous value). The 
right subfigure (b) maintains the high value in the SCV 
parameter, doubling though the value of T (effectively 
halving the load at the queues) with the end-result of 
bringing the queueing times back to the previous very 
small levels. This illustrates that the ability of the 
signalling protocol to negotiate the Lifetime parameter 
provides a versatile mechanism for controlling 
signalling congestion. 
Note that in the case where the squared coefficient of 
variation is higher than one the Generalised Distribution 
(see e.g., (Kouvatsos 1994)) was adopted which is 
completely specified by just the mean and the variance. 
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Figure 6: Mean roundtrip delay (and parts of it) for 
exchange of service request/reply messages vs number 
of terminals in DVB/WLAN and SCV=10, with 
T=1/90sec (a) and T=1/180sec (b) 



 

 

 
CONCLUSIONS 

This paper outlined key aspects of composite radio 
environments, focusing on a signalling protocol that 
governs the interactions between the network 
management system and intelligent multi-mode 
terminals. A framework for studying the impact of the 
signalling messages exchanged between the terminals 
and the Network and Service Management system, in a 
context of large scale was reported. Models for 
capturing the message exchanges were discussed, along 
with simulation studies for representative cases. In all 
cases the implemented protocol was shown to work 
efficiently. The model and the simulation allow the 
display of response times broken into separate time 
components for network traversal and queueing. Results 
from case studies showed that IP traversals contribute 
significantly to the overall time, while queueing times 
are less important. Future work would involve 
exhaustive comparison studies between simple analytic 
approximations and simulation additionally expanded to 
other types of exchanged signalling messages. Further 
degrees of complexity are envisaged towards a finer set 
of approximation and simulation tools for the study of 
the behaviour of the signalling protocol. 
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ABSTRACT 
A priority queue plays an important role in stochastic 
discrete event simulations for as much as 40% of a 
simulation execution time is consumed by the pending 
event set management. This article describes a new form 
of tree-based priority queues which employs the 
demarcation procedure to systematically split a single 
tree-based priority queue into many smaller trees, each 
divided by a logical time boundary. These new 
Demarcate Construction priority queues offer an 
average speedup of more than twice over the single tree-
based counterparts and outperform the current expected 
O(1) Calendar Queue in many scenarios. Their superior 
performance renders them suitable for many 
applications such as discrete event simulators. 

INTRODUCTION 
In stochastic discrete event simulation (DES), we often 
observe that the known kinds of efficient tree-based 
priority queues such as the Splay Tree (Sleator and 
Tarjan 1985) and Skew Heap (Sleator and Tarjan 1986) 
only have at best an amortized time bound of O(log(n)) 
per operation, where by amortized time is meant the 
time per operation averaged over a worst-case sequence 
of operations (Tarjan 1985). Comparatively, multilist-
based priority queues such as the Calendar Queue (CQ) 
(Brown 1988) and its variant Dynamic CQ (DCQ) (Oh 
and Ahn 1998) offer an “expected” O(1) average time 
bound per operation, where by “expected” is meant that 
the CQs are not theoretically proven to be O(1) but 
rather displays an O(1) performance in numerous 
scenarios. However, the drawback of employing the 
CQs is that the worst-case time bound per operation can 
be as poor as O(n) (Rönngren and Ayani 1997). That 
said, the CQ has been chosen as the pending event set 
(PES) structure in various simulators such as the 
popular Network Simulator v2 (Fall and Varadhan 
2002). 
 
In DES, the PES is defined as the set of all events 
generated during a DES and of which the events have 
not been simulated yet. The basic operations of the 
enqueue and dequeue of events define the PES as a 
priority queue of events with the minimum time-stamp 
having the highest priority and maximum time-stamp 
having the least priority. Comfort (Comfort 1984) has 
revealed that up to 40% of the computational effort in a 

simulation may be devoted on the management of the 
PES alone, where the enqueue and dequeue operations 
account for as much as 98% of all operations on the 
PES. A DES frequently operates in a three-step cycle: 
dequeue – removal of an event with the highest priority 
from the PES; execute – processing this dequeued event; 
enqueue – insertion of new event/s resulting from the 
execution into the PES. The two basic operations, 
enqueue and dequeue, have run-time complexity closely 
dependent on the total number of events in the PES. 
Therefore, a PES structure should be efficient especially 
for large-scale simulations that involve large number of 
events during simulation jobs.  
 
In most applications the metric of interest for a priority 
queue is often the time required to perform the most 
common operations. This metric is referred to as access 
time. In DES, the total run-time of the simulation job is 
by far more important than the individual times of the 
operations, except for real-time applications. Therefore, 
the amortized (or average) access time per operation is 
by far more important than the worst-case access time 
for each individual operation. Fine-grain simulations, 
such as but not limited to ATM network simulations, are 
time-consuming due to the huge number of events to 
process (Oh and Ahn 1998). The faster and the larger 
the networks, the higher the number of events would be 
in the PES and the longer run-times these network 
simulations would require, which may take days or 
weeks to yield results with an acceptable level of 
statistical error. For example, experiments conducted in 
Tcpsim (Dupuy et al. 1990) for a three-minute 
simulated time over Sun Ultra 1 took more than one day 
execution time on average (Oh and Ahn 1998). 
Therefore, to speed up simulation jobs, one approach is 
to develop high-performance priority queue structures 
for the PES. 
 
In this article we develop the Demarcate Construction 
(Demarco) priority queue, a multilist-based structure 
which is made up of two building blocks. The name 
Demarco arises from the word “demarcate” which 
means to divide and separate clearly as if by boundaries. 
The primary structure is an array of buckets, where each 
bucket may contain a tree holding near-future events. 
The secondary structure is made up of a simple unsorted 
linked list to hold far-future events. Demarcation refers 
to the process of constructing the primary structure and 
transferring events from the secondary structure to the 
primary. In an amortized sense, this demarcation 
process ensures that a tree-based priority queue has 



 

comparable performance or better, than one which does 
not undergo demarcation.  

DEMARCATE CONSTRUCTION 
The Demarcate Construction (Demarco) has four 
essential principles. First and foremost, the concept of 
demarcation is to have many trees each containing a 
small number of events. In contrast, a tree-based priority 
queue manages only a single tree containing all the 
nodes or events. Upon applying demarcation, an array 
of logical buckets is constructed. Each bucket spans 
equal time-interval and these buckets systematically 
enable the events to be demarcated and distributed in 
the buckets. Thus on the average, the tree in each bucket 
will have a smaller number of events leading to a much 
reduced height as compared to a single tree priority 
queue. 
 
Secondly, Demarco defers the sorting of events until 
necessary. At the onset, all enqueued events are 
appended in the secondary tier (SecT) of Demarco. 
These events are not sorted according to their 
timestamps. During the first dequeue operation, the 
primary tier (PriT) is constructed and the events are 
inserted into the corresponding buckets in PriT where 
they are sorted according to the tree-based priority 
queue’s native enqueue algorithm. 
 
Thirdly, unlike other multilist-based priority queues 
(e.g. the CQs), Demarco does not rely on sampling 
heuristics to obtain structure parameters. The 
parameters used when constructing PriT are obtained 
from the events distribution in the SecT. 
 
Lastly, the algorithm of Demarco proceeds in 
demarcation cycles where by a cycle is defined as the 
duration when: the events in SecT are transferred to the 
PriT, more events are enqueued in PriT and SecT, and 
all the events in the PriT are dequeued. 

Basic Structure of Demarco 
The main building blocks of the Demarcate 
Construction (Demarco) consist of: 
1. Primary Tier (PriT) – an array of buckets where 

each bucket may contain a tree. Each tree-node 
contains an event holding a near-future (i.e. soon to 
be dequeued) timestamp. Within each bucket, the 
events are sorted according to the algorithm of the 
tree-based priority queue. The parameters used in 
creating the PriT are obtained from the events 
distribution in SecT.  

2. Secondary Tier (SecT) – an unsorted singly linked 
list. Acting as an overflow list to contain far-future 
events, SecT buffers events that do not affect the 
PriT. This reduces the number of events in the PriT 
and thus, on the average, the number of events in 
each bucket decreases as simulation time 
progresses. Since the performance of tree-based 
priority queues depends on the height (or number of 
levels), reducing the number of events in PriT will 

eventually lead to a reduction in the height of the 
tree in the buckets in PriT. This leads to a superior 
overall performance. 

The Demarco Algorithm 
Though the Demarco is a multilist-based structure alike 
the CQs, Demarco marks the first departure from the 
CQs’ resize triggers and sampling heuristics to obtain 
structure parameters such as the number of buckets and 
the bucketwidth. Instead of the static methodologies 
used in the CQs, Demarco employs a dynamic approach 
of updating its structure parameters by making PriT 
structure parameters (i.e. bucketwidth and number of 
buckets) to be dependent on the events distribution in 
SecT. Since the Demarco proceeds in cycles, the 
structure parameters of PriT gets renewed according to 
the most current events and are not affected by the past 
events. This process removes the need to have costly 
resize operations found in the CQs. This becomes more 
vivid when the enqueue and dequeue operations are 
described. 
 
The Demarco structure keeps a set of variables to 
function and they are defined as follow: 
PriT_Start – Used for calculating the bucket-index of 

the event which is to be enqueued in PriT. It is set to 
SecT_Min during each Demarcation process, where 
by events are transferred from SecT to PriT. 

PriT_Num – Number of events in PriT. 
PriT_Bw – Bucketwidth of PriT. 
PriT_Index – Bucket-index of the first non-empty 

bucket bucket in PriT. 
SecT_Cur – Minimum timestamp of an event that can 

be enqueued in SecT. This value will be set equal to 
SecT_Max at each transfer of events from SecT to 
PriT. 

SecT _Min – Minimum timestamp in SecT. 
SecT _Max – Maximum timestamp in SecT. 
SecT _Num – Number of events in SecT. 

The Demarco Algorithm – Dequeue Operation 
At the onset, all enqueued events are placed in SecT in a 
FIFO manner without time-order thus leaving PriT 
being empty. On the first dequeue operation, PriT is 
constructed and thereafter, all the events are transferred 
from SecT to PriT. The bucketwidth of PriT, an 
important structure parameter, is dynamically assigned 
using equation (1).  

PriT_Bw = Bucketwidth = 
_

SecT_Max - SecT_Min

SecT Num
   (1) 

The number of buckets to be created in PriT is set to be 
SecT_Num, giving an average of one event per bucket 
on the assumption that the event distribution is a 
uniform distribution. Though in practical scenarios this 
may not be true, the Demarco will still perform well 
because the enqueue of events into PriT is O(log(nB)) 
per event whereby nB is the number of events in a 
bucket. For most scenarios, nB << N, where N is the 
total number of events in the Demarco structure. 



 

After the construction of PriT, the events in SecT are 
transferred to PriT. Transferring of an event into PriT is 
alike enqueuing an event into PriT which utilizes the 
tree-based priority queue’s native enqueue algorithm. 
Thereafter, the highest priority event would be in the 
first bucket in PriT (where PriT_Index = 0 and that 
PriT_Start = SecT_Min have been initialized). On each 
dequeue, the highest priority event would be removed 
from the first bucket in PriT by employing the tree-
based priority queue’s native dequeue algorithm. 
Subsequently, when the first bucket is empty, it is 
invalidated and the second bucket is then considered, 
where at the same time, parameter PriT_Index is 
incremented by one. If the second bucket is empty, 
PriT_Index is incremented again until a non-empty 
bucket is found and the current highest priority event is 
dequeued. After all the events in PriT are dequeued, i.e. 
all the buckets are empty, the demarcation cycle repeats 
itself with SecT treating the next dequeue to be alike the 
first dequeue as mentioned. 

The Demarco Algorithm – Enqueue Operation 
For each enqueue operation, Demarco checks if that 
event timestamp is greater than SecT_Cur. If so, the 
event is simply placed at the end of the linked list in 
SecT. If the event is not inserted in SecT, then the event 
is enqueued in PriT. On enqueuing in PriT, the bucket-
index of the bucket where this event is to be inserted in 
PriT is: 

Bucket_index = 
timestamp - PriT_Start

PriT_Bw

 
 
 

   (2) 

and the event is enqueued according to the tree’s native 
enqueue algorithm.  

PERFORMANCE MEASUREMENT 
TECHNIQUES 
The performance of priority queues are often measured 
by the average access time of the enqueue and dequeue 
operations under different load conditions. The 
parameters to be varied for each priority queue 
performance benchmark are: the access pattern, the 
priority increment distribution and the queue size. The 
access pattern models used are the Classic Hold and 
Up/Down. They emulate the steady-state and the 
transient phase of a typical simulation respectively. The 
various priority increment distributions tested are as 
shown in Figure 1 and the queue size ranges from 100 
to 1 million. These benchmark scenarios had also been 
commonly applied in (Jones 1986; Rönngren et al. 
1993; Rönngren and Ayani 1997; Oh and Ahn 1998). 
The experiments were carried out on an AMD Athlon 
MP 1.2GHz dual-processor server running the priority 
queues sequentially. Required memory was pre-
allocated. All code was written in the C programming 
language. 10 runs of each experiment were done. 
 
The Camel(x,y) distribution is used to model bursty 
traffic in computer and communication networks which 
represents a highly-skewed distribution. The parameters 

used for Camel(x,y) result in two humps with x 
probability mass being concentrated in the two humps. 
The duration of the humps makes up y of an interval, 
where x and y are (0,1). Change(A,B,x) is a compound 
distribution that combines priority distribution A and B, 
with x priority increments being alternately drawn by A 
and B. In our experiments, Camel(0.999,0.001) and 
Change(Exp(1),Triangle,2000) are used. 

 

 
Figure 1: Priority Increment Distributions 

EXPERIMENTAL RESULTS 
The objectives of this section are firstly to present the 
performance of tree-based priority queues with and 
without Demarco. Secondly, we compare Demarco 
priority queues with the current fastest multilist-based 
queues – CQ and DCQ. Lastly, we would like to 
determine Demarco priority queues’ generality and 
sensitivity in the six priority increment distributions 
using the Classic Hold and Up/Down models, as well as 
when the queue size increases from 100 to 1 million. 
Note that a logarithmic scale has been used for the 
queue-size axis which leads to logarithmic complexity 
for linear plots. 

Steady-State Phase Experiments 
Figures 2(a) to 2(f) show the results obtained under the 
Classic Hold experiment which is commonly employed 
to test the steady-state performance of the priority 
queues. Note that the obvious knee seen in the graphs is 
due to the declining cache performance and occurs 
when the queue size is about 10,000. This phenomenon 
is also observed in the graphs in (Rönngren and Ayani 
1997) where the experiments were done on SUN and 
Intel architectures.  
 
Figures 2 show vividly that the performance of 
Demarco structures, i.e. Demarco-Skews and Demarco-
Splays, outperform the tree-based priority queues; Skew 
Heap and Splay Tree, where by Demarco-Skews/-
Splays is made up of a Demarco structure where each 
bucket in PriT of Demarco may contain a Skew 
Heap/Splay Tree. At larger queue sizes, the 
performance speedup that Demarco offers is more than 
three times. Figures 2(a) to 2(d) show that the 
performance of the Demarco structures are comparable 
to the expected O(1) complexity multilist-based priority 
queues, i.e. CQ and DCQ.  Furthermore, Figures 2(e) 
and 2(f) demonstrate clearly that the Demarco structures 
outperform the CQs which have erratic performance for 
skewed distributions such as the Camel and Change.  
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Figure 2: Performance Graphs for Classic Hold Model Experiments. 
 

Transient Phase Experiments 
The Up/Down model which tests the performance of 
priority queue structures during transient periods when 
the queue size fluctuates frequently, reveals the 
weaknesses of the CQs. Figures 3(a) to 3(d) show that 
the CQs experience several peaks and these suggest 
strongly that the resize operations found in the CQs can 
be costly since the CQs resize whenever the queue size 
fluctuates by factors of two. The form of triggers found 

in the CQs are clearly inflexible because even though 
the CQs can be performing well with its existing 
operating parameters, but because of their static 
triggers, they still have to resize whenever the queue 
size fluctuates by factors of two. Figures 3(e) and 3(f) 
again demonstrate that the CQs are sensitive to skewed 
distributions. The Demarco structures outperform all the 
priority queues in all these experiments.   
 



 

 
(a) 

 
(b) 

 
(c) 

 

 
(d) 

 
(e) 

 
(f)

Figure 3: Performance Graphs for Up/Down Model Experiments. 
 

Overall Performance Comparison 
This section illustrates numerically the performance 
speedup of the Demarco structures over the normal 
single tree-based priority queues. In addition, we 
compare the relative performance of the Demarco 
structures and tree-based priority queues versus the 
multilist-based CQ and DCQ. 
Table 1 shows that the speedup offered by the Demarco 
structure is more than two times, average over all queue 
sizes and distributions. Table 2 illustrates the relative 
performance of all the priority queues considered. The 
Demarco-Skews and Demarco-Splays outperform their 

tree-based counterparts and are generally more stable 
than the CQs. 
 

Table 1: Speedup Offered by the Demarco Structure 
Normalized Over a Single Tree-Based Priority Queue – 

Comparison by Priority Increment Distribution 
Distribution Demarco-Skews Demarco-Splays 
Rectangle 2.99 2.61 
Exponential 2.62 2.66 
Triangle 3.01 2.46 
NegTriangle 2.99 2.66 
Camel 2.05 1.31 
Change 1.91 1.39 
Average 2.60 2.18 



 

Table 2: Relative Average Performance for All Distributions  
(Normalized Respect to Fastest Access Time where 1.00 is the Fastest) 

 

Model Queue Size Demarco-Skews Demarco-Splays Skew Heap Splay Tree CQ DCQ 
100 1.07 1.14 1.31 1.61 1.59 1.00 
1000 1.15 1.26 1.76 2.15 1.00 1.41 
10000 1.00 1.10 1.55 1.70 5.32 1.23 
100000 1.00 1.12 3.27 2.59 1.20 1.81 
1000000 1.00 1.11 4.44 3.61 1.90 NA* 

 
C
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Average 1.04 1.15 2.47 2.33 2.20 NA* 
100 1.00 1.09 1.01 1.12 2.17 2.38 
1000 1.00 1.06 1.25 1.42 1.56 1.75 
10000 1.00 1.08 1.16 1.27 19.55 15.96 
100000 1.00 1.10 1.93 1.95 NA* NA* 
1000000 1.00 1.10 2.67 2.63 NA* NA* 

 
U

p/
D

ow
n 

Average 1.00 1.09 1.60 1.68 NA* NA* 
Total Average 1.02 1.12 2.04 2.01 NA* NA* 

* NA is meant that some of the access times are too high in at least one or more distributions. Thus the results are not considered in this comparison. 

 
Generality and Sensitivity of Demarco Structures 
Figures 4(a) and 4(b) show the generality and 
insensitivity of Demarco-Skews under the various 
distributions and queue sizes (Demarco-Splays has 
similar graphs and is thus not included). Though the 
performance of Demarco-Skews may differ by as 
much as twice for different distributions, the 
complexity is still considered near O(1). Furthermore, 
the graphs show that it is stable for all the distributions 
unlike the CQs which is near O(n) for skewed 
distributions. This superior performance is made 
possible because of the four essential principles 
mentioned.  
 

 
(a) 

 
(b) 

Figure 4: Performance Graphs for Demarco-Skews 

CONCLUSION 
Demarcate Construction is a new form of tree-based 
priority queues which employs the demarcation 
process. These new priority queues offer an average 
speedup of more than twice over the single tree-based 
counterparts and outperform the current expected O(1) 
Calendar Queues in many scenarios. Its generality in 
small to large queue sizes (100 to 1 million events), 
insensitivity to priority increment distributions and low 
overhead costs, make it a superior priority queue for 
many applications such as the pending event set 
structure in discrete event simulators. 
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Abstract 
The study on speech recognition and 
understanding has been done for many years. In 
this paper, we propose a new type of recurrent 
neural network architecture for speech 
recognition, in which each output unit is 
connected to itself and is also fully connected to 
other output units and all hidden units[1]. 
Besides that, we also proposed the new 
architecture and the learning algorithm of 
recurrent neural network such as 
Backpropagation Through Time (BPTT), which 
well-suited. We also re-train for the output 
before we analyze the result. The purpose of this 
training is to produce the best result. The aim of 
the study was to observe the difference of 
Arabic’s alphabet like “alif” until “ya”. The 
purpose of this research is to upgrade the 
people’s knowledge and understanding on 
Arabic’s alphabet or word by using Recurrent 
Neural Network (RNN) and Backpropagation 
Through Time (BPTT) learning algorithm. 6 
speakers (a mixture of male and female) are 
trained in quiet environment. 

Neural network is well-known as a technique 
that has the ability to classified nonlinear 
problem. Today, lots of researches have been 
done in applying Neural Network towards the 
solution of speech recognition[2] such as Arabic. 
The Arabic language offers a number of 
challenges for speech recognition[3]. Even 
through positive results have been obtained from 
the continuous study, research on minimizing the 
error rate is still gaining lots attention. This 
research utilizes Recurrent Neural Network, one 
of Neural Network technique to observe the 
difference of alphabet “alif” until “ya”. 

Keywords 
Recurrent Neural Network, Backpropagation 
Through Time, Arabic Alphabet, Speech 
Recognition, Real-Time Recurrent Learning. 

Introduction 
Speech is human’s most efficient communication 
modality. Beyond efficiency, human are comfort 
and familiar with speech. Other modalities 
require more concentration, restrict movement 
and cause body strain due to unnatural positions. 
Research work on Arabic speech recognition, 
although lagging that other language, is 
becoming more intensive than before and several 
researches have been published in the last few 
years [4]. 

The conventional neural networks of Multi-
Layer Perceptron (MLP) type have been 
increasingly in use for speech recognition and 
also for other speech processing applications. 
Those networks work very well as an effective 
classifier for vowel sounds with stationary 
spectra, while their phoneme discriminating 
power deteriorates considerably for consonants 
which are characterized by variations of their 
short-term spectra. This may be attributable to a 
fact that feedforward multi-layer neural network 
are inherently unable to deal with time varying 
information like time-varying spectra of speech 
sounds. One way to cope with this problem to 
incorporate feedback structure in the networks to 
provide them with an ability to memorize 
incoming time-varying information. 
Incorporating feedback structure in feedforward 
networks results in so-called Recurrent Neural 
Networks (RNNs) which have feedback 
connections between units of different layers or 
connections of self-loop type [5]. 

Speech recognition is the process of converting 
an acoustic signal, captured by microphone or a 
telephone, to a set of words. The recognized 
words can be the final results, as for applications 
such as commands and control, data entry and 
document preparation. They can also serve as the 
input to further linguistic processing in order to 
achieve speech understanding, a subject covered 
in section [6]. As we know, speech recognition 
performs their task similar with human brain. 
Start from phoneme, syllable, word and then 



sentence which is an input for speech recognition 
system [7]. Many researches that have been 
prove to prove to decrease the error and also any 
disruption while doing the recognition. 

Now, students not interested in lessons regarding 
Arabic language such as Jawi writing even the 
lessons have been teaching at primary school. 
The purpose of the lessons is to teach the 
students how to pronoun and write the alphabet. 
Therefore, students can read Holy-Quran 
properly. But the students only can understand 
that pronoun and writing while they in Standard 
6. So after that, they will forget all the lessons 
[8]. 

Architecture 
RNN have feedback connections and address the 
temporal relationship of inputs by maintaining 
internal states that have memory. RNN are 
networks with one or more feedback connection. 
A feedback connection is used to pass output of 
a neuron in a certain layer to the previous 
layer(s) [9]. The different between MLP and 
RNN is RNN have feedforward connection for 
all neurons (fully connection). Therefore, the 
connections allow the network show the dynamic 
behavior. RNN seems to be more natural for 
speech recognition than MLP because it allows 
variability in input length [10]. 

The motivation for applying recurrent neural 
network nets to this domain is to take advantage 
of their ability to process short-term spectral 
features but yet respond to long-term temporal 
events. Previous research has confirmed that 
speaker recognition performance improves as the 
duration of utterance is increased [11]. In 
addition, it has been shown that in identification 
problems RNNs may confer a better performance 
and learn in a shorter time than conventional 
feedforward networks [12]. 

Recently a simple recurrent neural network, 
which has feedback connections of self-loop type 
around hidden layer units, has been proposed as 
an attractive tool for recognizing speech sounds 
including voiced plosive sounds [1]. This 
network has three layers such as input layer, 
hidden layer and output layer. Each of the output 
layer units has feedback connection with itself, 
i.e., a self-loop as shown in Fig. 1. 

The output of each input layer at time t-1 is fed, 
through connections between the input and 
hidden layers, to all the hidden layer units at time 

t and in the same manner the output of each 
hidden layer unit at time t-1 is supplied, through 
connections between the hidden and output 
layers, to all the output layer units at time t. the 
output at time t-1 of each output layer unit is 
feedback to itself at time t. in training the 
proposed recurrent neural network, weight at t of 
all the connections between the input and hidden 
layers as well as connections between the hidden 
and output layers are affected by all the input 
vectors to the input vectors to the input layer 
before time t. 

Fig. 1: RNN Architecture 

Actually this architecture has been used in visual 
pattern recognition [13,14] but we use this 
architecture for speech recognition especially for 
Arabic speech recognition by using 
Backpropagation Through Time (BPTT) as 
learning algorithm. This architecture also have 
been proved that this architecture better than 
MLP in phoneme recognition accuracies [1] by 
using Backpropagation algorithm. In this paper, 
we want to prove that the architecture also can be 
used in Arabic’s alphabet with Backpropagation 
Through Time (BPTT) learning algorithm. 

The Backpropagation Through Time (BPTT) 
algorithm is based on converting the network 
from a feedback system to purely feedforward 
system by folding the network over time. Thus, 
if the network is to process a signal that is time 
steps long, then copies of the network are created 
and the feedback connections are modified so 
that they are feedforward connections from one 
network to the subsequent network. The network 
can then be trained if it is one large feedforward 
network with the modified weights being treated 
as shared weight [15]. Real-Time Recurrent 
Learning (RTRL) algorithm is based on 
recursively updating the derivatives of the output 
and error. These updates are computed using a 
sequence of calculations for iteration. The 
weights are updated either after iteration or after 
the final iteration of the epoch.  

Output

Hidden layer

Input layer



The major disadvantage of this algorithm is that 
it requires an extensive amount of computation at 
iteration [16]. Additionally, this algorithm is 
very slow because the RTRL has many weights 
to compute and therefore, the training process 
will be more slowly [9].  

Speech Recognition System 
Generally, speech recognition process contains 
three steps to process the speech which is 
acoustic processing, feature extraction and 
recognition, as shown in Figure 2. First, we 
digitize the speech that we want to recognize. In 
this paper, we digitize the Arabic’s alphabet 
from the speakers and also digital filtering that 
emphasizing important frequency component in 
signal. Then we analyze the start-end point 
depends the signal of the speeches. GoldWave 
software is used to filter and conversion the 
analog to digital. From that, we can analyze the 
start-end point that contains the important 
information of speeches.  

The second steps is feature extraction that digital 
signal in time domain will fed to LPC spectrum 
analysis for extract the signal or we called it as 
frame normalizing. Linear Predictive Coding 
(LPC) is used to extract the LPC coefficients 
from the speech tokens [17,18]. The LPC 
coefficients are the converted to cepstral 
coefficients. The cepstral coefficients are 
normalized in between +1 and -1. the cepstral 
coefficients are served as input to the neural 
networks. 

Figure 2: Process of Speech Recognition 

Finally, we classify and recognize the speech 
with learning algorithm Backpropagation Trough 
Time in Recurrent Neural Network. Actually, 
before the recognize process, the output will be 
training once again for produce the best output. 
This process suitable for minimum input such as 
Arabic’s alphabet that has 30 letters. 

In spoken language, a phoneme is a basic, 
theoretical unit of sound that can change the 
meaning of a word. A phoneme may well 
represent categorically several phonetically 
similar or phonologically related sounds (the 
relationship may not be so phonetically obvious, 
which is one of the problems with this 
conceptual scheme). Depending on the language 
and the alphabet used, a phoneme may be written 
consistently with one letter; however, there are 
many exceptions to this rule (especially in 
English) [19]. 

The Arabic alphabet has 30 letters and it is 
written from right to left. Letters change shape 
depending on which other letters are before or 
after them, much like American or Continental 
handwriting. Phonemes are best described as 
linguistic units. They are the sounds that group 
together to form our words, although quite how a 
phoneme converts into sound depends on many 
factors including the surrounding phonemes, 
speaker accent and age. A phoneme is the 
smallest contrastive unit in the sound system of a 
language [20]. 

The Arabic’s alphabet in this research contains 
20 letters such as “alif”, “ba”, “ta”, “tha”, “jim”, 
“ha”, “kha”, “dal”, “zal”, “ra”, “zai”, “sin”, 
“syin”, “sad”, “dhad”, “to”, “za”, “ain”, “ghain” 
and “fa”. 

Experiments
The Table 1 shows the results of 20 alphabets 
from recognition experiments. The testing of this 
system has been pronounced by 6 Malay 
speakers (3 men and 3 women). Every speaker 
must repeat the Arabic’s alphabet about 10 times 
sequentially for each alphabet. So, total of the 
pronoun for this experiments that includes 6 
speakers x 20 alphabets x 10 times for every 
alphabet (6x20x10), are 400 speeches. From the 
table, the “ta” alphabet get 98% that higher and 
the lowest rate is “kha” alphabet, and also all the 
alphabet in the Table 1. 
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Table 1: Expected Result Arabic’s Phoneme 
Recognition for Four Speakers using RNN and 
BPTT learning algorithm 

Arabic’s alphabet Rate (%) 
“alif” 85 
“ba” 96 
“ta” 98 

“tha” 75 
“jim” 87 
“ha” 60 

“kha” 60 
“dal” 91 
“zal” 84 
“ra” 88 
“zai” 85 
“sin” 91 

“syin” 90 
“sad” 73 

“dhad” 75 
“to” 83 
“za” 87 
“ain” 78 

“ghain” 72 
“fa” 88 

Conclusion 
Currently development of speech recognition is 
widely used in industrial software market. The 
main contribution of proposed phoneme 
recognition system is encouraged to recognize 
the Arabic’s alphabet properly. Besides, its can 
help the beginner to start their lessons about how 
to pronouns the word of Holy-Quran. 
Furthermore, we presented the new architecture 
and the learning algorithm that Backpropagation 
Through Time, are well-suited and better than 
Elman or Jordan architecture. However, the 
process become more effective after re-train the 
first output. 

Findings from results of the expected 
experiments can be summarized as follows: 
1. The low rate recognition of error to the 

alphabets that pronounced with bilabial 
(both lips) are contributed to the naturally 
pronunciation of those alphabet that are 
much clear such as “ba” and “ta” alphabets. 

2. The lowest rate of recognition to the 
alphabets that pronounced with pharynx of 
those alphabets like “ha” and “kha” are 
contributed of pronunciation that needs 
‘makhraj’ exactly (right pronunciation in 
Arabic). 

Hopefully, this system will help us to recognize 
and differentiate the Arabic’s. We also hope 
we’ll continue the process until “ya” besides 
minimize the time. 
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ABSTRACT 
In this paper we describe a simulation framework 

designed for simulating wireless network technologies. 
We provide a detailed architecture of the framework and 
illustrate all the necessary steps to develop simulations 
for any particular wireless networking application. We 
demonstrate the use of this framework by simulating 
network intrusion detection system for wireless ad hoc 
networks. We also extend the framework architecture to 
multiprocessor environments and describe the 
optimizations to further improve the performance of the 
simulation system for large-scale simulations of 
wireless networks. 

INTRODUCTION 

 Wireless networks today are used in almost every 
organization. Researchers enthusiastically work on 
developing new communi-cation protocols, algorithms 
and methods. Many papers in the network research 
community propose new wireless algorithms, offer 
better performance, quality of service and other benefits. 
Technology of choice should be carefully evaluated 
before being adopted. Primary method of evaluating 
wireless networks is to create a computer simulation of 
a particular topology, communication mechanism or an 
algorithm. Our primary objective was to create a 
distributed simulation framework capable of running on 
a cluster computer, targeting wireless networks. The key 
requirements were flexibility, extendibility and 
scalability, as our final goal was to utilize a simulation 
system capable of being extended to very large 
simulations. Several well-known general purpose 
network simulators were considered (Heybey 1988; 
Groselj 1995; Mah 1998; Keshav 1997; VINT Project 
1997; Chang 1999) to create our simulation model of a 
large-scale wireless network. After reviewing 
documentation and running sample simulations, we 
have come to the conclusion that none of the assessed 
simulators would meet our requirements due to several 
reasons, such as inflexible modeling of wireless nodes 
to include desired functionality (i.e., mobility models 
for ad hoc networks), and relying on C libraries from a 
particular architecture; thus making it non-portable 
between different computer architectures 

WINDS Framework (Wireless Network Distributed 
Simulation Framework) was developed by our 

Networks Research Group at the University of Central 
Florida as a research tool to provide time-saving flexible 
simulation test-bed targeting a wide range of wireless 
network architectures. The framework is cross-platform, 
Java-based, GUI-driven and can be used as a generic 
wireless network simulator for a variety of purposes, 
such as routing in ad hoc networks, mobility models of 
totally mobile wireless networks, etc.  

 The rest of the paper is organized as follows. First, 
we present the WINDS architecture design in the next 
section. Framework modules are described in detail in 
this section, as well as a generic simulation process. We 
also list requirements and limitations of our simulation 
framework. In section 3, a practical example of WINDS 
framework application is given as a test-bed for our 
Agent-based Intrusion Detection System for Ad Hoc 
Wireless Networks (Kachirski and Guha 2002; 
Kachirski and Guha 2003; Guha et al. 2002). Network 
clustering algorithm and agent allocation algorithm are 
presented, along with result discussion. Section 4 
discusses on-going work on extending the framework to 
multiprocessor environments and distributing simulation 
objects efficiently to minimize inter-processor 
communications. Finally, a summary and conclusions 
are presented, along with plans for future development 
and parallelization of WINDS framework.   

WINDS DESIGN PHILOSOPHY 
  

There was a direct need for us to develop a network 
simulator that specifically targets wireless networks of 
diverse configurations. Our goals were: 
 

• Clean, easy-to-understand and modify design 
• Object-oriented approach, general portability 
• Use of a popular programming language 
• Easy-to-use, GUI driven framework 
• Adequate performance and scalability 

  
Following these guidelines, we have developed WINDS 
framework – a flexible, portable, wireless-network 
oriented framework that can be used to simulate variety 
of applications of wireless and hybrid networks. The 
objectives of this project were to reduce redundant 
software design efforts in the area of wireless network 
simulation, establish a framework general enough to be 
used for simulations of many wireless network-related 
technologies, and provide for common base for the 



experimentation of various wireless infrastructures. The 
object-oriented nature of the software and the use of a 
popular programming language for implementation 
allow researchers to easily modify, reuse and share 
whole systems or system components. Graphical 
environment allows the system to be used for 
demonstrational or educational purposes.  

WINDS Architecture  
 The architecture of WINDS (simulator and 
interface) is based on a building-block approach. 
Researcher implements an algorithm or a prototype 
from modules that receive inputs in the form of events, 
process them, and then generate outputs (events, log 
entries, GUI updates). The entire wireless network is 
built from objects – wireless nodes, event generator, and 
communication channels. Connections between wireless 
nodes are maintained by the routing object. Any type of 
wireless network is supported, such as ad hoc and 
infrastructure wireless networks. Object-oriented 
approach is central to the generality and flexibility of 
the system and allows users of our framework to reuse, 
share and catalog simulation components by modifying 
or replacing appropriate classes.  
 Many existing wireless network simulators 
(Boukerche et al. 2001; Kelly et al. 1998; Kelly et al. 
2000; Liu et al. 1996) aim at supporting every aspect of 
wireless communications, such as, for example, every 
layer of many communication protocols used. This adds 
tremendous overhead to the simulation system, often 
resulting in scalability problems and slow execution 
times. The WINDS framework avoids these problems, 
by implementing only the key functionality of a wireless 
network – supporting simulation synchronization, 
wireless communications and node mobility. These 

functions are implemented on an abstract level, allowing 
the user to include specific wireless communication 
protocols, wireless routing algorithms and other 
required simulation parameters, as necessary. Another 
goal of our framework development was to integrate 
user interaction with simulation execution as closely as 
possible. The intuitive graphical user interface reflects 
any changes in the simulation execution as they happen, 
in real-time, allowing the user to adjust the simulation 
parameters at run-time. Another advantage of our 
framework is the ability to use almost any data file as a 
source of wireless communications. Data file pre-
processor converts binary packet data into the format 
accepted by WINDS simulation system, converting 
network addresses into plain addressing scheme used 
with our simulation framework. As an example, 
intrusion data from the Lincoln Laboratories IDS tests 
was used to test our wireless IDS system.   
  
 WINDS architecture consists of four key modules, 
each comprised of a number of components, as 
described below: 
 

• GUI (graphical user interface) 
• Simulator Core Module 

- Simulation engine, Simulation objects 
• Network Traffic Module 

- Packet pre-processor, Packet generator 
• Data Logging Module 

- Data parser, CSV file generator 
 
Figure 1 shows the WINDS architecture. Some of the 
modules carry optional functionality and can be 
included into the simulation as necessary. The 
functionality of each module is described below.  
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Graphical User Interface Module 
The graphical user interface (GUI) module shows 

the simulation execution in real-time. The GUI class is 
tied up to the simulation engine clock, and displays the 
required information every clock cycle. GUI class 
shows the simulation area with wireless node objects 
moving and communicating. Certain simulation 
parameters can be adjusted via GUI module. GUI 
module also provides controls for simulation execution 
flow. GUI module also records simulation statistics in a 
log window.  
 
Simulator Core Module 
 Simulation Engine: the heart of the WINDS 
framework. One of the design requirements is that 
WINDS is a time-stepped simulation system. The 
simulation engine runs an internal clock, the speed cycle 
of which can be controlled at run-time. 
Programmatically implemented as a high-priority thread, 
the simulation engine runs in a loop continuously, 
driving execution of all other components of the 
simulation. Any events happening at a time must be 
processed by simulation objects at once, within a single 
simulation cycle. The simulation engine is common to 
all simulation models, and cannot be modified by the 
user. Simulation engine instantiates all simulation user 
objects from global definitions (such as wireless nodes, 
routing algorithm used, mobile base stations and 
stationary routers) at runtime.  
 
 Simulation Objects: execute independently and are 
time-synchronized via the simulation engine clock. Our 
framework has a few pre-defined simulation objects. 
One object type is a wireless node object. Wireless 
nodes are members of any wireless network simulation, 
and can be either stationary or mobile. User can modify 
the motion pattern by implementing a certain mobility 
algorithm (or even read waypoints from a data file). 
This allows simulations to be flexible and account for 
many possible node mobility patterns. Each wireless 
node object also includes two methods used for inter-
object communication – Send and Receive methods. 
Send method is invoked when a wireless node is 
transmitting packets, and has a source, destination, 
protocol, port and payload as its arguments. Send 
method determines all the neighbors of the current 
wireless node, and broadcasts the packet to its neighbors 
by invoking Receive method on each neighbor node. 
Receive method first checks the packet destination, then 
depending on the routing algorithm used, forwards the 
packet to the destination or simply drops the packet. 
This allows the user to simulate both ad hoc and 
infrastructure wireless networks.  

 
Routing protocol is another simulation object. The 

routing protocol included with WINDS framework is a 
simple table-driven protocol, which is implemented as a 
separate routing class. To modify the routing protocol, 
user must include all necessary parameters in a wireless 
node object, then add their own routing protocol class. 
Since the WINDS framework operates in exact same 
way as a real-life wireless network, all existing wireless 

routing protocols are supported. For the simulation of 
totally-mobile or wireless infrastructure networks, 
routing protocol is modified to route all messages via 
base stations.  

 
Network Traffic Module 

Network traffic for WINDS framework is generated 
by the Network Packet Processor object. The 
implementation of the object is common to all the 
simulations and includes reading a pre-processed data 
file in XML format, and forwarding each packet to the 
appropriate wireless node (source). Pre-processing is 
performed on a binary data file obtained from network 
packet capturing software (such as TCPDUMP). 
WINDS uses a flat addressing scheme to reduce 
communication overhead, and therefore all network 
addresses are converted to compatible notation by the 
BIN/XML Parser module before running the simulation. 
Packet processor object generates packets at times 
specified by scaled timestamps of each packet processed. 
This speeds up simulation execution, limiting the 
simulation speed only by the hardware specifications 
and the maximum packet broadcast rate. Simulation can 
automatically be stopped when the end of the data file is 
reached.  

 
Data Logging Module 

Data logger class saves the simulation results for 
future analysis. During simulation execution, results are 
stored in memory and displayed in a human-readable 
form via GUI data display window for performance 
reasons (frequent disk I/O operations reflects negatively 
on simulation performance). The representation of 
results can be tailored to particulate simulation 
requirements and is defined in the GUI class.  

 
Data parser: At the end of the simulation run, these 
results are first pre-processed by a data parser to format 
data suitable for import into the mathematical analysis 
software.  
CSV file generator: The pre-processed output is saved 
as a CSV file (a widely-used comma-separated data file 
format) by the CSV file generator.   

Simulation Process  
 The simulation procedure is as follows. First, a 
simulation diagram is devised by the user, which 
includes the list of all objects taking part in the 
simulation and interaction mechanisms between the 
objects. Packet and data output formats, as well as 
simulation stop conditions should also be specified at 
this point. Next, the implementation is written for all of 
the above objects, following the guidelines included 
with the simulation framework. Data and XML parsers 
should also be re-written to reflect the new data 
structures. The objects are then placed in the simulator 
core directory and compiled. The GUI is then started, 
which then instantiates all simulation objects and 
displays them on-screen (for those objects that have 
visual behavior defined). Objects then can be 
manipulated via graphical interface during simulation 
runtime. User can get a snapshot of the simulation 



environment by pausing the simulator and stepping 
through simulation execution. If the network traffic 
module is selected, network packets are input from the 
packet data file, then converted to the appropriate 
format by the parser and fed into the simulation by the 
packet generator at specified times. Either actual time 
stamps may be used to pro-rate packet delay to 
simulation time scale, or a statistical distribution may be 
used, as specified in the packet generator class. Packets 
are then passed to appropriate objects via messages and 
processed.  All collected statistics are displayed in a log 
window, which then can be saved into a simulation log 
file. The results of the simulation can be pre-processed 
for further analysis or graph plotting by the Data Parser 
module. The supplied data parser converts log file into a 
CSV file, which then can be imported into a variety of 
statistical programs.  

WINDS FOR IDS SYSTEM DESIGN 
  

Our first use of WINDS architecture was to develop 
a test-bed for a wireless intrusion detection system 
(IDS) (Lippmann et al. 1998; Haines et al. 2001) 
simulation prototype. Therefore, IDS is used as a tool to 
demonstrate an implementation of WINDS architecture. 
This section covers the architecture of our IDS system, 
step-by-step design process, and implementation of 
several IDS-related algorithms.  
 
 Wireless node object embodies mobile agent 
functionality for packet-monitoring and decision-
making agents of an IDS system, as well as mobility 
pattern and clustering algorithm functionality. Send and 
Receive methods of a wireless node object are utilized 
to support voting scheme required by the cluster 
membership decision algorithm. These methods are also 
used by the network traffic generator module to 
propagate packets across wireless network. Packet-
monitoring functionality is built-in the wireless node 
object for this simulation. Packet-monitoring agent 
processes the incoming network traffic, running it 
through the CASE-based intrusion detection mechanism, 
which bases its decisions on a library of XML rule sets, 
covering various communication protocols. Database 
lookup is performed for each network packet, 
classifying the packet as part of normal or intrusion 
traffic.  
 

 Our IDS system (Kachirski and Guha 2003; Guha 
et al. 2002) takes into account the specifics of wireless 
networks to provide a lightweight, low-overhead 
intrusion detection mechanism for wireless networks 
based on mobile security agent concept. Essentially, an 
agent is a small intelligent active object that travels 
across network to be executed on a certain host, then 
returns with results to the originator. All the decisions, 
including network traversing, are left to agents. Agents 
are dynamically updateable, lightweight, have task-
specific functionality and can be viewed as components 
of a flexible and dynamically configurable IDS.  

 
We have utilized mobile agents at several intrusion-

monitoring levels and processed their response in 
cluster heads – special nodes that are dynamically 
elected within a cluster using a real-time distributed 
algorithm. One advantage of our approach is the 
efficient distribution of mobile agents with specific IDS 
tasks according to their functionality across a wireless 
ad hoc network. Another advantage is restriction of 
computation-intensive analysis of overall network 
security state to a few key nodes. These nodes are 
dynamically elected, and overall network security is not 
entirely dependent on any particular node, as in the case 
of a monolithic system. We have also proposed a load-
balancing solution that efficiently distributes traffic 
monitoring and intrusion detection tasks among the 
wireless nodes, improving the accuracy of intrusion 
detection system without sacrificing the overall 
performance of a wireless network and functionality of 
each node participating in the network. At the network-
monitoring level, we have developed a case-based 
approach to network intrusion detection, and 
incorporated case-based reasoning engine for detecting 
intrusions at the packet level in our modular IDS system. 
The IDS system implementation discussed here is 
targeted at ad hoc wireless networks. 

 

WINDS FOR CLUSTER COMPUTER 
  

The single-processor version of the simulation 
system suffices for small-scale simulations of wireless 
networks. However, we have had significant reduction 
in performance when simulations of 200 or more 
wireless nodes were in progress. Scalability is an 
important factor of every simulation system, as 
computer networks grow in size and become more 
complex in functionality. A distributed simulation is the 
answer to scalability problems. The idea of a distributed 
simulation is as follows. First, the entire scope of 
objects in the simulation is partitioned into several parts. 
For instance, we can divide 100 simulation objects 
equally between 5 processors. During simulation 
execution, each of the processors performs 
computations relevant to objects assigned to it. 
Communication between objects is handled by the 
communication broker – if two objects are handled by 
the same processor, communication happens in exact 
same way as in the uniprocessor system; if two (or 
more) objects are assigned to different processors, inter-
processor communication takes place. Our distributed 
WINDS architecture is presented in figure 2. The 
distributed WINDS architecture is currently 
implemented on a cluster computer with 64 processors. 
Each processor has dedicated memory space, and can 
access data concurrently from a replicated disk 
subsystem. Inter-processor communication is achieved 
via high-speed Ethernet switch.  

 



Simulation Process  
 After object definitions have been devised and 
placed in a shared object directory, user starts the 
simulation framework on a master processor node. This 
in turn remotely starts simulation clients on each of the 
processors. Initially, user adds new objects to the 
simulation via graphical user interface. The objects are 
associated with processors in a round-robin manner. 
Instructions are sent to a respective processor from the 
master processor node to create an instance of an object 
and load it in memory. Object template is then read 
from disk by that processor, and a new object instance is 
created in its memory space. From now on, this object is 
handled by a local simulation module on that processor. 
Once all objects have been created, simulation run starts. 
Simulation engine sends a clock pulse out to every 
processor, and all communication between objects is 
clock-synchronized. Simulation broker located on the 
master processor keeps track of locating a specific 
object and serves as a routing module for the cluster 
communications. Other modules (like data logging 
module) behave in the same way as described for the 
single processor version of WINDS. When a packet 
needs to be sent from one object to another in the course 
of the simulation, communication broker on the node 
containing source object first determines if both objects 
reside on that node. If this is the case, then 
communication is performed locally by invoking the 
Receive method on destination object (same as for the 

uniprocessor case). If the destination object resides on a 
different processor, first a proper destination network 
address of that processor is determined by consulting 
simulation broker on a master processor node. Then, a 
network communication is initiated between the local 
processor, and the destination processor, handled by 
communication brokers of both processors. When a 
message is received on the destination processor, it is 
parsed for parameters, and Receive method of the 
destination object is called. Apart from exchanging 
messages between objects, all the processors also 
communicate with the master processor once every few 
clock cycles to ensure consistent state of the simulation 
and to report on the state of each object taking part in a 
simulation (i.e., to update the GUI information for each 
object). Commands are also sent from the master 
processor to each processor to control simulation 
execution.  

Future Work - Simulation Optimizations 
 One of the main reasons against distributed 
implementation of many network simulators is 
inefficient inter-processor communication. In the case 
of a network of computers taking part in a simulation, 
network delay can be a significant obstacle to the goal 
of improving performance and scalability through the 
distributed simulation. Other traffic exists on the 
network, affecting simulator communications. Unless 
network nodes are dedicated for the simulation purpose, 
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Figure 2: WINDS Architecture for Distributed Simulations in Multiprocessor Environments 



node stability is an issue that can disrupt simulation 
entirely in the event of a single node crashing during the 
simulation run. Only specific computation-intensive 
algorithms can benefit from distributing the simulation 
among multiple processors. We have considered these 
and other issues when developing distributed WINDS 
framework. The optimal choice of computer hardware 
was computing cluster, where all processors 
communicate via high-speed switched network 
connections but own independent memory space and an 
instance of an operating system. This allows us to 
simulate very large wireless networks of diverse 
configurations.  
 
 Still, concerns exist for certain scenarios where 
inter-processor communication delay is of an issue. This 
can happen when one object repetitively communicated 
with objects located on a different processor, or in the 
event of a lot of broadcast communications taking place. 
Therefore, we have considered a number of 
optimizations that target the problems associated with 
the distributed simulation system. In one such 
optimization, during a certain period of time, all 
communication patterns are recorded, and allocation of 
objects is then optimized. For example, if an object A 
communicated with object B much more frequently than 
other objects, and these two objects are located on 
different processors, then one object is serialized and 
migrates via the network to the processor managing 
another object. In many cases, especially when object 
functionality is sparse, the size of the object is small, 
justifying such a migration. In another optimization, all 
communications between objects are concatenated 
together and sent as a single network packet between a 
pair of processors once every few clock cycles, and then 
locally time-synchronized. As we haven’t completed 
implementing the entire range of planned optimizations, 
little can be said here regarding the actual performance 
figures.  

SUMMARY 

 In this paper we have described the WINDS 
architecture for wireless network simulations. It has 
been developed to aid our research on the agent-based 
ad hoc network intrusion detection system, and later 
used as a research tool that incorporates a flexible test-
bed targeting simulations of a wide variety of wireless 
networks. The framework is cross-platform, easy to 
learn, use and modify to adjust particular requirements. 
WINDS is considered a generic wireless network 
simulator for a variety of wireless communication 
applications, such as wireless networks, ad hoc 
networks, sensor networks, etc. We have demonstrated 
the use of WINDS for several specific simulations, such 
as intrusion detection system simulation in wireless ad 
hoc networks. We have also extended WINDS 
implementation to the multiprocessor environments 
(such as a cluster computer), improving scalability of 
large wireless simulations. The WINDS project is 
ongoing and will be available soon in its final 
implementation for use by researches worldwide. 
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ABSTRACT 

Lookahead is a key issue in distributed discrete event 
simulation. It becomes explicit in conservative 
simulation algorithms, where the two major approaches 
are the asynchronous null-message (CMB) algorithms 
and the synchronous window algorithms (CTW). In this 
paper we demonstrate how a hybrid algorithm can 
maximize the lookahead capabilities of a model by 
lookahead accumulation. Furthermore, per processor 
aggregation of the logical processes allows for tuning of 
the granularity. A qualitative performance analysis 
shows that in case of no hop-models our algorithm 
outperforms the traditional conservative algorithms. 
This is due to reduced synchronization overhead caused 
by longer independent computation cycles, that are 
generated by the lookahead accumulation across the 
shortest lookahead path. 

INTRODUCTION

This paper deals with parallel discrete event simulation 
(PDES) (Ferscha 1995, Fujimoto 1990) of logical 
process based models. There are 2 main approaches in 
conservative parallel simulation algorithms: the 
asynchronous approach, called CMB (after Chandy, 
Misra and Bryant), using null messages for 
synchronisation (Misra 1986, Lin 1995 & Ferscha 
1995), and the synchronous window approach, CTW, 
(Conservative Time Windows) (Lubachevsky 1989, 
ayani 1992), which uses a window ceiling for 
synchronisation. 
The algorithm that we developed is based on the 
deadlock avoidance CMB algorithm, and incorporates 
the concepts of the CTW approach. Our algorithm tries 
to maximize the performance by optimally tuning two 
attributes of the model: granularity and lookahead. 
Granularity or grain size is defined as 'amount of 
computations between communication points' (Choi 
1995). Our algorithm tries to get better performance by 
maximizing the granularity and thus attaining less 
communication overhead. This is done by per processor 
aggregation of all its dedicated logical processes 
forming a multiprocess, which can be simulated 

sequentially on each processor (Brissinck 1995, 
Praehofer 1994). 
Next to granularity, our algorithm exploits maximally 
the performance gain coming with the lookahead 
capacities of the model. Better lookahead leads to less 
synchronisation overhead and better load (Preiss 1990, 
Peterson 1993, Fujimoto 1988). Our algorithm tries to 
accumulate lookahead while calculating the global 
lookahead of the multiprocess. 

The next section explains the algorithm, section 3 
discusses the various aspects of the algorithm and 
compares it with the traditional conservative algorithms. 
Section 4 analyses the performance on a qualitative 
basis and compares it with CMB & CTW performance. 
Section 5 finally shows the impact on 2 example 
models. 

THE SYNCHONIZATION ALGORITHM 

At first, the model is partitioned among the available 
processors and all logical processes on the same 
processor are aggregated to form a multiprocess. 
Parallel simulation happens in cycles of independent 
simulation alternated with communication of the events 
that travel through the channels connecting the 
multiprocesses. The independent simulation phase on 
each processor is based on the chronological processing 
of all events that are ordered in an event queue. This 
corresponds with ‘normal’ sequential simulation. 
Since we use the conservative approach, simulation is 
only continued when all events are known until that 
time. The synchronization algorithm will calculate this 
safe time. Our algorithm therefore needs to synchronize 
the multiprocesses and the simulation inside each 
multiprocess. 
Synchronization of the multiprocesses is based on the 
CTW approach. After a phase of independent 
simulation, a multiprocess will send outgoing events to 
the other multiprocesses. It then waits for receiving 
incoming events at the incoming channels from the 
neighbor multiprocesses. All events come together with 
a time window. The window assures that all events 
during that time period are known, so that simulation 
can advance. Figure 1 shows a multiprocess consisting 
of 5 logical processes. It has 2 input channels I1 and I2
at which it receives 2 windows with ceiling t1 and t2.



Figure 1: Synchronization Inside the Multiprocess 
(assume that t2 + lkhD + lkhE  < t1 + lkhA + lkhB + lkhC)

Synchronization inside each multiprocess is based on a 
deadlock avoidance CMB approach that uses null 
messages to indicate safe simulation. Null messages or 
null events are defined as 'a promise not to send any 
other message with smaller timestamp in the future’ 
(Ferscha 1995). At start of each simulation cycle, null 
messages are scheduled for all global inputs of the 
multiprocess at the time of the incoming window 
ceiling. After a null message has arrived in a process, 
conditional events are possible, because it is not sure 
that all events are known in the local queue for that 
time. In our algorithm, a logical process will simulate 
until a first null message appears at one input, whereas 
in CMB algorithms a process has to wait for null 
messages at all inputs before it can simulate. This is 
possible because inside a multiprocess normal and null 
events are processed in chronological order, sharing the 
same event queue. When a null message enters a 
process, this process is killed, stopping the simulation of 
that process for that cycle. Since future events are 
conditional and may not be processed during the 
present cycle. They are scheduled in the conditional 
queue to be processed in the next cycle. Next, when the 
process is killed, null messages are scheduled for all 
output channels at the local virtual time plus the 
processes’ lookahead. They will kill the succeeding 
processes (Figure 2). The first null message arriving at 
an outgoing channel of the multiprocess determines the 
window ceiling of the window that will be sent (O2 in 
Figure 1). In the initialization phase of the simulation, 
the first windows are generated. A cycle of independent 
simulation is performed with empty windows at all 
inputs (ceiling time zero). The edge processes will be 
killed at time 0, generating lookahead-incremented null 
messages for the succeeding processes. In this way, the 
first global lookahead together with the first output 
events are generated at the processor outputs for the 
initial synchronisation of the multiprocesses (Fig. 2 at 
the  right). 
By construction, no event is simulated after a null 
message or outside a time window, hence the 
correctness of our synchronization algorithm is proven. 

Figure 2: Null Message Propagation 

Our algorithm can be seen as a window algorithm: each 
multiprocess receives a safe window to simulate. More 
precisely, each channel has a safe simulation window 
during each cycle. However, it is an asynchronous
algorithm. There is no global (barrier) synchronization 
as with CTW algorithms. Each multiprocess decides 
independently when and how much it can simulate, like 
in CMB algorithms. 

DISCUSSION OF THE CYCLE TIME 

The shortest lookahead-path 

Simulation takes place in cycles of communication and 
independent simulation. A simulation cycle on a 
processor lasts until the first output is reached by a null 
event. This null event is generated by a previously 
killed process, which on his turn is killed by another 
null event, etc. This chain of null events starts at a 
certain input and propagates through the model, 
forming what we call a lookahead path, and ending at 
an multiprocess output (Figure 1).  
Each global output will be killed by a lookahead-path. 
The shortest lookahead-path kills the first output and 
determines thus the cycle size. 

Fugre 3: Models with a Hop 

If the shortest lookahead-path passes through multiple 
processes we can speak about lookahead accumulation,
the global lookahead of the multiprocess is formed by 
the sum of the lookahead of all processes in the path. If 
on the contrary the shortest lookahead-path comes in 
and leaves the multiprocess out immediately, we talk 
about a hop (Figure 3). For those models, there is no 
lookahead accumulation and the global lookahead 
simply equals the lookahead of the edge process.  



The shortest lookahead-path is the largest possible safe 
simulation cycle. By construction, any larger cycle can 
cause conditional events. 

The cycle in CMB algorithms 

In a similar way, a cycle can also be defined for CMB 
algorithms. The cycle is defined as the frequency of 
event communication and null event generation. In the 
example of figure 4 (after Lin 1995), the process can 
simulate in cycles of the sum of the lookaheads. We see 
that it is also determined by the shortest lookahead path 
from a process output back to an input. Each process 
got its own shortest lookahead path, as opposed to our 
algorithm where it is calculated per multiprocess. 

Figure 4: Cycle in CMB algorithms 

The cycle in CTW algorithms 

For conservative time window algorithms, the window 
size is calculated with the minimal lookahead of the 
edge processes (connected with other multiprocesses). 
The main CTW algorithms define a distance (Ayani 
1992), an event horizon (Steinman 1994) or a mimimum 
propagation delay (static lookahead) with opaque 
periods (dynamic lookahead) (see the bounded lag 
algorithm, lubachevsky 1989). All these concepts reflect 
the lookahead of a process. For these algorithms, no 
lookahead accumulation takes place and thus is the 
cycle time the same as in our algorithm for hop-models. 

QUALITATIVE PERFORMANCE ANALYSIS 

This section discusses the performance of the algorithm 
and compares it qualitatively with the two traditional 
approaches. As a first order approximation, we assume 
the sequential simulation time SeqSimT to be 
proportional to the number of simulated events #evSim:

SimevCSeqSimT .#1                        (1) 

Parallel simulation on p processors is then the 
simulation of p times less events plus the overhead 
induced by the parallel nature of the simulation: 
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with ParSimT the parallel simulation time and 
overheadTi  the time of overhead i, ranging from 1 to 
#O, the number of overheads. The first term of the 
equation assumes equal distribution of the events 
among the processors, corresponding with an ideal 
parallel processing. The effect of unequal distributions 
must be seen as overhead and added to the right term. 
Performance is measured by the speedup, which is the 
ratio of sequential simulation time versus the parallel 
simulation time. The impact of the overhead on the 
speedup S is then the ratio of the overhead time with the 
ideal parallel simulation time: 
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The ratio overheadTi/ParSimT  is defined as the 
overhead ratio Ovhi of overhead i.
Our parallel simulation algorithm generates 3 main 
types of overhead: communication, synchronization and 
idle time. These result in 5 overhead ratios Ovhi and 5 
performance factors reflecting the impact of simulation 
statistics on the different overheads (Lemeire 2001), as 
shown in Table 1. 

Table 1: Overhead classification of the conservative 
simulation algorithm 

Overheads Overhead Ratios Performance 
factors

Commu-
nication 

Ovh1 per event overhead #evComm / #evSim

Ovh2 constant overhead #evSim / cycle 
Synchro-
nisation 

Ovh3 synchronization #evNull / #evSim

Ovh4 conditional queue #evCond/#evSim

Idle time Ovh5 load imbalance Differences in #evSim

per processor 

The communication overhead is the time not 
overlapping with computation for communicating the 
events. This can be split in the variable overhead 
(Ovh1), proportional to the data size, and the constant 
communication overhead (Ovh2), induced by setting up 



the communication link. The communication overhead 
ratio Ovh1 is proportional to the number of 
communicated events between the processors (#evComm)
versus the number of simulated events. This results in 
the first performance factor, namely #evComm/#evSim. The 
constant overhead ratio Ovh2 leads to #evSim/Cycle, the 
number of simulated events per cycle. This ratio is also 
called granularity or grain size (also event simultaneity 
in Peterson93). 
The synchronization overhead is the processing in each 
cycle of the synchronisation information. For CMB-
algorithms and our algorithm this is the null event 
processing, whereas for CTW-algorithms it is the 
window size calculation. The processing time for this 
depends in the first place on the number of null events 
#evNull. This results for Ovh3 in a performance factor 
#evNull/#evSim. Our algorithm induces an extra 
synchronization overhead (Ovh4) due to the conditional 
events #evCond that are queued to be processed in the 
next cycle. This leads to a constant overhead and one 
proportional to #evCond/#evSim.
Unequal simulation phases on the different processors 
lead to idling, when processors have to wait for 
incoming events. This is mainly caused by load 
imbalances, here unequal number of events to be 
simulated. This overhead ratio (Ovh5) is proportional to 
the relative deviation of the number of events simulated 
on each processor. 

The Lookahead Accumulation Benefit 

The synchronization algorithm influences all but the per 
event communication overhead Ovh1, which is only 
determined by the model partitioning. The other 
overheads depend on the cycle time (Peterson 1993, 
Choi 1995), which is determined by the lookahead 
properties of the model. In case of real lookahead 
accumulation (no-hop models), our algorithm gets 
larger cycles and will attain a better performance. There 
will be less constant communication overhead (Ovh2), 
less synchronisation overhead (Ovh3), discussed in the 
next section, and better elimination of temporal load 
imbalances (Ovh5).  

The Synchronization Overhead 

The per cycle synchronization calculation depends 
strongly on the algorithm. For CMB algorithms, it is the 
processing of one null event per channel, whereas for 
CTW, it is proportional to the number of edge-
processes. The synchronization information is thus the 
lowest for the CTW, and the highest for CMB 
approaches.  In our algorithm it is one null event per 
interconnection plus the depth of the null event 
propagation. In case of a hop model, our algorithm 
looses the lookahead accumulation advantage, the 
synchronisation overhead will be similar as with CTW 
(only the lookahead of the edge-processes is taken into 
account) and so the performance will be equal. 

The synchronization overhead is proportional to the 
cycle frequency. For CTW algorithms it is also 
proportional to the number of interconnections. 
Whereas for CMB, the number of null events per cycle 
equals the number of channels. Our algorithm performs 
in between both: the number of null events per cycle is 
proportional to the number of interconnections plus the 
depth of the lookahead propagation 
Note that a lot of modern algorithms optimize the 
synchronization overhead, like diverse null event 
reduction techniques in CMB algorithms (Ferscha 1995, 
etc) and for example, the bounded lag in Lubachevsky's 
CTW algorithm (Lubachevsky 1989).  

The overhead Ovh4 is specific for our algorithm. The 
cost for the extra lookahead of our algorithm is the 
conditional queue. In case of a hop, simulation will stop 
by the first killed process, no other processes were 
killed so far and thus, there are no conditional events 
and no conditional queue overhead. But in case of 
lookahead accumulation, conditional events of the 
killed processes must be stored in the conditional queue 
to be simulated in the next cycle. These extra operations 
cause the extra overhead: the check whether the process 
is killed and the queuing. These events come in 
chronological order out of the event queue and therefore 
sorting of the conditional queue is not necessary. This 
results in one extra operation for each event and one for 
each conditional event. In Figure 2 it can be seen that 
the number of conditional events could reach half of the 
number of processed events, as for lp D. But in most 
cases, it will be much less, because the last lookahead of 
the lookahead-path causes no conditional events. 
Moreover, deep processes (far from the edge) will not 
be killed soon. In total, the extra overhead is thus 
between 1 and maximally 1.5 extra operations (check 
and append) per simulated event, which will be much 
smaller compared to the time to simulate one event C1.
We can conclude that the extra overhead induced by our 
algorithm is small, as is confirmed by the experimental 
results. 

EXPERIMENTS 

Two models will demonstrate our claims. One gives 
good results by exploiting the lookahead accumulation, 
while the other fails due to low lookahead. Both are 
simulated on a cluster of 4 Pentium II processors of 
333MHz connected by a 100Mb/s non-blocking switch. 

Fpga

Field Programmable Gate Arrays (FPGAs) are 
prefabricated devices used to implement digital logic. 
They feature a matrix structure of logic cells 
interconnected by routing channels, and a periphery of 
I/O cells. FPGAs can be programmed by a stream of 
configuration bits to form a logic circuit. The simulation 
model consists of 2387 processes and 10978 channels 
(Bousis 2000). Geometrical partitioning (the dashed 



lines in Figure 5) gives best load balancing and least 
communication. However, the model is heavily 
interconnected and contains many hops (namely 453). 
The shortest lookahead path is only 8 ns, resulting in 
only 70 events simulated per cycle of 8ns. The 
performance results are shown in Table 2. 

Figure 5: FPGA Model with Partitioning 

Figure 6: ATM Switch Model with Partitioning and 
Shortest Lookahead Path 

ATM switch 

The high capacity ATM switch model (Geudens 2000) 
demonstrates the benefits of our algorithm (Figure 6). 
The model consists of a detailed 4 by 4 switch with 16 
entries. Each input receives IP-traffic by a simulated 
network.  

Table 2: Performance results for parallel simulation 
with 4 processors 

 FPGA ATM switch
Global Performance 
Speedup 0.74 3.5 
#evSim per realtime second 6592 events/s 44000 events/s 
Cycle time 8ns 50000ns 
Communication overhead 17.6% 0.6% 

Ovh1 #evCom / #evSim 18% 5.7% 
Ovh2 #evSim / Cycle 70 10100 

Synchronisation overhead 
Ovh3 #evNull / #evSim 470% 0.45% 
Ovh4 #evCond / #evSim 0 1.6% 
Ovh5 Idle time 9.4% 11% 

Here again, a geometrical partitioning (horizontal) is the 
only plausible one (dashed lines in Figure 6). The 
model can accumulate the lookahead along a path that 
leaves the switch, passes the network, enters the server 
and returns back to the switch. This results in long 
cycles giving an quasi ideal speedup of 3.5 as shown in 
Table 2. 

CONCLUSION 

In this paper, we demonstrated the benefit of 
accumulating lookahead with a hybrid conservative 
parallel simulation algorithm, based on per processor 
aggregation of its processes. The processors’ global 
lookahead is determined by lookahead accumulation 
across the shortest lookahead path, which results in 
longer simulation cycles.  
A qualitative performance analysis showed that our 
algorithm gets a performance benefit over the 
traditional (non-optimized) conservative algorithms 
CMB (asynchronous null-message algorithms) and 
CTW (synchronous window algorithms) in case of 
partitioned models without ‘hops’.  
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ABSTRACT 
 
The RPR rate adjustment modes are analyzed and 
simulated with short and long distances between stations 
using Java based model. The conservative and 
aggressive modes were investigated. The former mode 
in most cases is more stable than the aggressive mode. 
The instability of the aggressive mode, which will lead 
to rate oscillation, is clearly shown when the separation 
between stations is large.  
 

 
1.0 INTRODUCTION 
 
Today’s networks require a migration of packet-based 
technologies from Local Area Networks to Metropolitan 
Area Networks (MANs). The fast increase of data traffic 
in MAN networks is challenging the capacity limits of 
existing circuit-oriented technologies like SONET and 
ATM. Carrying an increased data traffic over voice-
optimized circuit-switched makes the capacity 
inefficiently managed and difficult to provision new 
services. Packet-based transport technology is 
considered to be the only alternative for scaling 
metropolitan area networks to meet the demand [1,2]. 
An IEEE 802 Resilient Packet Ring (RPR) Standard 
Committee is currently working to set the standards for 
this new packet based technology that will solve the 
problems associated with the circuit switched 
technology. 
 
Resilient Packet Ring ( RPR ) Figures 1 , for MAN, and 
WAN regional networks, is a new media access control 
( MAC ) protocol closely related to Ethernet but 
designed to optimize bandwidth utilization and facilitate 
services over a ring network. It is designed to provide 
the carrier-class attributes normally associated with 
SONET and SDH. RPR is a set of switching nodes 
interconnected along a bi-directional, double fiber ring. 
Data is transmitted and load balanced on both rings. 
Unlike ring-based LAN technologies, RPR packets do 

not have to circulate the full ring, which effectively 
increases bandwidth availability and utilization. 

Direction of 
traffic flow 
for ring 0

Direction of 
traffic flow 
for ring 1

Direction of 
traffic flow 
for ring 0

Direction of 
traffic flow 
for ring 1

 
Figures 1: Typical 12 Node RPR Ring Topology. 

 
The RPR MAC will offer the following features: 
 
• New data link layer technology (new MAC layer) 
• Ring protection and fast restoration 
• Support of multiple classes of service 
• Controlled dynamic bandwidth on the ring 
• Controlled latency and jitter 
• Controlled traffic congestion 
 
RPR implements a three level classes based on traffic 
priority scheme. The aim of the class based scheme is to 
let class A be a low latency and low jitter class, class B 
be a class with predictable latency and jitter, and finally 
class C be a best effort transport class. On the other 
hand RPR ring does not discard frames to resolve 
congestion. Hence when a frame has been added on to 
the ring, even if it is a class C frame, it will eventually 
arrive at its destination.  
Class A traffic is divided into subclasses A0 and A1, 
and class B traffic is divided into class B-CIR 
(Committed Information Rate) and B-EIR (Excess 
Information Rate). The two traffic classes C and B-EIR 
are called Fairness Eligible (FE). 
The bandwidth around the ring is pre-allocated in two 
ways. The first is called “reserved”, which can only be 
used by class A0 traffic. If stations are not using their 
pre-allocated A0 bandwidth, this bandwidth is wasted. 
In this way TDM-like traffic can be sent by RPR 
stations as A0 frames. The other pre-allocated 
bandwidth is called “reclaimable”. A station that has 
class A1 or B-CIR traffic to send, preallocates 
“reclaimable” bandwidth for these types of traffic. If not 
in use, such bandwidth can be used by FE traffic. In 



addition, any bandwidth not pre-allocated is also used to 
send FE traffic. The distribution and use of unallocated 
and unused reclaimable bandwidth is dynamically 
controlled by the fairness algorithm. 
 
The objective of the fairness algorithm is to distribute 
unallocated and unused reclaimable bandwidth fairly 
among the contending stations and use this bandwidth to 
send class B-EIR and class C traffic, i.e. the fairness 
eligible (FE) traffic. Class A0 traffic is obviously not 
affected, since bandwidth is reserved for this class 
exclusively. Classes A1 and B-CIR are indirectly 
affected, as will be explained below. 
 
The fairness algorithm starts working to distribute 
bandwidth fairly when the bandwidth on the output link 
of a station is exhausted (the link is congested). The 
most probable cause of congestion is the station itself 
and its immediate upstream neighbors. Hence by 
sending a so called fairness message upstream (on the 
opposite ring) the probable cause of the congestion is 
reached faster than by sending the fairness message 
downstream over the congested link [5]. In the proposed 
work, the impact of RPR fairness algorithm on traffic 
congestion will be analyzed, and simulated.  
  
 
2.0 FAIRNESS ALGORITHM 

 
The fairness algorithm is within the MAC control sub-
layer. There are two fairness instances in each station, 
one for each ringlet that will support independent 
fairness operation in each ringlet. The use of fair rates 
prevents one station from occupying the shared 
bandwidth with respect to other stations on the ringlet. 
The fairness algorithm controls the access of fairness 
eligible traffic ( class C and class B Excess Information 
Rate (EIR)) to a ringlet is as follows: 
• The traffic congestion is controlled.  
•  The activities of the controlled congestion will 

have a minimum effect on the throughput. 
• A fair rate limit would be applied across stations 

contributing to congestion. 
 
 
2.1 IDENTIFYING CONGESTION 
 
A station is congested when one or more of the 
following conditions are identified: 
i) If the secondary transit queue (STQ) is exceeding 
certain limit. 
ii) If the transmission rate exceeds the link bandwidth. 
iii) When the traffic is delayed excessively while 
awaiting transmission. 
Congestion is undesirable scenario as it can result in a 
failure to meet the end-to-end commitments relative to 
the service classes. 
Condition (i) is applicable only in the case of a dual-
queue MAC. Conditions (ii) & (iii) are applicable only 
in the case of a single-queue MAC. 

2.2 RATE ADJUSTMENT MODES 
 
 There are two modes of rate adjustments in RPR 
namely “ Aggressive” and “Conservative”. The former 
provides responsive adjustments that favor utilization of 
capacity over rate stability. Where as the conservative 
mode provides highly damped adjustments that favor 
rate stability over utilization of capacity. 
The main difference between conservative and 
aggressive fairness is the way the fair rate is initially 
estimated, and how it is adjusted towards the real fair 
rate. 
In the conservative mode, the congested station 
calculates the initial fair rate either by 1) dividing the 
available bandwidth between all upstream stations that 
are currently sending frames through this station or by 
2) use its own current add rate. A timer is used to ensure 
that additional rate changes is made only when the 
congested station have had time to see how this new fair 
rate affects the congestion (i.e., gets better or worse). 
The period of this timer is referred to as the Fairness 
Round Trip Time (FRTT). FRTT is an estimate of the 
time it takes for a congested station to see the full effect 
of the fairness message it sent to upstream stations. 
FRTT consists of two parts: 1) the propagation delay for 
a class A frame when transmitted from the congestion 
domain head (i.e. the congested station) to the 
congestion domain tail (the station at the other end of 
the congestion domain) and back (LRTT – Loop Round 
Trip Time). 2) The difference between the propagation 
delay for a class C and a class A frame is sent from the 
tail to the head (FDD – Fairness Differential Delay). 
LRTT needs to be computed on initialization of the ring 
and when the topology changes, while FDD is computed 
when a station becomes tail of a congestion domain and 
thereafter at configurable intervals. FDD reflects the 
congestion situation, i.e. the STQ fill levels on the 
transit path from head to tail. As the congestion domain 
changes, so does the FRTT. LRTT and FDD frames are 
special types of control frames. 
In the Aggressive mode, the congested station makes a 
first estimate of the fair rate equal to the rate the station 
itself lately have been able to add to the ring. Since the 
station is congested, this means that it has been able to 
send very little traffic onto the ring recently. Hence this 
estimate is probably too low, but it is used as a starting 
point and a way to alleviate congestion. When 
congestion is indeed removed, the (previously 
congested) station will not send any more fairness 
messages upstream, or more correctly it will send 
fairness messages with a default fair value representing 
the full link rate (such frames are sent all the time with 
preset intervals as heart beats.) A station receiving a 
fairness message indicating no congestion (i.e., full link 
rate) will increase its add traffic (assuming the station’s 
demand is greater than what it is currently adding). In 
this way (if the traffic pattern is stable) the same station 
will become congested again after a while, but this time 
the estimated fair rate will be closer to the real fair rate, 



and hence the upstream stations do not have to decrease 
their traffic rate as much as previously [5]. 
 
 
3.0 SIMULATION RESULTS 
 
An RPR ring was simulated to generate the results for 
both aggressive and conservative rate adjustment modes 
[3]. Instead of using the usual OPNET simulation tool 
for RPR, the authors simulated these conditions with 
Java based program that was recently developed by 
Simula Research Laboratory, Norway [4].  
The number of stations used in this simulation is 30 as 
shown in Figures 2. Station 0 to 9 send class C greedy 
user datagram protocol (UDP) traffic on ringlet (0) to 
station 10, with aging and advertising intervals of 100 
microseconds each. The distance between each RPR 
station on this ring is 50 Km resulting a delay of 
0.25msec [6]. The link speed is 622 Mbps and the 
Packet size is 500 Byte. Table 1 shows the sending start 
and stop time of the UDP traffic from the different 
stations 0-9 to station number 10.   
 
 

 
Figures 2 RPR Ring with 30 Stations 

 
Table 1:  Start-Stop Stations Timing 

 
Station Number Start Time 

(second) 
Stop Time 
(second) 

0 0.3 0.8 
1 0.1 0.4 
2 0.2 0.5 and Start 

Again at 0.65 
and stop at the 1 
second 

3 0 1 
4 0 1 
5 0.7 0.85 
6 0.7 1 
7 0.5 1 
8 0.5 0.9 
9 0.5 0.8 
 
The simulation plots for conservative and aggressive 
modes are shown in Figures 3 and 4. It can be seen from 
the plots that the aggressive mode shows more 
oscillation in the region between 0.7-0.9 sec when 
compared with the conservative mode. This is due to the 
high number of starting and stopping flows in that time 
frame.  

 
Figures 3: Conservative Mode for all Stations 0-9 

Sending UDP Traffic to Station 10 
 
 

 
Figures 4: Aggressive Mode for all Stations 0-9 Sending 

UDP Traffic to Station 10 
 
 
The network is now simulated with a new distance 
between each node of 400Km while keeping the same 
specification as above. The resulting propagation delay 
of from this change of distance is 2msec. It can be seen 
from the plots of Figures 5 and 6 that the conservative 
mode has minimal oscillation when compared with 
aggressive mode.  
 

 
Figures 5: Conservative Mode for all Stations 0-9 

Sending UDP Traffic to Station 10 
 

 
Figures 6:  Aggressive Mode for all Stations 0-9 

Sending UDP Traffic to Station 10 



 
From the figures of throughput versus time shown 
below, it can be seen that the conservative mode in 
general is more stable than the aggressive mode 
particularly at large distances between stations. The 
figures shown are only samples of the total simulation 
results. 
 
 
4.0 CONCLUSIONS 
 
The simulation results have clearly shown that the 
conservative mode of UDP traffic in an RPR mode is 
more stable than the aggressive mode and not normally 
subjected to oscillation. In the aggressive mode, 
increasing the distance between RPR stations will 
dramatically affect the traffic pattern and it will lead to 
oscillation. The Aggressive rate adjustment is therefore 
not recommended for large distance separation between 
stations. 
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Abstract

Fast persistent storage is a requirement in many applica-
tions in which slow disk access times become the bottle-
neck. This paper describes HADES, a main memory stor-
age system, that uses a fault tolerant partitioning scheme
to reliably store data in main memory of a distributed
computer system and is, therefore, able to improve per-
formance. It presents the principles involved, discusses
performance evaluation and compares HADES to other
systems.

1 Introduction

We are starting to see new applications that make high de-
mands on data storage systems regarding both availability
and access time. Examples are highly available systems
using IP take-over and publish/subscribe systems.

1.1 IP take-over

One practical way of achieving high availability in dis-
tributed systems is IP take-over (Fetzer et al., 2003). A
service is bound to an IP address and port number. If the
service fails, the client tries to reconnect, which is de-
tected and another server takes over the IP address and
continues to provide the service.

dependable
storage
system

Server

IP Address

Server

IP Address

Client

Figure 1: IP take-over

To process client requests correctly, most services need
to keep some state. When a server crashes, state stored in
memory is lost. One way of dealing with this problem is
to source out state information to stable storage and treat
the service as if it was stateless (figure 1).

The response time of this system heavily depends on
the performance of the storage system. Each operation
that changes the state that is associated with a client must
go to the storage system before replying to the client so
that another server could resume the operation in case of a
failure. In this application it is of capital importance that
the storage system is highly available, since the availabil-
ity of the whole system depends on it.

1.2 Publish/Subscribe Systems

Publish/subscribe systems are used to build large dis-
tributed systems in which the components are loosely
coupled (Eugster et al., 2003; Carzaniga et al., 2000):

• A component does not need to know which other
components exist. It just needs to know about the
format and structure of events that it is interested in.

• Components can be added and removed without di-
rectly affecting other components.

Components communicate vianotifications that signal
the occurrence of an event. Clients subscribe to notifica-
tions.Within theevent notification system event brokers
use this information to forward notifications from pro-
ducers to consumers. Filters are used to avoid flooding
and limit the forwarding to those consumers interested in
certain notifications. Furthermore, filters may aggregate
information (e.g. calculate min/max values over a period
of time) or transform information (e.g. convert degrees
Fahrenheit into degrees Celsius). Figure 2 gives an ex-

Filter2 Filter3Filter1Producer Consumer

Figure 2: Flow of data in an event based system

ample of the flow of data from a producer to a consumer
showing only the active components that are relevant for
this flow of information. In this system there cannot be an
end to end error correction, since a connection between
the producer and the consumer does not exist and the pro-
ducer does not know the identity or even the number of
consumers. Therefore, within this system notifications
may be lost or duplicated.
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Figure 3: notifications and transactions

This property is not suitable for applications that de-
pend on an “exactly once” delivery of notifications, e.g.
applications that count the occurrence of certain events.
The same applies to event aggregation that needs to store
intermediate results without losing them. This problem
can be solved by using transactions and persistent inter-
mediate storage (figure 3). Notifications are passed on
by transferring them from one persistent storage to an-
other within a transaction. The atomicity of the transac-
tion guarantees an exactly once delivery and the persis-
tent storage guarantees that no notification is lost in case
of a failure.

Using this approach poses some challenging require-
ments on the storage system: the end to end delay de-
pends on the time needed for the data access required by
the transaction, since the next filter in the path cannot start
processing the data until the preceding operation has been
committed. Therefore, the data access time is critical to
the performance of the whole system. If the storage sys-
tem goes down, the flow of notifications is interrupted
until the storage system is restarted. To minimize this ef-
fect a storage system is needed that additionally provides
high availability and reliability.

1.3 Common requirements

Both applications described above impose similar re-
quirements on the storage system: the performance heav-
ily depends on the access time which is dominated by la-
tency. The amount of data to be stored is relatively small
but data is modified frequently. For performance reasons
we can assume that all data should be stored within the
same LAN. Both applications require high availability of
the storage system.

Conventional storage systems are not suitable to be
used within these applications: the use of hard disks
would be a bottleneck since even the fastest available
disks have an access time of more than5ms. Flash ROM
storage systems cannot be used due to the frequent mod-
ification of data: flash memory has a limited number of
write cycles, e.g.100000 for Intel StrataFlash Memory
(J3). DRAM based solid state disks do not have this lim-
itation, but their cost is 2 orders of magnitude higher than
that of conventional disks. For example for the price of
an Athena-2 plus disk of 800MB one would easily get 8
complete computers with 8 GB of main memory in total.
Furthermore, a single disk cannot provide high availabil-
ity, therefore at least two of them are needed plus some
RAID system that manages redundancy.

1.4 Aim of this paper

The aim of this paper is to describe how fault tolerant
partitioning schemes can be used to provide fast reliable
storage and improve the performance of the applications
presented above. In section 2 we describe the implemen-
tation of HADES, a data management system, that offers
fast access time and high availability through the use of
fault tolerance. In section 3 we give a performance eval-
uation and in section 4 we discuss the features that dis-
tinguish HADES from existing systems. Finally we give
a short summary and outlook in section 5.

2 HADES architecture

HADES follows the principle of achieving persistence by
redundantly storing data in main memory of at least two
nodes of a cluster. If a node fails, there is still a copy and
data can be accessed without downtime. After a failure
has been detected, redundancy is restored so that another
failure can be masked.

2.1 Fault model

The fault model in HADES is based on isCrash (Gärtner,
1999), i.e. a computer operates flawlessly or not at all.
While redundancy is reestablished after a failure, no other
node in the cluster may fail. Node failures are detected
using a distributed heartbeat based fault detector.

It is assumed that cluster nodes fail independently
of each other. Therefore, all nodes should be guarded
against power failure using an uninterruptable power
source. A redundant network interconnection prevents
that the connection to more than one computer is lost in
case of network problems. Since all nodes are within
the same LAN this does not pose a big problem. One
simple solution is to use one switch per node and redun-
dantly connect these switches. The spanning tree proto-
col used in the switches deactivates redundant links and
reactivates them in case of a failure. A failure of a switch
is equivalent to the failure of one single node, a network
split does not occur.

2.2 Addressing

One of the main problems is to efficiently address data in
the cluster. Network addresses cannot be part of an ad-
dressing scheme, since the location where data is stored
may change in case of a node failure. The addressing
scheme needs to support redundancy in a way that makes
it possible to access the data even after a crash of one
node. It must support the reestablishment of redundancy
after a crash, i.e. it must be able to change the node where
it expects to find data. The addressing scheme should
provide an efficient data access, i.e. in normal operation
no more than one request should be required to read or
write data.
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Figure 4: Data distribution: second stage

HADES solves this problem using the following ad-
dressing scheme: data is stored in pages that are num-
bered in ascending order (0, 1, 2, . . .). Unlike disk blocks
or MMU-pages, pages in HADES are not of fixed length
and may have an arbitrary size. Therefore, we can as-
sume that one page holds one record without degrading
the resource utilization.

HADES uses a two stage mapping from pages to
nodes. The first stage maps page addresses toslice ad-
dresses, which is equivalent to a horizontal fragmentation
of data:

slice number = page numbermod slice count

The slice count is constant and does not change even
when nodes join or leave (fail) the cluster. It is specified
at start time and it should be at least as high as the num-
ber of servers in the cluster considering possible future
extensions. A higher number of slices results in a more
uniform load distribution and offers better extensibility
but at the same time generates a higher communication
overhead.

The second stage uses a mapping table to map slice
numbers to cluster nodes. It assigns a primary and sec-
ondary server to each slice. The secondary server acts as
a backup server that can seamlessly take over the tasks
of the primary server in case of a failure. The mapping
adapts to achieve a uniform load distribution: each node
is assigned not more than2 × � slice count

number of nodes� slices
(The factor of2 is due to assigning a slice to two servers:
primary and secondary server). When recalculating this
distribution, after a node has failed or a new node has
been added, HADES regards former data distributions
and minimizes changes, thereby reducing the amount of
data that needs to be copied to other nodes. Figure 4 gives
an example of this: after a failure of node C data stored
in slices 0 and 1 does not need to be copied, only data
in slices 2-5 is copied to restore redundancy (highlighted
in grey). A final swap of primary and secondary servers
is used to achieve further load balancing between their
roles as primary and secondary server. This mapping ta-
ble is calculated and distributed by an elected coordinator,
therefore problems with consistency cannot arise.

This addressing scheme offers several advantages: the
first mapping stage is fixed and, therefore, it does not
need to be transmitted to other nodes. Themapping ta-
ble of the second stage needs to be updated only in case
of a change of nodes due to node failure or insertion, in

particular it does not require an update when inserting or
deleting data. The mapping table is small (it has only
slice count entries) and, therefore, it can be easily dis-
tributed to all other servers and clients. Using this map-
ping table clients are able to determine the storage lo-
cation of data. Therefore, in normal operation only one
request is required to access data.

2.3 Data consistency

As soon as several copies of data exist, there is always
the problem of consistency: which copy of data is valid
and may be accessed? To be used as a replacement for
other storage systems, HADES provides similar guar-
antees regarding consistency: only write accesses may
change data. While this sounds simple, it is not as the
following example illustrates:

ClientA writes page1 which resides on serverX. This
page is read by clientB. If serverX fails before synchro-
nizing page1 with the backup serverY a subsequent read
request of clientB will read the previous content of page
1. In this case clientB sees a change of data back to the
old content although there was no write access. This must
not happen.

To avoid these types of problems HADES uses one pri-
mary server for each slice (which may be different for
different slices) that is responsible for maintaining data
consistency. Clients communicate only with the primary
server. This server coordinates read and write accesses
and synchronization of data with the secondary server:
write accesses are acknowledged only after the data has
been successfully copied to the secondary server, read re-
quests only read already synchronized data and, if nec-
essary, they are delayed until the synchronization of the
accessed page has been completed. The delay time is up
to no more than half the time required for a write access
(about0.3ms), i.e. delaying the request does not lead to
performance problems.

If the primary server fails, the secondary server takes
over the role of the primary server and the vacant role of
the secondary server is assigned to one of the remaining
nodes of the cluster. Note that nodes may play several
different roles at the same time, e.g. primary server for
one set of slices and secondary server for another set.
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2.4 Transactions

HADES has two modes of operation: with and without
support for transactions. Using the mode without trans-
actions, HADES can be used as a fast highly available
replacement for hard disks. Using the mode with sup-
port for transactions HADES provides classicalACID
properties (atomicity, consistency, isolation and dura-
bility (Gray, 1979)) to coordinate the simultaneous ac-
cess of several clients or the support of reliable pub-
lish/subscribe. Transactions are controlled by an elected
coordinator and backup coordinator. If a client crashes,
transactions are automatically aborted.

HADES uses shadow paging (Lorie, 1977): changes
are stored within separate memory regions and in case
of a commit only a pointer needs to be switched. Since
one page only contains one record, concurrency problems
that result from storing several records in one block do
not exist.

HADES supports distributed transactions spanning
several clusters. This is realized by attachingexternal
transactions to a normal transaction running on a differ-
ent cluster thus forming one distributed transaction span-
ning several clusters. Control passes to the transaction
to which an external transaction was attached. External
transactions differ from normal transactions in that they
cannot abort on their own in case of a failure of a client
but only as part of the distributed transaction. This is re-
quired to prevent race conditions that only abort parts of
the distributed transaction while others are committed if a
client fails shortly after sending commit in the presumed
commit two phase commit protocol used.

When an external transaction is attached to another
transaction, the cluster containing the latter transac-
tion becomes transaction coordinator for this distributed
transaction and is responsible for either aborting or com-
mitting all parts of the transaction. The transaction coor-
dinator is also responsible for initiating the abort of the
distributed transaction in case of a failure of the client.
Since HADES uses a complete cluster as transaction co-
ordinator and the failure of one node does not affect the
availability of the cluster as a whole, the use of two phase
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commit (Gray, 1979) is sufficient and three phase commit
(Skeen, 1981) is not needed since no blocking can occur.

External transactions are created and attached to an-
other transaction using only one atomic step. Therefore,
there is no risk of client failure between the creation and
attaching of the external transaction.

2.5 Optimizations

Operations in HADES are not limited to read/write. More
complex operations and operations that operate in paral-
lel on whole slices can be added to reduce network traffic
and improve speed. One good example is searching data:
instead of reading all the data and searching on client
side, the search request is transmitted to the cluster and
performed locally.

3 Performance results

A cluster of 10 identical computers with AMD Athlon
XP2000+ and 1 GBytes of main memory running
HADES on top of Linux at user level was used as a test
environment. The computers were connected using fast
Ethernet.

Several performance measurements of different oper-
ations and different configurations were done. Due to
space limitations we selected some representative results.

Write operation
This operation was performed using page sizes of 2 and
512 bytes and using a different number of servers. The
result using 512 bytes can be directly compared to hard
disk accesses. For each number of servers 100 write ac-
cesses were performed and the time of each single access
was measured. HADES reaches access times of about
0.6ms (figure 5) and is therefore, about one order of mag-
nitude faster than the access time of the fastest hard disks
that currently reach about5.4ms (IBM/Hitachi Ultrastar:
3.4ms seek time,2ms latency).
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Bandwidth
Although not as important as the other operations for
our target applications HADES supports optimizations
of bandwidth: pages may be read and written in paral-
lel (pipelined) or in sets of several pages. Figure 6 gives
the results obtained using a single client using no transac-
tions. Even for moderate page sizes of about 1024-2048
bytes the transfer speed is quite close to the maximum
speed offered by the network interface.

Transactions
The scenario given in the introduction in which infor-
mation is disseminated in reliable mode was evaluated.
Within a transaction data is read, modified and written
back. The transaction terminates with commit. Three
cases were considered:

1. Always the same page is read and written. The next
transaction, therefore, possibly needs to wait until
all locks of the previous transaction are cleaned up
and released.

2. A different page is read and written each time.
Therefore, locks do not have any influence, but com-
pleting the cleanup of the preceding transaction may
still consume some computing power.

3. A small pause is inserted between transactions,
therefore, each transaction may use the full comput-
ing power.

The first two cases correspond to a system operating
near full load, whereas the last one corresponds to a sys-
tem that has some reserves left. HADES reached times
around1.5ms for the whole transaction (figure 7), i.e. the
whole transaction can be completed faster than one third
of the time required by one single access to hard disk.

Tablescan
Searching is a task that can be easily parallelized and
therefore can utilize the parallel computing power of
a cluster. This performance test used a table with
2.000.000 random entries (each of 48 bytes). A selection
was performed that is equivalent to the following SQL-
expression:
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SELECT COUNT(*) FROM benchmark WHERE
Category=’a’;

The measurement was performed using several slice
counts to see the effect of the number of slices. Figure 8
gives the obtained results. Overall HADES scales quite
well as long as there are enough slices to evenly distribute
the load. Uneven load distribution can be seen as levels
in figure 8. These levels result from the server with the
highest load dominating the required time. The follow-
ing example will illustrate this effect: when distributing
6 slices to 4 or 5 nodes, in both cases at least one node
will be assigned 2 slices whereas the others will be only
assigned one slice. The node assigned 2 slices will dom-
inate the performance and therefore there will be no per-
formance gain when going from 4 to 5 nodes. Altogether,
the measured performance numbers indicate that the op-
timal number of slices should be around 3-4 times the
expected number of servers.

4 Comparison with other systems

There are several systems thatseem to be suitable as a
storage architecture for the applications presented or look
similar to HADES, but they all lack at least one important
property.

4.1 Conventional Database Management
Systems

Conventional Database Management Systems (DBMSs)
store data on hard disks. Therefore, these systems are
limited by the disk access. Although these systems try to
reduce the effect of disk accesses by caching, they cannot
totally suppress slow disk access times. Write accesses
cannot be safely cached, data is stored safely only after
it has actually been written to disk or the log has been
flushed to disk. Notably short transactions consisting of
few writes suffer most from disk accesses, since they can-
not take advantage of the high bandwidth of modern disks
but mainly depend on the access time, which is only very
slowly improving compared to bandwidth and density.



To demonstrate this effect we did some performance
evaluations using PostgreSQL and BerkeleyDB. Post-
greSQL needed about100ms to insert a single data item
and BerkeleyDB about51ms (using a standard IDE hard
disk). So both were about two orders of magnitude slower
than HADES. We also measured the search performance.
PostgreSQL reached about0.9 Mio. scanned records per
second and BerkeleyDB – since BerkeleyDB only sup-
ports searching for keys but not for data we had to im-
plement the searching within the application – reached
about0.4 Mio. scanned records per second compared to
at least8 Mio. records per second that were achieved by a
HADES cluster of two nodes. This is due to the fact that
PostgreSQL and BerkeleyDB are designed to take into
account that data is stored on disk whereas HADES can
directly access data in main memory.

Even main memory DBMSs are affected by hard disk
access times: although main memory databases like e.g.
PRISMA/DB (Apers et al., 1992) store data in main
memory, they use hard disks for logging just like other
databases do. Pre-committing and group commit (DeWitt
et al., 1984) allow to improve throughput, but they cannot
improve commit latency. Therefore, also in this case hard
disk access limits the response time of transactions.

4.2 RAID

Using RAID systems is the standard way of improving
disk bandwidth (Patterson et al., 1988). However RAID
systems cannot improve latency. Since small reads and
writes are dominated by latency RAID systems cannot
improve performance in our case.

4.3 Distributed checkpointing

If a node fails in a distributed system all intermediate re-
sults are lost and the (probably expensive) computation
needs to be restarted. To avoid a restart from the very be-
ginning some systems regularly take checkpoints (snap-
shots) of the distributed system state and are therefore
able to continue the computation starting from the last
complete checkpoint. Similar to HADES, RDSM (Ker-
marrec, 1997) and (Plank and Li, 1994) keep all infor-
mation in main memory. Different from HADES these
systems can only guarantee persistence as soon as a new
checkpoint has been taken and all modifications since
then are lost. To reach the same degree of persistence
of HADES using these systems a checkpoint would have
to be taken as part of each write access, which would be
prohibitively expensive.

4.4 Distributed hash table

Distributed hash tables (DHTs) try to redundantly store
and locate information in a WAN using peer to peer tech-
niques. Examples are Chord (Stoica et al., 2001), Pas-
try (Rowstron and Druschel, 2001), Tapestry (Zhao et al.,
2001) and CAN (Ratnasamy et al., 2001). While both

HADES and DHTs store data in a network of comput-
ers this is already where the similarities end, since the
design goals were totally different. Chord, for exam-
ple, was designed with scalability in a WAN in mind
whereas HADES was tuned for access time in a LAN.
HADES requiresO(1) messages to access data com-
pared toO(log N) messages required by Chord. Chord
uses a probabilistic approach for load balancing. While
this works on a large scale it may lead to a very un-
even distribution on a smaller scale. Therefore, HADES
uses explicit load balancing, which can guarantee an even
distribution of data. HADES supports both atomic in-
sert/update and transactions none of which is supported
by Chord. So although HADES and Chord might look
similar at first sight, they have very different properties
and fields of application. The same applies for other DHT
systems.

Another example is the LH*m scheme (Litwin and
Neimat, 1996). It extends linear hashing to a scalable dis-
tributed data structure: each bucket is stored on one com-
puter per site. Two sites are used, one being the backup
of the other. For load balancing also the clients are di-
vided into two groups having computers from one site
as primary servers and computers from the other site as
secondary servers. Since LH*m does not support atomic
insert/update and transactions it has problems regarding
consistency: if the same data record gets written at the
same time by clients having the primary server in differ-
ent sites, the messages for copying the data record from
one site to the other may cross each other and after this
different versions of the same object exist in the differ-
ent sites. As a result, reading the same record results in
different data, depending on which site the client belongs
to. This is not acceptable for applications we are consid-
ering.

4.5 Distributed write cache

LND (Mao et al., 2002) implements a distributed fault
tolerant write cache to reliably cache data to be able to
speed up operation by asynchronously writing data to
disk. This approach does not support transactions and
is limited to one client which represents a single point
of failure. If the client fails a recovery phase is needed,
therefore, unlike HADES, which can serve several clients
in parallel, LND is not able to provide uninterrupted ser-
vice.

5 Summary and outlook

HADES offers significant improvements regarding ac-
cess time and is, therefore, in particular useful for re-
liable publish/subscribe systems, publish/subscribe sys-
tems that aggregate events and therefore must store state,
and systems using IP take-over.

Further speed improvements can be expected by mov-
ing from Ethernet and TCP/IP to network technolo-
gies, that were designed to reach low latencies like SCI,



Myrinet or Infiniband.
Although no real-time operating system and network

was used during the performance evaluation, the perfor-
mance measures show an astonishingly low number of
outliers (figure 5). Therefore, a tuning of HADES to-
wards real-time databases seems promising.

But the mechanisms used by HADES are also very in-
teresting for a very different field of applications: sensor
networks (Akyildiz et al., 2002). Sensor networks fol-
low the idea of having very small, battery powered sen-
sor nodes, that are so cheap, that they even might be de-
ployed by throwing them from an aircraft in large quan-
tities. Since these devices are battery powered, energy
consumption is critical and determines the lifetime of the
nodes in the network. Typically most energy is used by
routing information through the network, therefore, data
aggregation and data fusion are among the most impor-
tant methods of saving energy. To do this, data needs
to be stored until aggregated within the network, but the
longer data is stored in the network the higher is the risk
of data loss. Furthermore, aggregated data is ‘more valu-
able’ than raw data and should be protected according to
its value against loss. Therefore, a reliable local storage
is needed. Persistent storage like e.g. flash memory is not
useful, since a node failure is equivalent to a node loss in
sensor networks. Therefore, redundancy is the only way
of protecting data against loss.

Of course there needs to be some tuning: HADES was
optimized to achieve high speed, whereas in sensor net-
works the optimization must be done with regard to min-
imal power and hardware requirements, e.g. by adjust-
ing HADES to use simpler network protocols than TCP
and/or by replacing parallel, interleaved operations by se-
rial operations that require less memory.

Another potential application of HADES is for support
of mobility in publish/subscribe systems, where events
and event histories must be made persistent (Cilia et al.,
2003).
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ABSTRACT

Large-scale numerical simulation is one of the basic
blocks in computational science and engineering. Re-
searchers in academia and industry rely on highly com-
plex simulation codes that are able to simulate even
the most complicated physical phenomena. Several ap-
proaches are possible in order to validate the results of a
numerical simulation, such as examining the results ob-
tained from different simulation packages. In addition
one could analyze the impact of certain input parame-
ters on the solution. Such sensitivities of the computed
solution can be obtained by automatic differentiation,
a technique for computing truncation error-free deriva-
tives of functions given in the form of a computer pro-
gram. For a standard flow problem, we examine the re-
sults obtained from the two simulation packages FLU-
ENT and SEPRAN, and we compare the derivatives
which are computed by automatic differentiation. We
show that, although the two packages employ funda-
mentally different algorithms, the results obtained, i.e.,
the velocity fields and their respective sensitivities, are
comparable.

INTRODUCTION

How can you be sure that your computer simulation is
correctly modeling your scientific or engineering prob-
lem? To what extent does the output of your computer
simulation depend on the actual algorithm used to solve
your problem? It is often difficult to obtain a consensus
about the answers to such questions. A comparison of
the same computational problem by different numerical
simulations, probably implemented by different com-
puter codes developed by different authors, is one way

∗This research is partially supported by the Deutsche Forschungs-
gemeinschaft (DFG) within SFB540 “Model-based experimental
analysis of kinetic phenomena in fluid multi-phase reactive systems,”
RWTH Aachen University, Germany.

to give more insight into these issues. Such benchmark-
ing of different codes, however, should be approached
with care (Roache 1998). Another option to assess the
behavior of a computer code is to consider the sensitivi-
ties of the output of a computer simulation with respect
to its inputs. These sensitivities can be evaluated with-
out truncation error by automatic differentiation. The
idea behind this technique is to transform a given com-
puter code into another code capable of evaluating the
derivatives of selected output variables with respect to
selected input variables. So, the algorithm used to im-
plement a function, rather than the function itself, is dif-
ferentiated. This is the reason why automatic differenti-
ation (AD) is also called algorithmic differentiation. In
the context of high-performance computing, where the
underlying function is given by a large-scale simula-
tion code, AD is often the only way to reliably evaluate
derivatives.

Now, consider the scenario where AD is applied to
different algorithms to solve the same computational
problem. Here, it is not only interesting to study the
differences in the original simulations but also to in-
vestigate how the AD-generated derivatives differ be-
cause they depend on the different algorithms used in
the original simulations. Under certain circumstances,
applying AD in a black box fashion can lead to surpris-
ing results because the automatic process is not only
applied to the solution of the algorithm but also to the
solution procedure itself (Eberhard and Bischof 1999;
Bücker 2002).

To study the application of AD to different algo-
rithms for the same problem, we consider a standard
test problem in computational fluid dynamics (CFD),
the flow over a backward-facing step, using the two
multi-purpose simulation packages FLUENT (Fluent
Inc. 1997) and SEPRAN (Segal 1993b). Both soft-
ware packages are successfully used in academia and
industry to simulate large-scale complicated scientific
and engineering systems in various application areas.
FLUENT and SEPRAN are first used to compute the
flow field in this test problem. Then we apply the AD
system ADIFOR (Bischof et al. 1996) to FLUENT and



SEPRAN to automatically generate two AD codes com-
puting the derivatives of the velocity field with respect
to the maximum inflow velocity, one of the input vari-
ables of the test problem.

This note is structured as follows. In the following
section, some details on applying AD to FLUENT and
SEPRAN are given. Thereafter, the specification of the
standard test problem is described. Finally, the deriva-
tives computed by the two AD codes are compared.

AUTOMATIC DIFFERENTIATION OF FLUENT
AND SEPRAN

In the present study we use the simulation packages
SEPRAN and FLUENT. SEPRAN is a general-purpose
finite element package developed at “Ingenieursbureau
SEPRA” and Delft University of Technology. The
package is employed in various scientific areas rang-
ing from fluid dynamics to structural mechanics to elec-
tromagnetism (Bosch and Lasance 2000; Segal et al.
1998; van Keken et al. 1995) and consists of approx-
imately 800,000 lines of mostly Fortran 77, including
comments. In this project we use version 12/2002 of
the SEPRAN simulation package.

FLUENT, developed by Fluent Inc., is one of the
leading simulation packages for computational fluid dy-
namics (CFD). It uses a pressure-based finite volume
method for incompressible and mildly compressible
flows. In the present case study we use version 4.5.2
of the FLUENT code which is basically written in For-
tran 77 with some additional Fortran 90 language el-
ements that are mainly used for the dynamic mem-
ory management. The whole source code consists of
more than 2 million lines Fortran, including comments.
Furthermore there are approximately 50,000 lines of C
code (including comments) primarily concerned with
the graphical user interface and system calls. However,
most of the C code is not mandatory for the computa-
tional part of FLUENT.

Automatic differentiation (AD) is a set of techniques
for transforming a given computer program implement-
ing some mathematical function into another program
evaluating the original function and its derivatives for a
given input. The AD technology is applicable when-
ever derivatives of functions given in the form of a
high-level programming language, such as Fortran, C,
C++, or MATLAB, are required. The key idea of AD
is that every computer program, no matter how com-
plicated, is a—potentially very long—sequence of ele-
mentary operations such as addition or multiplication,
for which the derivatives are known. Then, the chain
rule of differential calculus is applied repeatedly, com-
bining these step-wise derivatives to yield the deriva-
tives of the whole program. This mechanical process
can be automated, and several AD tools are available
for transforming a given code to the newdifferentiated
code. Note, that in contrast to numerical differentia-
tion, derivatives obtained by AD are free from trunca-

tion error. The reader is referred to (Griewank 2000;
Rall 1981) for a detailed introduction to this field.

Although automatic differentiation is in principle ap-
plicable to computer codes of arbitrary size, practical
experiences have shown that automatically differentiat-
ing large simulation packages consisting of several hun-
dreds of thousands of lines of code is still a challeng-
ing task. Non-standard programming techniques used
in legacy codes often require manual modifications be-
fore a software tool implementing AD could perform
the actual transformation. A detailed description of the
manual “code massaging” process is beyond the scope
of this paper. The reader is referred to (Bischof et al.
2003; Bischof et al. 2001) for a detailed description
of applying AD to the SEPRAN package. We used
the AD tool ADIFOR (Bischof et al. 1996), developed
at Argonne National Laboratory and Rice University,
for generating differentiated versions of FLUENT and
SEPRAN.

SIMULATING THE FLOW OVER A
BACKWARD-FACING STEP

For comparing the differentiated versions of SEPRAN
and FLUENT, we consider the simulation of an incom-
pressible flow over a two-dimensional backward-facing
step which is a common benchmark problem for CFD
codes. A sample implementation of this problem is part
of the SEPRAN distribution (Segal 1993a). The FLU-
ENT tutorial guide (Fluent Inc. 1995) also contains a
section on the backward-facing step problem.

In the following, we consider a two-dimensional
rectangular domain of35 m× 5 m and a step height of
H = 1 m as depicted in Fig. 1. At the inlet,x = 0,
a parabolic velocity profile with a maximum velocity
umax = 1.0 m/s is defined. The scalar input parameter
umax specifies the complete parabolic velocity profile in
horizontal direction. The vertical velocity component
at the inlet is zero. Furthermore, we assume a fluid
density ofρ = 1.0 kg/m3 and a dynamic viscosity of
η = 1.0 × 10−2 kg/(m s). Based on the step height, the
Reynolds number is 100. In addition to the flow field
(u, v), whereu andv denote the horizontal and vertical
velocity components respectively, we are interested in
the derivatives ofu andv w.r.t. the maximum inflow
velocity,umax, i.e.,∂u/∂umax and∂v/∂umax.

Before comparing these derivatives which are to be
computed by automatically differentiated versions of
SEPRAN and FLUENT, we needto ensure that the val-
ues of (u, v) resulting from FLUENT and SEPRAN
simulations are comparable. The structured compu-
tational grid used for the FLUENT simulation con-
sists of approximately 3,000 rectangular cells whereas
an unstructured mesh consisting of 5,000 nodes and
10,000 triangle elements is used for the SEPRAN sim-
ulation. In order to compare the results obtained from
SEPRAN and FLUENT, we extract linearly interpo-
lated (u, v)-values at 4,000 sample points arranged in
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Figure 1: Schematic of the backward-facing step problem
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form of a regular grid covering the whole domain.
All the plots presented in this note are based on this
grid which enables the pointwise comparison of the
results of the two simulations. LetuF andvF denote
the interpolated values foru andv respectively, at the
4,000 sample points, based on the FLUENT solution.
Similarly,uS andvS represent the corresponding values
at the same points, where the SEPRAN solution is con-
sidered. In the upper plot of Fig. 2, the horizontal com-
ponent of the velocity field, computed with FLUENT,
uF, is depicted. Since the corresponding results com-
puted by SEPRAN look almost identical to the FLU-
ENT results, the lower plot of Fig. 2 shows the differ-
ence ofu computed by FLUENT, andu computed by
SEPRAN. More precisely, the values ofuF−uS are de-
picted in the lower plot of Fig. 2. In Fig. 3 the vertical
velocity component,vF, and the difference of the verti-
cal velocity components,vF − vS are displayed. Note
that for both components of the velocity vector, the dif-
ferences of the two solutions found by SEPRAN and
FLUENT are rather small, typically up to one order of
magnitude, compared to the components of the veloc-
ity field. In comparison to the horizontal components,
there are three separate clusters where the larger differ-
ences in the vertical components occur, located in the
far flow field. However, from an engineering point of
view, the recirculation area in the vicinity of the back-
ward facing step is more interesting than the far flow
field.

DERIVATIVES OF THE FLOW FIELD

Now we compute the derivative of the velocity field
w.r.t. the maximum inflow velocity, i.e.,∂u/∂umax and
∂v/∂umax using the differentiated versions of FLUENT
and SEPRAN. In order to compare the results of these
two differentiated simulation codes we interpolate val-
ues at certain points within the computational domain,
as described in the previous section. LetduF anddvF

denote the derivative values∂u/∂umax and∂v/∂umax,
respectively, computed by the differentiated version of
FLUENT. In an analogous mannerduS anddvS denote
the corresponding derivative values obtained by the dif-
ferentiated version of SEPRAN. In Fig. 4 the deriva-
tive valuesduF are depicted in the upper plot. With
the naked eye, the derivative valuesduS are almost in-
distinguishable fromduF. Similarly to the previous
figures, the lower plot of Fig. 4 shows the difference,
duF − duS of the derivative values. Note that this dif-
ference is generally one order of magnitude below the
derivative values. The derivatives of the vertical veloc-
ity component, computed by FLUENT and SEPRAN
are compared in Fig. 5, where the upper and middle plot
show the values fordvF anddvS, respectively, and the
lower plot shows the difference,dvF − dvS. It turns out
thatdvF anddvS differ in three areas aroundx ≈ 18 ,
x ≈ 25 , andx ≈ 33 , which loosely correspond to
the three clusters given in Fig. 3. In these clusters, the

differences,dvF − dvS, are in the same order of mag-
nitude asdvF anddvS. In the remaining parts of the
domain,dvF and dvS agree quite well. In particular,
the extreme positive derivative values occurring behind
the backward-facing step and the extreme negative val-
ues occurring in the area betweenx ≈ 10 andx ≈ 15
are computed similarly by the differentiated versions of
both FLUENT and SEPRAN, so that the difference of
dvF anddvS in those “interesting” parts is almost zero.

SUMMARY

A commonly used technique for “validating” a given
computer simulation is to compare various simulation
codes, implementing different methods for solving the
underlying numerical problems. Another option is to
observe the sensitivities of the solution with respect
to certain input parameters of the simulation. Such
derivatives can be obtained by automatic differentia-
tion, a technique for reliable and accurate computation
of derivatives of functions given by a computer pro-
gram.

In this study, the comparison of the numerical
computations using two different simulation packages,
FLUENT and SEPRAN, is described by considering
the standard benchmark problem of an incompressible
flow over a backward-facing step. For the specified flow
problem, both simulation codes produce similar solu-
tions, i.e., the resulting velocity fields are almost iden-
tical. Furthermore we investigate the derivatives of the
flow field with respect to the maximum inflow veloc-
ity, which is a free input parameter of the simulation.
These derivatives, computedby automatically differen-
tiated versions of FLUENT and SEPRAN, show quite a
good agreement with each other, although the two sim-
ulation packages employ fundamentally different algo-
rithms for solving the flow problem. This demonstrates
that automatic differentiation is a valuable tool for sen-
sitivity analysis which can be successfully applied on
large-scale simulation codes. This work suggests the
assessment of the quality and robustness of numerical
simulation codes not only by comparison of the results,
but also by comparison of the corresponding sensitiv-
ities. The methods presented in this work provide a
way towards “validating” numerical simulation codes,
thus paving the way to reliable modeling of engineer-
ing problems.
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ABSTRACT

The CONNECT Framework presented in this pa-
per is a simulation tool supporting the modelling
of networks of communicating objects. It is im-
plemented on the base of the .NET Technology.
From the programmers point of view, it extends
the C# language by a few attributes and offers a
few classes. The paper introduces the new con-
structs and demonstrates their use by giving two
examples. The first example is the Game of Life,
and the second one, with special emphasis on sig-
nal based communication, is the Backpropagation
Network.

INTRODUCTION

A modelling pattern found in areas like Arti-
ficial Neural Networks (Rojas 1996), Scientific
Computing (Heath 2002), Swarm Intelligence
(Kennedy and Eberhart 2001) and others requires
working with arrays of communicating objects.
Modelling large arrays of objects in a homoge-
neous manner is a non trivial problem. In some
cases it is the index of an object that deter-
mines the processing (e.g. state-based manipula-
tion or communication), in other cases all objects
of an array are processed in a uniform way. A
provision of special linguistic constructs for han-
dling such arrays would allow for more elegant
and error-proof modelling and programming of a
whole range of different applications.

Modern software development usually takes place
in some object oriented environment like the
.NET Framework (Beer et al. 2003) or the Java
2 Enterprise Edition (Perrone et al. 2003). Con-
sidering the modelling pattern mentioned above
in the context of such environments, we have to
look at the concepts of classes and arrays, as
any object is an instance of a class type, and
as arrays are important means for establishing
networks. The CONNECT Framework combines
features from both of these concepts, and is an
implementation for the .NET platform. The im-

plementation uses the fact, that C# supports re-
flection, and that it is one of the first languages,
which can be extended with the help of so called
attributes (Drayton et al. 2003).

For any given type T, a corresponding layer type
Layer_T can be generated, and these layer types
reflect features of class and array types. To give
an example consider class Unit:

[unit]
public class Unit {
[item]
public double myVar;
[item]
public void MyFun(double x) {...}

}

Attribute [unit] turns the class into a unit type,
where attribute [item] turns the field myVar into
an item field and the method MyFun() into an
item method. The interface of the generated layer
type Layer_Unit looks as follows:

public class Layer_Unit : Layer {
// constructor
public Layer_Unit(params int[] dim);
// indexer
public Unit this [params int[] ix]
{ get; set; }

// lifted field
public Layer_Double myVar { get; }
// lifted method
public void MyFun(System.Double x);

}

With the aid of the constructor and the indexer
layer objects can be instantiated and used similar
to array objects. For example, let us create a two
dimensional base layer:

Layer_Unit ulayer;
ulayer = new Layer_Unit(m,n);

The item field myVar (or item method myFun())
with index [i,j] can be accessed as follows:

ulayer[i,j].myVar = 3.14;
ulayer[i,j].MyFun(3.14);



[unit] public class Life {

[item] public int state;

[item] public Life[] vector;

[item] public void InitState(Random r) { state = r.Next(2); }

private int next;

[item] public void NextState()

int sum = 0;

for (int i = 0; i < vector.Length; i++) { sum += vector[i].state; }

if (sum < 2 || sum > 3) { next = 0; }

else if (sum == 3) { next = 1; }

else { next = state; }

}

[item] public void UpdateState() { state = next; }

}

Figure 1: The unit type Life

But layer types are not identical to array types.
If they are generated from unit types, the pub-
lic fields and methods being marked by attribute
[item] are “lifted” to the interface of the layer
type. If, for a given layer instance, the lifted iden-
tifiers are used to access the layer, actually all
corresponding fields or methods of the layer el-
ements are addressed. In the case of methods,
this is a kind of shorthand for a loop. Invoking a
lifted method results in invoking the underlying
unit method for all elements of the given layer:

ulayer.MyFun(3.14);

A lifted field is an item layer (e.g. ulayer.myVar
has type Layer_Double), which opens up the
possibility to invoke methods defined for layer
types. For example, the overloaded method
Set(), which can be used to initialize all layer
elements with the same constant:

ulayer.myVar.Set(3.14);

Accessing lifted items can be combined neatly
with the fact, that the underlying unit items can
also be accessed by index. This is used by the
CONNECT Framework to offer powerful means
for connecting (or setting) the item fields of lay-
ers. The parameters of the corresponding meth-
ods are, on the one hand, lifted item fields, and
on the other hand, relations or functions over in-
dices.

The next section presents the CONNECT Frame-
work components. After that, it is explained in
detail how layer items can be connected, and the
Game of Life is used to demonstrate this process.
Then the focus is switched to signal based com-
munication, Here, as an example, the Backprop-
agation Network is given. The concluding section

summarizes the lessons learned from the two ex-
amples and relates the CONNECT Framework to
previous work of the author. At the end, a de-
scription of further research can be found.

CONNECT FRAMEWORK COMPONENTS

The CONNECT Framework consists of a library
and a command line tool. Using the frame-
work for the modelling of an application can be
sketched as follows.

At first, the unit types of the application have
to be identified. Let file app.units contain the
source code of these types (class Unit, . . . ). Ex-
cept for the attributes [unit] and [item] this is
usual C# code.

Then, the command line tool can be used to
generate all implied layer types (Layer_Unit,
Layer_Double, . . . ), and to put them into file
app.layers. The generation process relies on the
types provided by the CONNECT library.

The rest of the application’s source code can use
the unit types as well as the generated layer types.

The CONNECT library includes class Layer (the
base class of all layer types), signal classes for
simple types like int, double etc., and class
Generator. Signal classes are explained below.
Class Generator contains methods for generating
layer or signal types. These methods are provided
for the rare cases, where the command line tool
or the predefined classes do not suffice.

CONNECTING LAYER ITEMS

For discussing the way, in which objects can be
connected, let us start with unit type Elem:

[unit]
public class Elem {



public class LifeNetwork {

private Layer_Life layer;

public LifeNetwork (int n, int m) {

layer = new Layer_Life(n, m);

layer.vector.Connect(layer, new Relation(IsNeighbour));

}

public void InitPopulation() {

Random r = new Random();

layer.InitState(r);

}

public void NextGeneration() {

layer.NextState();

layer.UpdateState();

}

private bool IsNeighbour(int[] x, int[] y) {

if ( (x[0]!=y[0] || x[1]!=y[1]) && ( Math.Abs(x[0]-y[0])<=1 ) && ( Math.Abs(x[1]-y[1])<=1 ) )

return true;

else

return false;

}

}

Figure 2: Using the layer type Layer Life

[item] public Elem transpose;
[item] public Elem[] line;

}

Our goal is to organize Elem objects into a square
matrix,

Layer_Elem matrix = new Layer_Elem(n,n);

such that the item layers matrix.transpose
and matrix.line correspond to the transpose or
lines, respectively, of that matrix. For a given
line i and for all j and k, the one dimensional ar-
rays matrix[i,j].line and matrix[i,k].line
would contain the same objects.

To establish the requested connections, a function
and a relation over indices are needed:

int[] transpose( int[] ix ) {
int[] val = { ix[1], ix[0] };
return val;

}

bool line( int[] ix, int[] iy ) {
if (ix[0]==iy[0]) return true;
return false;

}

The CONNECT Framework includes special
types for such functions and relations:

Function fun = new Function(transpose);
Relation rel = new Relation(line);

Now, the layer methods Set() and Connect()
can be applied:

matrix.transpose.Set(matrix, fun);
matrix.line.Connect(matrix, rel);

To explain the meaning of Set(), let ix be
an index, for which transpose(ix) is de-
fined. Then matrix[ix].transpose is set to
matrix[transpose(ix)].

To explain the meaning of Connect(), let iy be
another index, and let the result of line(ix,iy)
be true. Then matrix[ix].line is extended
by one component, and this component is set to
matrix[iy].

THE GAME OF LIFE

The first example is the famous Game of Life
(Gardner 1970). The complete modelling can be
found in Figures 1 and 2. Figure 1 shows the
definition of unit type Life, and Figure 2 shows,
how the generated type Layer_Life can be used
to define a class LifeNetwork.

A unit of type Life has two public item fields and
three public item methods.

Item state is used to signal, whether a unit is
alive (state==1) or dead (state==0), and the one
dimensional array vector is used to get the corre-
sponding states of the immediate neighbours —
where item method NextState() assumes, that
the vector has been set accordingly.



Method InitState() is used to randomly set the
state, method NextState() checks, how many
of the neighbours are alive, and uses the result
to set the private variable next, and method
UpdateState() updates the state.

In class LifeNetwork, a private layer of type
Layer_Life can be found. The constructor cre-
ates a two dimensional layer, and establishes
the necessary connections. In this, the relation
IsNeighbour() is used. For indices ix and iy
the result IsNeighbour(ix,iy) is true exactly
in the case, that ix and iy are the indices of im-
mediate neighbours.

The meaning of the methods of type LifeNetwork
is straightforward: InitPopulation() initializes
the network, and NextGeneration() computes
the next generation.

SIGNAL BASED COMMUNICATION

In the example given above, a Life unit com-
municates by reading the state of neighbouring
units with the help of item field vector (see Fig-
ure 1). In a sense, the field vector allows a Life
unit to access the “outside world”.

However, it might be advantageous to communi-
cate just by sending and receiving signals, with-
out accessing the state of other units. To support
this procedure, the CONNECT Framework offers
the possibility to generate signal classes. More
precisely, for any given type T, classes Fanout_T,
IVector_T, and OVector_T can be generated.
(For simple types like double, the signal classes
are part of the CONNECT library.)

The signal classes represent fanout signals, input
and output vectors. To give an example, let us
start with three unit types based on the signal
classes generated from type double:

[unit] public class FUnit {
[item] public Fanout_Double y;

}

[unit] public class IUnit {
[item] public IVector_Double ivec;

}

[unit] public class OUnit {
[item] public OVector_Double ovec;

}

We consider the layers flayer (of type
Layer_FUnit), ilayer (type Layer_IUnit) and
olayer (type Layer_OUnit). At first, n fanout
signals are created and initialized:

flayer = new Layer_FUnit(n);
for (int i = 0; i < n; i++)

flayer[i].y.Value = i;

Then, n input and output vectors are created:

ilayer = new Layer_IUnit(n);
olayer = new Layer_OUnit(n);

Initially, these vectors are empty. However, input
vectors can be connected with fanout signals and
output vectors analogous to the way described
above. Let Full be the relation, which includes
all index pairs, i.e. for all pairs (ix,iy) we have:

Full(ix, iy) == true

This relation is used for establishing connections:

Relation full = new Relation(Full);
ilayer.ivec.Connect(flayer.y, full);

As all index pairs belong to the relation Full, the
result of this connect statement is, that for all
0 <= i,j < n the input vector ilayer[i].ivec
is connected with fanout signal flayer[j].y.
This means, the input vector is extended by one
component, and this component is set to the
fanout signal. After that, all input vectors have
n components and, as the connections are estab-
lished in ascending order, we have:

ilayer[i].ivec[j] == j

Modifying the fanout signals

for (int i = 0; i < n; i++)
flayer[i].y.Value = -i;

has an immediate consequence:

ilayer[i].ivec[j] == -j

Now, the input vectors are connected to the out-
put vectors:

ilayer.ivec.Connect(olayer.ovec,full);

Again, the connections are established in as-
cending order. For all 0 <= i,j < n the input
vector ilayer[i].ivec is connected with out-
put vector olayer[j].ovec. Here, both vec-
tors are extended by one component, and the
new component of input vector ilayer[i].ivec
refers to the new component of output vector
olayer[j].ovec. This results in n+n components



for each input, and n components for each output
vector.

By default, the new components of the output
vectors are set to zero. So we have:

ilayer[i].ivec[n+j] == 0

If we assign other values to the output vectors,

olayer[i].ovec[j] = i*i;

we have:

ilayer[i].ivec[n+j] == j*j

THE BACKPROPAGATION NETWORK

The Backpropagation (BP) Network is capable
of learning a functional mapping x �→ y. In this,
network input x = (x1, . . . , xi) and network out-
put y = (y1, . . . , yo) are vectors of numbers. The
BP Network can be applied in areas such as sen-
sor processing, pattern recognition, data analysis,
and control (Rojas 1996).

Such a network consists of one input, one or more
hidden, and one output layer. In the forward
pass, the input layer is used to present the net-
work input x to hidden layer 1. For n ≥ 1, hidden
layer n does some processing and presents its re-
sults to hidden layer n+1 or, finally, to the output
layer. The output layer does an analogous pro-
cessing to compute the network output y.

The output of a network depends on the weights,
where each hidden and output unit is associated
with one bias weight and one weight for each in-
coming signal.

For a given set of training data {(x, t)} such a net-
work is able to learn the mapping x �→ t where
t = (t1, . . . , to) is a target vector. Learning means
to adapt the weights correspondingly. In general,
learning a good mapping of the given targets is
not the only goal of training. Another goal is
that the network is able to “generalize”, i.e. af-
ter training it should be able to map an input x,
which has not yet been seen so far, in a “sensible”
way to an output y.

During training, the result y = (y1, . . . , yo) of
mapping a sample x = (x1, . . . , xi) is compared
with the associated target t = (t1, . . . , to). The
backpropagation algorithm essentially is a gradi-
ent descent method minimizing the quadratic er-
ror measure

∑o
i=1(ti − yi)2 (seen as a function

of the weights). Learning can be done either in
online or in batch mode. Within online learning,

the weights are adjusted each time, a training ex-
ample has been presented; within batch learning,
weight adjustment takes place only after all train-
ing examples have been seen. Once a network is
trained, a recall is done in one forward pass.

Now we consider, how the CONNECT Frame-
work can be used to program a Backpropagation
Network (implementing online learning). In Fig-
ure 3 the unit types Input, Hidden, and Output
can be found, and Figure 4 contains the class
BPNetwork, which is based on these types.

The only item of type Input is a fanout signal y,
which is used to present the network input to hid-
den layer 1. The types Hidden and Output both
are derived from class BPUnit, which contains all
common elements:

• a fanout signal y used to present the result
to the next layer or as network output, re-
spectively;

• an input vector x for collecting the fanout
signals of the preceding layer, and an associ-
ated bias b and weight vector w;

• an output vector outErr used to send back
error signals.

All layers (except for the input layer and hid-
den layer 1) send back error signals to the pre-
ceding layer. It is important, that error signal
outErr[i] is send to the unit, where input x[i]
stems from. Specifically, the size of error vector
outErr either is 0 (for hidden layer 1) or has to
coincide with the sizes of the vectors x and w.

The item methods AdjustVector() and
InitWeights() are used during network
initialization. For each incoming signal, a weight
component is established, and all weights are
initialized with random numbers in between 0
and 1.

Item method Forward() performs the computa-
tion, which is done in the forward pass. Actu-
ally, the so called net input net = w * x + b
is mapped by the sigmoid function. In this,
w * x is the vector dot product and the result
of Sigmoid(net) is 1 / (1 + exp(-net)).

Item method Backward() is used for learning.
The parameters are the so called learning rate eta
and a value delta, which depends on the given
target and is computed differently for hidden and
output layers. Based on the given parameters, at
first the error signals for the previous layer are
set, and then the weights are modified.



[unit] public class Input {

[item] public Fanout_Double y = new Fanout_Double();

}

public class BPUnit {

[item] public Fanout_Double y = new Fanout_Double();

[item] public IVector_Double x = new IVector_Double();

[item] public double b;

[item] public double[] w;

[item] public OVector_Double outErr = new OVector_Double();

[item] public void AdjustWeightVector() { w = new double[x.Length]; }

[item] public void InitWeights( Random r ) {

b = r.NextDouble();

for (int i = 0; i < x.Length; i++ ) w[i] = r.NextDouble();

}

[item] public void Forward() { y.Value = NN.Sigmoid( w * x + b ); }

public void Backward(double eta, double delta) {

for (int i = 0; i < outErr.Length; i++ ) outErr[i] = delta * w[i];

b = b + eta * delta;

for (int i = 0; i < x.Length; i++ ) w[i] = w[i] + eta * delta * x[i];

}

}

[unit] public class Hidden : BPUnit {

[item] public IVector_Double inErr = new IVector_Double();

[item] public void Backward(double eta) {

double delta = y * (1-y) * inErr.Sum;

base.Backward(eta, delta);

}

}

[unit] public class Output : BPUnit {

[item] public double t;

[item] public void Backward(double eta) {

double delta = y * (1-y) * (t-y);

base.Backward(eta, delta);

}

}

Figure 3: The unit types for the Backpropagation Network

In the derived types Hidden and Output the value
delta is computed and passed to the Backward()
method of type BPUnit. In one case (type
Output) the value depends on the difference be-
tween target and network output (t-y), and in
the other case (type Hidden) it depends on the
sum of incoming error signals (inErr.Sum).

In Figure 4, a Backpropagation Network with
two hidden layer is presented. At first, we find
the private layer fields input, hidden1, hidden2,
and output. The constructor creates a network
with i input and o output units, establishes the
necessary connections between the layers, and
performs the corresponding adaptations of the
weight vectors.

Method InitWeights() initializes the weights
randomly, method Forward() implements the
forward and method Backward() implements the

backward pass. Note the details of the Forward()
and Backward() methods.

The parameter x of network method Forward() is
the network input, which is assigned to the fanout
layer input.y. Then, method Forward() is called
for hidden layers 1 and 2, and finally for the out-
put layer. At the end, the fanout layer output.y
is returned as network result.

The parameters eta and t of network method
Backward() are the learning rate or target vector,
respectively. The target vector is assigned to the
item layer output.t. Then, method Backward()
is called for the output layer, and for hidden lay-
ers 2 and 1. At the end, function sqdist() com-
putes the quadratic error, which is returned as
the result.



public class BPNetwork {

private Layer_Input input;

private Layer_Hidden hidden1, hidden2;

private Layer_Output output;

public BPNetwork( int i, int h1, int h2, int o ) {

input = new Layer_Input(i);

hidden1 = new Layer_Hidden(h1);

hidden2 = new Layer_Hidden(h2);

output = new Layer_Output(o);

hidden1.x.Connect( input.y, new Relation(Full) );

hidden1.inErr.Connect( hidden2.outErr, new Relation(Full) );

hidden2.x.Connect( hidden1.y, new Relation(Full) );

hidden2.inErr.Connect( output.outErr, new Relation(Full) );

output.x.Connect( hidden2.y, new Relation(Full) );

hidden1.AdjustWeightVector();

hidden2.AdjustWeightVector();

output.AdjustWeightVector();

}

public void InitWeights() {

Random r = new Random(1);

hidden1.InitWeights(r); hidden2.InitWeights(r); output.InitWeights(r);

}

public double[] Forward( double[] x ) {

double[] y = new double[output.Length];

for (int i = 0; i < input.Length; i++ ) input.y[i].Value = x[i];

hidden1.Forward(); hidden2.Forward(); output.Forward();

for (int i = 0; i < output.Length; i++ ) y[i] = output.y[i];

return y;

}

public double Backward( double eta, double[] t ) {

for (int i = 0; i < output.Length; i++ ) output.t[i] = t[i];

output.Backward(eta); hidden2.Backward(eta); hidden1.Backward(eta);

return sqdist( output.t, output.y );

}

}

Figure 4: The Backpropagation Network

CONCLUSIONS

The Game of Life (Gardner 1970) and the Back-
propagation Network (Rojas 1996) have been
used to demonstrate how the CONNECT Frame-
work can be employed for modelling applications.
The examples show that this can be done in a
compact and elegant way, such that the resulting
C# programs almost have the character of spec-
ifications.

Modelling a network of communicating objects
can be done by considering a given application
from two points of view. On the one hand, one
can consider the functionality of the objects of
that application, and in this can take the neces-
sary communication structure as given. And on
the other hand, one can take the functionality of
the objects as given, and can concentrate on the
global aspects of connecting objects and invoking
complete layers of them.

The predecessor of the CONNECT Framework is
the Neural Network (NN) description language

CONNECT, which had been developed in the
nineties. A compiler translating CONNECT
specifications into C++ classes is the software
kernel of the NeuroLution system, which inte-
grates hardware and software components (Kock
et al. 1999).

The NN language CONNECT allows for flexible
definitions of networks of simple processing units,
each of them communicating with the others by
sending simple signals, and can be applied to de-
sign neural networks, cellular automata as well as
other simple distributed systems (Fabiunke and
Kock 1999). But communication is restricted to
simple signal types, and it is not possible to con-
nect (or set) other than signal items.

The NN language CONNECT is a specific domain
language, where the CONNECT Framework ac-
tually is a simple extension of the C# language
by the two attributes [unit] and [item]. Using
these attributes allows for solutions, the abstrac-
tion level of which is high and makes it simple to



reuse them. As the modelling language is C#,
there is no restriction on the domain of possible
applications.

FURTHER RESEARCH

The two examples given in this paper stem from
the area of swarm intelligence (Kennedy and
Eberhart 2001) or Artificial Neural Networks
(Rojas 1996), respectively. For the latter do-
main it already has been proven, that many net-
work models can be programmed easily by using
the CONNECT Framework. The corresponding
specifications written in the Neural Network de-
scription language CONNECT (Kock et al. 1999)
can be translated easily into corresponding C#
programs — which use the CONNECT Frame-
work. Other possible application domains are Sci-
entific Computing (Heath 2002) and Web Services
(Alonso et al. 2004).

All domains mentioned above will be studied, and
key applications will be developed to trigger fur-
ther implementation and theoretical issues.

There are several implementation issues. One
goal is to bring the current implementation
into a product version state. Also, the use of
threads and a distributed implementation will
be considered. With respect to the generics
of C# 2.0, a future version of the CONNECT
Framework will include parameterized types
Layer<Type>, Fanout<Type>, IVector<Type>
and OVector<Type> — as an alternative for the
Generator class mentioned above. Finally, an
implementation for the Java platform will be con-
sidered.

Two kinds of “theoretical” issues occur. At first,
the “final” form of the interface has to be fixed;
this refers to the work out of layer methods for
accessing and connecting layers, or to the ques-
tion, whether beside Connect() methods there
also should be Disconnect() methods, etc. Sec-
ondly, the meaning of networks consisting of in-
terconnected layers mainly depends on the mean-
ing of unit and layer types and on the meaning
of layer methods, which globally access and (dis-
)connect layer items; it might be helpful to de-
velop some mathematical means for treating the
formal semantics of such networks.
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ABSTRACT

This paper presents a SWARM multi-agent simulation
of fault mitigation within BTeV, a large-scale, real-
time embedded system. The Real-Time Embedded
Systems (RTES) group collaborates on designing
real-time embedded intelligent software to ensure data
integrity and fault tolerance within BTeV, a triggering
and data acquisition system for particle-accelerator-
based High Energy Physics experiments at Fermi
National Laboratory. The hardware layout spans
2,500 digital signal processors and approximately
2,500 Linux computers. Adaptive and small in foot-
print, very lightweight agents were designed to apply
both reactive and proactive rules to accomplish fault
tolerance within the system. The scale and real-time
requirements of this system make it ineffective to
design a traditional expert system that relies on
centralized processing to determine appropriate rule
actions for every possible system state. Instead, a
decentralized approach based on Rodney Brooks’
subsumption architecture is presented. A SWARM
simulation is used to investigate emergent behavior
of the multi-layered, distributed approach to fault
mitigation within the RTES/BTeV environment.

INTRODUCTION

This paper describes the design and implementation
of a SWARM simulation of multi-agent fault mitiga-
tion within BTeV, a large-scale, real-time embedded
system. BTeV is a particle accelerator-based High
Energy Physics (HEP) experiment studying matter-
antimatter asymmetries in the decays of particles con-
taining the bottom quark. The Real-Time Embedded
Systems Collaboration (RTES) was formed with the
purpose of designing real-time embedded intelligent
software to ensure data integrity and fault-tolerance
within the BTeV data acquisition system. Multiple

levels of adaptive Very Lightweight Agents (VLAs) are
one of the primary components responsible for fault
mitigation within this environment. The VLA de-
sign was implemented and presented in a prototype of
the RTES/BTeV system at the SuperComputing 2003
(SC2003) conference.

Given the number of components and countless fault
scenarios involved, it would be impossible to orga-
nize various levels of VLAs using an ‘expert system’
that applies mitigative actions triggered from a central
processing unit acting on rules capturing every pos-
sible system state. Rather, this project uses Brooks’
(Brooks 1986) multi-layer, decentralized subsumption
architecture from mobile robot design, and adapts it to
achieve specific global behavior within the BTeV fault
mitigation system. The SWARM simulation is used
for studying the scaling qualities of emergent behavior
resulting from the subsumption approach.

This paper is divided into six sections. Section 2
provides some background about the BTeV experiment
and the RTES collaboration. Section 3 presents a brief
overview of Brooks’ subsumption architecture, and de-
scribes the details of the subsumption model for multi-
agent fault mitigation within RTES/BTeV.

Section 4 describes the SWARM multi-agent simula-
tion of the RTES/BTeV environment, including details
on the system components and fault scenarios modeled,
VLA subsumption fault mitigation rule firing, and sim-
ulation time steps.

Next steps for the project are provided in section 5,
followed by a conclusion in section 6.

RTES/BTeV

Overview

BTeV is a particle accelerator-based High Energy
Physics (HEP) experiment currently under develop-
ment at Fermi National Accelerator Laboratory. The
goal is to study charge-particle violation, mixing,
and rare decays of particles known as beauty and
charm hadrons, in order to learn more about matter-
antimatter asymmetries that exist in the universe to-



Figure 1: BTeV pixel detector layout.

day (Kwan 2002). The project is sponsored by the
National Science Foundation.

The BTeV experiment will exist inside a particle
accelerator where the collision of protons with anti-
protons can be recorded and examined for detached
secondary vertices from charm and beauty hadron de-
cays. The layout for the BTeV detector is shown in
figure 1.

The experiment uses 30 planar silicon pixel detectors
to record interactions between colliding protons and
antiprotons in the presence of a large magnetic field.
A schematic view of the pixel detector is shown in fig-
ure 2. These detectors, along with readout sensors are
embedded in the accelerator, which are connected to
specialized field-programmable gate arrays (FPGAs).
The FPGAs are connected to approximately 2,500 dig-
ital signal processors (DSPs).

The interactions resulting from the collision of pro-
tons and antiprotons are carried via custom circuitry
hardware to localized processors that reconstruct the
3-dimensional crossing data from the 30 silicon pixel
detectors in order to examine the trajectories for de-
tached secondary vertices (Nordstrom 2003). These
detached vertices are indicators of the likely presence
of beauty or charm decays.

BTeV will operate at a luminosity of 2x1032cm−2s−1

corresponding to about 2 interactions per 7.6 MHz
beam crossing rate (Kwan 2002). Average event sizes
will be around 200 Kilobytes after zero-suppression of
data is performed on-the-fly by front-end detector elec-
tronics. Every beam crossing will be processed, which
translates into the extremely high data rate of approxi-
mately 1.5 Terabytes of data every second, from a total
of 20x106 data channels.

A three tier hierarchical trigger architecture will be
used to handle this high rate. Data from the pixel de-
tector and muon detector will be sent to the level 1

trigger processor, where an accept or reject decision
will be made. The level 1 vertex trigger processor will
perform pattern recognition, track, and vertex recon-
struction on the pixel data for every interaction (Kwan
2002). It has been estimated that 99% of all minimum-
bias events will be rejected by the level 1 vertex trigger,
while 60-70% of the events containing beauty or charm
decay will still be accepted for further evaluation.

Level 2 and 3 will be implemented on a cluster of
CPU nodes, and data that makes it past the level 1
filter will be assigned to one of these level 2/3 proces-
sors for further analysis. Data that survives level 2 will
be passed to level 3 algorithms to determine whether
or not it should be recorded on archival media (Butler
2002). It is estimated that level 2 will decrease the data
rate by a factor of 10, and level 3 will further reduce
the incoming rate by a factor of 2. Once data is filtered
through all three levels, and additional data compres-
sion is performed, it is expected that the resulting data
rate will be approximately 200 Megabytes per second.

The events that are actually accepted within this sys-
tem occur very infrequently, and the cost of operating
this environment is high. The extremely large streams
of data resulting from the BTeV environment must be
processed real-time with highly resilient adaptive fault
tolerant systems (Butler 2002). For these reasons, a
Real-Time Embedded Systems Collaboration (RTES)
was formed with the purpose of designing real-time em-
bedded intelligent software to ensure data integrity and
fault-tolerance within this data acquisition system.

Each of the 2500 DSPs are assigned a unique Very
Lightweight Agent (VLA) responsible for a specific set
of proactive and reactive fault mitigation rules. Figure
3 shows one such VLA, along with the two other com-
ponents (Local Manager , Physics Application(PA))
found at every DSP.

The group of components found at each DSP are
referred to as individual Workers. Multiple Workers
are grouped into a single Farmlet of nodes. Sim-
ilarly, proceeding up the chain, regional managers

Figure 2: Schematic drawing of the pixel detector.



Figure 3: BTeV Level 1 Worker

are assigned groups of Farmlets. Individual Farmlet
VLAs are capable of communicating with each of
the associated Worker VLAs under them. Likewise,
regional VLAs communicate directly with all Farmlet
VLAs within their region.

Very Lightweight Agents (VLAs)

Multiple levels of very lightweight agents (VLAs) as
described in (Tamhankar et al. 2003) are one of the
primary components responsible for fault mitigation
across the BTeV data acquisition system.

The primary objective of the VLA is to provide the
BTeV environment with a lightweight, adaptive layer
of fault mitigation. One of the latest phases of work
at Syracuse University has involved implementing indi-
vidual proactive and reactive rules for specific system
failure scenarios.

A scaled prototype of the level 1 RTES/BTeV envi-
ronment was presented at the SuperComputing 2003
(SC2003) conference. The prototype hardware con-
sisted of a 7-slot VME crate with 4 fully populated
motherboards and 16 DSPs. The DSPs were Texas
Instruments C6711 with 64MB of RAM each, running
at 166 MHz. Graphical Modeling Environment (GME)
software was used to model the RTES/BTeV data aqui-
sition system (Bapty et al. 2003). GME was developed
by the Institute for Software Integrated Systems (ISIS)
at Vanderbilt University as part of research investigat-
ing core technology for model-integrated computing,
and applications for software integrated systems.

Reactive and proactive VLA rules were integrated
within this level 1 prototype and served a primary
role in demonstrating the embedded fault tolerant
capabilities of the system.

Challenges

While the SC2003 prototype was effective for demon-
strating the real-time fault mitigation capabilities of
VLAs on limited hardware utilizing 16 DSPs, one of
the major challenges is to find out how the behavior of
the various levels of VLAs will scale when implemented

across the 2500 DSPs projected for BTeV. In particu-
lar, how will agent rules within each VLA interact as
they are activated in parallel at multiple layers of the
system, and how will this affect other components and
the overall behavior of a large-scale, real-time, embed-
ded system such as BTeV.

Given the number of components and countless fault
scenarios involved, it would be impossible to design
an ‘expert system’ that applies mitigative actions
triggered from a central processing unit acting on
rules capturing every possible system state. Rather,
one alternative is to use Rodney Brooks’ multi-layer,
decentralized subsumption approach for mobile robot
design, and adapt it to achieve specific layers of global
behavior within large-scale fault mitigation systems.

SUBSUMPTION MODEL FOR
MULTI-AGENT FAULT MITIGA-
TION

Layers of Subsumption

The phrase subsumption architecture was first used by
Brooks (Brooks 1986) to describe a bottom-up ap-
proach for mobile robot design that relies on multiple
layers of distributed sensors for determining actions.
Until that time, designs relied heavily on a central-
ized location where most, if not all, of the decision
making process took place. In fact, only initial sensor
perception and motor control were left to distributed
components. As a result, the success and adaptability
of these systems was almost entirely dependent on the
accuracy of the model and actions represented within
the central processing unit (Brooks 1991).

In contrast, Brooks proposed that there should be
essentially no central control. Rather, there should be
independent layers each made up of a large number of
sensors, with each layer responsible for distinct behav-
ior. Communication and representation is developed in
the form of action and inaction at each of the individ-
ual layers, with certain layers subsuming other layers
when necessary. In this way, layer after layer is added
to achieve what Brooks refers to as increasing levels
of competence. This in turn breaks the problem down
into what Brooks describes as‘desired external manifes-
tations’, as opposed to slicing the problem on the basis
of ‘internal workings’ of the solution as was typically
done in the past.

Figure 4 shows the levels of competence that Brooks
defined for his mobile robots. In order to implement
the subsumption design across a multi-agent fault mit-
igation system, the first step is to clearly define the
distinct layers of subsumption that may be required
to achieve the effective fault mitigation behavior de-
sired. Just as Brooks’ provided, a description that dis-
tinguishes each layer needs to be outlined, along with
detail on the specific roles and responsibilities of each.

Figure 5 defines these layers for the system fault
mitigation implementation presented in this paper.



0. Avoid contact with objects (moving or stationary).
1. Wander aimlessly around without hitting things.

2. ”Explore” the world by seeing places in the dis-
tance which look reachable and heading for them.

3. Build a map of the environment and plan routes
from one place to another.

4. Notice changes in the ‘static’ environment.
5. Reason about the world in terms of identifiable ob-

jects and perform tasks related to certain objects.
6. Formulate and execute plans which involve chang-

ing the state of the world in some desirable way.
7. Reason about the behavior of objects in the world

and modify plans accordingly.

Figure 4: Layers of competence for mobile robots as
defined by Brooks.

The first layer (layer 0) is responsible for simple
reactive rule activation within each component of the
system. Just as layer 0 for mobile robots is responsible
for the rudimentary task of avoiding objects, layer
0 here takes the most basic actions as defined in
the local reactive rule base of each corresponding
component. At this layer, incoming messages from
connected components are typically reacted to by
either sending simple remediary actions to problem
components, or by forwarding error messages to higher
level components within the system. The roles and
responsibilities for each of the higher layers is also
provided.

Implementation

In (Brooks 1986), layers 0 and 1 were implemented, and
work had just begun on designing rules that would be-
gin to address attributes of the levels of competence
associated with layer 2. Similarly, the fault mitigation
simulation described in this paper has implemented
layers 0 and 1, along with a limited number of rules
addressing layer 2.

The first step in this approach was to define individ-
ual VLA rules within the system that will contribute to
meeting the responsibilities assigned to the lower layers
of the subsumption architecture. Basic fault mitigation
rules that address levels 0 and 1 define both reactive
(level 0) and proactive (level 1) rules for the system.
Ten of the error scenarios that are simulated in this im-
plementation are listed in figure 6, and figure 7 lists the
specific fault mitigation rules activated in each case.

Actions triggered from rules deemed to contribute to
higher levels of competence are given priority at each
individual component, and in this way subsume lower
level rules when conflicts arise. At each layer, rules are
experimented with and adjusted to compliment emerg-
ing behavior that contributes to meeting the fault mit-
igative responsibilities of each layer.

The general procedure for adding higher levels of
competence is described by Brooks (Brooks 1986).

0. Act on local reactive rules.
1. Monitor local components and activate local proac-

tive rules.
2. Analyze and act on statistics gathered from rule

firing.
3. Map the local state of the environment.
4. Reason about the system in terms of accumulated

statistics and the state of connected components.
5. Formulate and execute actions which involve

changing the state of the system in some desir-
able way.

6. Reason about the behavior of components in the
system and modify plans accordingly.

Figure 5: Layers of competence for fault mitigation
within BTeV.

Layers of the control system that correspond to specific
levels of competence are built, and new layers are
added to the existing set in order to move to the next
higher level of overall competence. A complete control
system that accomplishes level 0 is first implemented.
It is debugged thoroughly, and is not altered from that
point on. Another separate layer of control is then
built on top of the zeroth level, and is called control
level 1. It is capable of accessing and examining data
from the level 0 interface, essentially suppressing the
normal data flow at level 0. This layer, along with
the behavior of level 0, achieves level 1 competence.
However, level 0 continues to run unaware of the layer
above that may or may not have interfered with its
data paths. This process is repeated to achieve higher
and higher levels of competence.

SWARM

Overview

The primary focus of this simulation is on effective
ways to implement the multi-agent subsumption ap-
proach within a complex system such as BTeV so that
qualities of emergent fault mitigation behavior can be
evaluated. A high volume of rules at various levels will
be used in order to evaluate the interaction and be-
havior of the VLAs and other components across 2500
DSPs. This requires a simulation environment that will
allow abstract representation of some of the complex
integration within BTeV. However, for the results to
be of any use at all, this abstraction must be done in
a way that still accurately models the actual behavior
of the components involved. The level of success of the
results are directly dependent on this accuracy.

SWARM (http://www.swarm.org), distributed un-
der the GNU General Public License, is software avail-
able as a Java or Objective-C development kit that
allows for the multi-agent simulation of complex sys-
tems. It consists of a set of libraries that facilitate
implementation of agent-based models.

The basic architecture of SWARM provides for the



Figure 6: 10 BTeV Error Scenarios

simulation of collections of concurrently interacting
agents (Daniels 2000). It provides an environment
that can model various components of the BTeV
system, assigning dynamic states to each agent, which
can then be altered in time steps following various
user-specified rules (Burkhart 1997). Both proactive
and reactive rules are triggered after the current state
of a given agent(or component) is evaluated against
the state of other connected agents(or components).

SWARM Simulation of RTES/BTeV

Since the VLA is the primary focus for evaluating and
acting on a number of sample fault mitigation scenar-
ios, VLAs across the system are simulated. Another
main component of the simulation is the Physics Ap-
plication (PA). Since it is central to many of the defined
fault scenarios, it is vital that the state and behavior
of the PA is simulated accurately. The PA is located at
the Worker level, where the local manager and Worker
VLA (WVLA) also reside. All three of these compo-
nents are modeled. In addition, Farmlet managers and
Farmlet VLAs (FVLAs), as well as corresponding re-
gional managers and regional VLAs (RVLAs) are also
simulated.

A sample screen shot of the RTES/BTeV SWARM
Simulation is shown in Figure 8. This particular con-
figuration has defined 6 Workers per Farmlet, 10 Farm-
lets per region, and groups consisting of 7 regions. This
provides a simulation of 2,520 DSPs, just over the ac-

Figure 7: Fault Mitigation Rules Activated for 10 Error
Scenarios

tual target number projected for RTES/BTeV. Each
Farmlet column is made of 6 boxes, with each box rep-
resenting 1 Worker within the Farmlet. The Farmlet
is represented by the yellow box located slightly above
the column of 6 Workers, and simulates the actions
taken by the Farmlet manager and Farmlet VLA. The
centered green box at the top of the region simulates
the regional manager and regional VLA.

Random fault scenarios activate specific system error
messages at individual Worker, Farmlet, and regional
nodes. The frequency with which each particular fault
occurs is user-defined. This enables the system to sim-
ulate multiple fault scenarios in parallel, allowing for
the demonstration of how simultaneous errors occur-
ring at various levels within the system are processed.
Errors introduced across the system are detected both
proactively and reactively by individual components
within the model, and are indicated within the simula-
tion when the color of a given box turns red. A log of
the sequence of errors occuring at each component is
tracked, and can be viewed by clicking on the box rep-
resenting the particular node of interest. In addition
to a real-time status screen available for each Worker,
Farmlet, region, and group node, a full error log tracks
all error messages occurring at each time step across
the system.

Individual proactive and reactive VLA rules are re-
sponsible for fault mitigation within the simulation at



Figure 8: RTES/BTeV SWARM Simulation

each node. Every Worker VLA has a unique set of
rules that it follows at each time step. Each rule is
assigned a layer within the subsumption model with
which it is associated. Rules assigned to higher lay-
ers that are responsible for higher levels of competence
as defined earlier, subsume rules associated with lower
layers. Likewise, every Farmlet, region, and group
VLA has a unique set of rules that it follows, with
higher layer rules subsuming lower ones.

As mentioned earlier, since scalability issues are a
primary concern, the results must detect the degree to
which any exhibited behavior is tied to specific sys-
tem configurations. The SWARM model includes dy-
namic variables that can be modified to reflect various
hardware layout configurations, such as the number of
Workers per Farmlet, the number of Farmlets per re-
gion, and the number of regions per group.

Determining how to appropriately simulate time
steps within any multi-agent simulation typically
proves challenging. It is a particularly difficult issue in
this case since the behavior of a large-scale, real-time,
embedded system must be modeled. Since the primary
goal is to simulate the interaction of component rules
at various levels within the system, it suffices to
demonstrate this interaction without explicitly cap-
turing many of the exact processing rates and timing
issues involved. Again, it is the general interaction of
the rules at the various layers of subsumption that the
implementation is primarily interested in simulating.

NEXT STEPS

After implementing all of the basic reactive and
proactive rules of layers 0 and 1, the next step is to
continue to evaluate and act on the rule firing statistics
gathered at various levels of the system as defined for
layer 2. From there, higher layers of the subsumption

model will be implemented in order to continue to
classify characteristics of observed emergent behavior.
It is expected that each layer that is implemented will
provide further insight into effective strategies and
techniques that can be used for adjusting individual
agents towards desired behavior.

CONCLUSION

A SWARM multi-agent simulation is used to model
BTeV, a large-scale, real-time, embedded system. The
subsumption model detailed provides a framework for
implementing specific levels of competence for multi-
agent systems in incremental steps. The SWARM
simulation of the RTES/BTeV environment provides
an effective way for experimenting with local agent
rules throughout the system to evaluate the impact
each have on these individual layers. In this way, more
may be understood about the specific qualities and
structure of local rules and actions at these various
layers that lead to global fault mitigative emergent
behavior.
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Abstract

This paper presents a formalism related to mobile agents.
It describes the higher orderπ-calculus, an extension
of the π-calculus who was introduced by R. Milner and
later developed by Sangiorgi. This formalism defines
a mathematical framework that can be used to reason
about mobile code; it varies greatly in its expressiveness,
in the mechanism it provides to specify mobile code
based applications and in its practical usefulness for the
validation and the verification of such applications.
In this paper we show how this formalism can be used
to represent the mobility and communication aspects
of a mobile code environment calledHoPiTool. We
developed theHoPiTool, which is a Jini-based tool to
implement mobile agents who respect an initial higher
order π-calculus specification. We will also introduce
the structure of theHoPiTool with its most important
elements.

1. INTRODUCTION - WHAT IS AN AGENT
IN OUR FRAMEWORK?

Mobile agents are omnipresent in today’s software ap-
plications and Java is a significant language to develop
these agents. For a few years, Java Intelligent Network
Interface (Jini) [1] has been more and more essential on
the framework market, allowing the development in dis-
tributed networks. Jini is a tool based on Java and its en-
ables us to realize, in a rather simple way, shared applica-
tions. Just as robots automate many aspects of manufac-
turing a computer, Jini automates and abstracts distributed
applications’ underlying details. These details include the

low-level functionality (socket communication, synchro-
nisation) necessary to implement high-level abstractions
(such as service registration, discovery, and use) that Jini
provides. Jini was designed assuming that the network is
not reliable. Things join the network and leave the net-
work. There is no central control. Also, Jini blurs the
distinction between hardware and software, dealing only
with services. The objective of this work is first to de-
scribe the modelling of mobile agents and second to im-
plement a Java Tool, which is able to generate Jini code
from ourπ-calculus specification. Mobile agents or trans-
portable agents are codes, which move on the network to
fulfil a mission. For a better understanding of their behav-
ior and to validate properties of them, such as for example,
their return on their starting machine, it is necessary to for-
malize these aspects. A first realized study [2] leads to
a higher orderπ-calculus formalisation. We use the for-
mal language higher orderπ-calculus for the specification
of the mobile agent and we chose the Java/Jini framework
for its development. It is very significant to accentuate the
higher order aspect because, to be able to develop a mo-
bile agent, we need a language, which is able to express it
like an essential characteristic. A mobile agent is a piece
of code, which achieves a task required by an user. It must
have a certain mobility to be able to move between var-
ious computers. After a correct specification of our mo-
bile system, we can generate Jini code with the help of our
HOPiTool and the generated files can communicate with
each other in a network.
In a distributed environment, we can have one-to-many
agent-hosts as well as one-to-many agents. To be an active
agent platform, a given node in the system must have at
least one active agent-host. Figure1. describes the frame-
work components. This component scheme can be mapped
easily to the the Jini model. Jini, at the highest level, pro-
vides the infrastructure that enables clients to discover and
use various services. Jini also provides a programming
model for developers of Jini clients and services.



Figure 1. The software architecture of our framework

1.1. Case study

Our objective is to simulate aMOBILEAGENT
that wants to get a job from a service collector called
EMPLOY ER. TheMOBILEAGENT operates in a
ROUTE system composed by a finite number of agent
hosts, which we callOFFICES. EachOFFICE is
able to make jobs and routes available by registering
these to theEMPLOY ER system. TheEMPLOY ER
contacts theMOBILEAGENT to give him a cer-
tain job to do (in our case it will becollect) and a
route map calledMapchannel. With this information,
theMOBILEAGENT contacts directly theOFFICE,
moves and gets the desired information from him (import
of SQL orders into its bag). AMOBILEAGENT can
ask also for services and contact manyEMPLOY ERS.
It is possible to have more than oneEMPLOY ER ser-
vice for a bigROUTE system. We can specialize many
EMPLOY ERS in order to make the offers of services
manageable. To simplify matters we will not discuss this
option in our paper. TheMONITOR is a waiting room,
where all theMOBILEAGENTS wait for some jobs.
TheMONITOR is also the starting and the ending ma-
chine for theMOBILEAGENTS. After carrying out
the job, an acknowledgementack will be sent back to the
monitor. The higher order aspect in our case study is repre-
sented through theMOBILEAGENT that contains the
job to do (collect), the route map (Mapchannel) or even
another agents. Figure2. depicts this simulation. In the
context of our mobile agent framework, the agent host(s)
provides Jini ”collect” services. The mobile agent(s) is the
Jini client. It can have a lease for on particular node and
this one can be modify during the action of the agent. Our
”collect” service provides a set of SQL statements which
have to be executed later on a database. Jini services reg-
ister with one or more Jini lookup-services by providing a
service proxy for perspective clients. In turn, clients query

Figure 2. Our Route System

the lookup service(s) for particular services. For detail in-
formation about Jini structure look at [1, 3].

2. SPECIFICATION PART

The recent developments of data processing in a net-
work confront the field of analysis and checking of paral-
lel systems with new and complex questions. One concept
which is the core of this evolution is that of mobility (of
code, and more general of calculus over a network whose
communication topology is dynamically changing).
A specification language must be powerful enough to ex-
press the mapping of a simulation model to any proto-
col on any target mobile architecture. The Pi-calculus
expresses the move of data but also of code. This of-
fers a solid base to make use of the Jini [3] generation.
The Higher Order paradigm is a construct where mobility
is achieved by allowing agents to be passed as values in
a communication. The prototypical calculus in the first-
order paradigm is theπ-Calculus that was introduced by
Milner, Parrow and Walker in [6] and later refined by Mil-
ner [5] with the addition of sorts and of communication
of tuples (Polyadicπ-Calculus). Theπ-Calculus is a way
of describing and analyzing systems consisting of agents
which interact among each other, and whose configuration
or neighborhood is continually changing. The Higher Or-
der π-Calculus (HOπ) is an extension of the first order
π-Calculus introduced by D.Sangiorgi [7]. This calculus
enriches theπ-Calculus with explicit higher order com-
munications. In the HOπ-Calculus not only names, but
also agents of arbitrarily high order, can be transmitted. A
higher-orderπ-Calculus process is given by the following
syntax:
P ::=

∑
αi.Pi | P1|P2 | P1 + P2 | ν x.P | [x = y]P |



D〈K̃〉 | X〈K̃〉
α ::= x(Ũ) | x〈K̃〉
WhereX is an agent (process) variable,〈K̃〉 stands for any
tuple of agent or (channel) name, and〈Ũ〉 stands for any
tuple of variable or (channel) name. The constantsD are

defined asD
def
= (Ũ)P . Constants are to be seen as func-

tions whose parameters can be processes or other functions
and:

• x̄(K).P can send the name or processK via the name
x and continue asP .

• x(U).P can receive any name or variableU and con-
tinue asP with the received name substituted forU .

• in the compositionP1|P2, the two components can
proceed independently and interact via shared names
or processes.

• ν x.P is called the restriction and means that the
scope of namex is restricted toP .

• in the sumP1 + P2 eitherP1 or P2 can interact with
other processes.

• The matching[x = y]P denotes the activation of a
process which is selected by other processes on de-
pend of a condition([x = y]).

The difference between first-order and higher-orderπ-
Calculus resides in the fact that parameters can be channels
and/or processes in the higher-orderπ-Calculus, while in
firs-orderπ-Calculus only channels can be passed as pa-
rameters.
Example: inx〈P 〉.Q|x(X).X, once the interaction be-
tween the two processes has taken place, the resulting pro-
cess isQ|P . Indeed, processx(X).X was waiting forX
to be sent along channelx, i.e., it was waiting for a process
X defining its subsequent behavior.
The operational semantics is given in terms of a labeled
transition system. There are three labels for the transitions:
the silent stepτ , the input actionx〈K̃〉 and the output ac-
tion x〈K̃〉.
Output action:xK̃.P

x̄〈K̃〉−→ P means that after having sent
messagẽK (tuples of channels or processes) over channel
x, processxK̃.P behaves likeP .

Input Action: x(K̃).P
x〈Ũ〉−→ P{Ũ/K̃} means that if mes-

sageŨ (tuples of channels or processes) is sent over chan-
nel x, then the processx(K̃).P , waiting for a process or
channel name onx, receives it and instantiates the process
or channel name tõU , it then behaves likeP , where all
occurrences of̃K are replaced bỹU . 〈.〉 stands for real pa-
rameters, while(.) stands for formal parameters.

Interaction between two processes:

P
(νK̃)x̄〈K̃〉−→ P ′, Q

x〈K̃〉−→ Q′

P |Q τ−→ νK̃(P ′|Q′)

K̃ ∩ fn(Q) = ∅means that if an output action causesP to
becomeP ′, and the corresponding input action causesQ to
becomeQ′, thenP andQ in parallel becomeP ′ andQ′ in
parallel, and the private (bound) processK̃ emitted byP
becomes a private (bound) process ofP ′|Q′.
Equivalences: Bisimulation usually identifies processes
with the same external behavior. Higher-order bisimula-
tion identifies higher-order processes if their interactions
with the environment are the same and if their internal pro-
cesses are bisimilar.
The case study HOπ specification is given below:
ROUTE =

ν (out, outAH , outA, ack, service)

OFFICE(out, mapchannel, collect)

|EMPLOY ER(out, outAH , outA)

|MOBILEAGENT (outA, service, ack)

|MONITOR(outAH , ack)

OFFICE(out) =

ν(mapchannel, collect, agent) out(mapchannel, collect)

. mapchannel(agent). OFFICE(out, mapchannel, collect)

EMPLOY ER(out, outAH , outA) =

ν(channel, service) out(channel, service)

. outAH(channel)

. outA(channel, service)

. EMPLOY ER(out, outAH , outA)

MONITOR(outAH , ack) =

νx outAH(x) . x(MOBILEAGENT ) . ack

. MONITOR(outAH , ack)

MOBILEAGENT (outA, service, ack) =

ν(ch, serv) outA(ch, serv) . ack

.MOBILEAGENT (outA, service, ack)

We specified as follows:

1. ROUTE : describes our whole system with all the
components.

2. OFFICE : represents service-hosts, which make
available different services (jobs) and notify their
availability to theEMPLOY ER service.

3. MOBILEAGENT : represents our mobile agents
that are able to migrate to anOFFICE in order to



apply a job. The job is:collect a database information
and add it to its ”bag”.

4. EMPLOY ER plays a kind of reference book of all
the tasks or jobs which are available on the local net-
work.

5. MONITOR is the waiting platform for the mobile
agents.

We use gates likeout, outA, outAH to specify the commu-
nication channel between the agents, employers, offices
and monitor. In this specification the mobility is described
by the channel parameters.

3. IMPLEMENTATION PART

The specification and validation platform architecture is
functionalities directed. The Figure3. below emphasizes
not only the functionalities but also the dependencies of
data. The blocks represent the functional entities, whereas
the ochre forms are strategic data.

Figure 3. from Specification to Implementation

OurHoPiTool consist theoretically of five parts:

• The graphic editor for the specification.
The objective is to represent by respecting the Unified
Modelling Language (UML) notation, a specification
where mobility is an essential characteristic. We
propose five visualization windows for our editor:

– an XML visualization of our specification,
where the XML file will be validate by the given
HOπ DTD

– aπ-calculus visualization

– an HTML visualization in order to be able to
show the documentation of each mobile agent

– an UML visualization like collaboration dia-
grams.

– a Java/Jini source code visualization

From these charts, files of textual description are gen-
erated with the XML format (under control that the
diagrams are sufficiently complete). The internation-
alization(we use the given methods by Java) of the
graphic interface aspects is an essential constraint.
To developed global software, one of the great com-
mandments of internationalization is to separate text,
labels, messages, and other locale-sensitive objects
from the core source code. This helps to maintain
a single source code base for all language versions of
our product. It also facilitates translations because all
localizable resources are identified and isolated.
The major idea is to have a rigorous framework to
control two important stages: the generation of test
scenario and the generation of code.

• The generation of test scenarios
From XML files describing aπ-calculus specification,
which means an ensemble of mobile agents commu-
nicating through the services that they specified, the
goal of this functionality is to generate test scenarios
respecting the criterions given by the specification.
These criterions are compared to the specification not
operational, but denotational. The objective is to build
tests which are used by the Certifier entity. Also, this
test-set must answer to constraints of coherence, that
means to satisfy a common goal such as: ”execute
all the sequences”. In other words our first goal is to
build structural ”white box” and not functional tests
called more commonly ”black box”.
Each output file describes a script of tests and also the
essential measurement points for the work executed
by the Certifier.

• The generation of the mobile code
This functionality is initiated by the graphic inter-
face and it allows to obtain a code prototype from
valid HOπ specifications. From XML files describ-
ing aπ-calculus specification a whole of source files
is generated in order to obtain a prototype. The aim
is to gain ability to do simulations and prototype val-
idations through the tests which we defined before.



More, HTML documents describing the documenta-
tion are generated by our tool, which takes in con-
sideration the comments written within the specifica-
tion. A specification consists of agents declarations.
The whole of agents can be divided into two cate-
gories: mobile and non mobile. This constraint can
be detected when an agent is send over a communi-
cation channel to an another agent. The mobile as-
pects take shape through the use of a technical frame-
work called Java Intelligent Network Interface (Jini)
from Sun. The fundamental element is the utilization
of Remote Method Invocation (RMI), which allows
us to consider the network like object oriented. The
services and clients in a Jini architecture can be in-
tegrated easier within the object interface. Jini dis-
poses also of identifications and collect services, that
is a import future when we want to develop a mo-
bile agent system. The security questions will be treat
through Java Cryptography Architecture (JCA) Norm
from Sun.

• The certifier
This entity takes a Java prototype as entry but also
a whole of test-scripts. Every test is apply over the
prototype in order to determine if the prototype val-
idates this test. We can distinguish two cases: the
prototype satisfies the test and this simulation will en-
rich the data base or the prototype doesn’t satisfy the
test, an anomaly is lifted and a log file is saved. The
log files are used in a ”post-mortem” analysis phase,
which is the basis of the Software Validation and Ver-
ification Report (SVVR). The analysis is not a part of
our project.

• Execution under control
Every execution of a generated prototype is realized
under control. Every anomaly compared with the ac-
quired experience is done through a call-back alert
from the sites where the conflict was detected.

Our more important technical choices are the Java 1.4.2
Swing Framework, input, output in XML (with external
validation in form of a DTD file), Java Intelligent Network
Interface Jini 1.2., Remote Method Invocation (RMI),
Oracle 9i. We use Extensible Markup Language (XML) to
define and describe the higher order specification of our
mobile agent. OurHOPiTool reads and generates Jini
code from the XML file.
In our tool the XML file is read and parsed by a Sim-
ple API for XML (SAX) parser and an instance of
AgentFactory class is created for each input XML file.
A Document Type Definition (DTD) document describes
how these XML files should be structured and the agent
factory needs to have some knowledge of this DTD
in order to know how to handle. OurAgentFactory

corresponds therefore to a Java code generator from an
XML input file, which formally describes aπ-calculus
language specification.
We decided to use SAX instead of Document Object
Model (DOM) because SAX requires little memory, it
does not construct an internal representation (tree struc-
ture) of the XML data. Instead, it simply sends data to the
application as it is read.
We defined a basic Document Type Definition (DTD) that
describes the higher orderπ-calculus syntax and it is used
to validate the XML file of our case study. This DTD
states that an agent XML file contains a series of agents
which play together in a mobile system. Each agent has
a name, a number of arguments and a definition of his
form and his objective. Based on the DTD we edit an
XML file, which defines our case study, the world system,
introduced before. We have defined each agent with the
correspondents attributes and arguments. Based on this
XML description of our mobile system and with help of
our HOPiTool we are able to generate Jini code for a
further communication of the agents in a network.
We use intensively design pattern such that:
AbstractFactory pattern,Composite pattern,Template
pattern and so on. This way of coding is an insurance
for a better productively and maintainable code. We have
defined four packages:hopitool.gui, hopitool.lang,
hopitool.parsing and hopitool.unification. The
hopitool.lang package provides an interface that de-
scribes the requirements for all the construction of
Higher Orderπ-calculus language. Several classes like:
Call, Sequence, Parallel, Send, Receive, Choice,
Restriction, Zero represent the instruction set in HO-
π-Calculus and the communication gates are represented
by the classChannel. The PiCalculusHandler class
contains the semantics of the Higher Orderπ-calculus
language. The communication and the call of agents use
parameters and expressions. The semantics of this data
transfer is based on an unification algorithm [4]. In the
current version of our tool we use a first order unification
algorithm because all the agent names are considered as
bound variables.
The second packagehopitool.unification contains
several classes for aTemplate design pattern or the
unification concept. TheAbstractTerm class represents
the root class of aComposite design pattern. This
pattern is applied for modelling a higher orderπ-calculus
term. Its structure is always finite but its depth and its
arity are not constant. We implement a finite first order
unification to check the association between two terms.
This operation is very useful for aCall statement and also
for every communication, it means forSend andReceive
instructions.
The Template design pattern is also used because it



allows us to delay a more complex algorithm for a higher
order unification. This kind of concept is essential when
an agent asks for a unknown service, but where its
signature is already known by this agent. That algorithm
is under development because, some constraints have to
be checked before to compute this algorithm.
Further the classTerm represents a non terminal node of
a term in anAbstractTerm instances. It is used to model
all functions or agents in an Higher Orderπ-calculus
term. It is used for the unification step of terms. The class
V ariable represents a general variable in a specification.
Instances of that class are built during the analysis of the
input XML file. It concerns : all the terms which appear in
a Higher Orderπ-calculus expression and all the Higher
Orderπ-calculus parameters of local declared names. It is
used for the unification step of terms.
The class diagram for the creation of all the objects are
given below. TheFactory classes are responsible for the
creation of this classes, and the behavior is given by the
class itself.
The hopitool.parsing package contains all the classes
used for the analysis and the management of the symbol
table. Some classes are used to a validating check. This
classes represents the data structure of some lines of the
parsing table. It contains all the data which describe this
information in the specification language.
Thehopitool.gui package contains all the viewers which
belong to the graphical part of the tools. The graphical
user interface (called GUI) has several features: each win-
dow created withHOPiTool has the five tabs presented
in the first part of the ”Implementation Part”. Some dialog
boxes are used for diagnostics such as a dialog for each
previous tab, a help manual for developer, a start guide
for the specifier. All entities are internationalized and
some external text property files are already prepared for
English, French, German and Spanish. This package is
divided into several sub packages which corresponds to the
views. Also, it is easier to add another one. In the current
version, the GUI is used to display some information
about the specification. When the user click on a tab the
update of the corresponding view is computed. A given
specification is observable only in aHOPiTool window.
In the next version each view will support interactions
from the user. All modifications have to be propagated on
to the other views.

4. CONCLUSION

This work underlines the connection between the con-
straints of specification of higher orderπ-calculus and the
mobile generation of code for the communicating systems.
Our approach is validated by the construction of a proto-

type respecting the same constraints as in the specifica-
tion. However, theHOPiTool represented here, is only
a part of our implementation an only the ”GUI”, ”gener-
ation of mobile code” modules are yet implemented. The
generated Jini code is in our case study the generation of
for java classes:OFFICE class,EMPLOY ER class,
a MOBILEAGENT class and aMONITOR class.
These classes can communicate with each other in a net-
work. An example for a framework for agent-based system
in Jini is given by S. Li in [3] and it is calledParadigma.
With help of this framework we can implement our Jini en-
vironment.
Also we are working on a test generator, which creates test
sequences from initialπ-calculus specification. Our inten-
tion is to obtain a test set, which will validate the generated
code fromHOPiTool. The test generator is configured
with several criterions, which are essential to stop recur-
sive unfolding in the agent definition.
The validation engine will be the final step of our study: it
is an observer of the effects of the tests on the Jini proto-
type, generated byHOPiTool. Our intention is therefore
to create an environment that allows the implementation of
a mobile system of agents in Jini proceeding from a cor-
rect specification of the system given by the higher order
π-calculus specification.
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ABSTRACT

The Regional Spectral Model (RSM) is a nested
primitive equation spectral model used by U.S.
operational centers and international research
communities to perform weather forecasts and climate 
prediction on a regional scale.  In this paper, we present
the development of an efficient parallel RSM with a 
message passing paradigm. Our model employs robust 
and efficient 1-D and 2-D decomposition strategies and 
incorporates promising parallel algorithms to deal with 
complicated perturbation architecture and ensure
portability using hybrid MPI and openMP. We also 
achieve bit reproducibility when our parallel RSM is 
compared to the sequential code. Performance tests 
were performed on an IBM SP, Compaq, NEC SX-6 and 
the Earth Simulator and our results show good
scalability at over a thousand processors.

INTRODUCTION

The Regional Spectral Model (RSM) is a regional scale 
climate model developed by the National Oceanic and 
Atmospheric Administration’s National Center for
Environment Prediction (NCEP) for the study of
regional scale climate and conduct seasonal climate 
predictions (Juang and Kanamitsu 1994; Juang et al. 
1997). The model is nested within NCEP's global
spectral model (GSM), and the global model provides 
the RSM with its required initial and boundary
conditions. The RSM requires large compute resources 
to provide high-resolution scale climate predictions
focused on limited areas. For the past decade, RSM has 
run on high-end workstations, on serial or shared

memory parallel sytems, and scalar or vector processor 
systems. However, the need to run larger and longer 
scenarios at high resolutions with more sophisticated 
physics exceeds the capabilities of the original single-
node computer architectures. Increased availability of 
distributed-memory para llel architectures provides the 
motivation for this work, initiated in 2002, to implement 
a message-passing version of the algorithm. The
current parallel version, completed in beginning 2003, 
supports the message-passing interface for
implementation on scalable, distributed-memory
computers.

The RSM is a nested primitive equation spectral model 
on a stereographic projection and uses sine-cosine
series as horizontal basis functions, consisting of a 
low-resolution global spectral model and a high-
resolution regional spectral model. Spectral models 
have proven to be effective in achieving high-order
accuracy when compared with grid-point models (Juang 
and Kanamitsu 1994). The sequential implementation of 
RSM uses nesting technique to interpolate coarse-grid
global data to fine-grid local data. The perturbation 
technique is used to force the solution on the regional 
scale simulations to the global scale coarse-grid
solution. The complex parallel implementation of the 
RSM is designed to be highly flexible, so that the code 
can be run on a range of architectures, including 
distributed shared memory as well as distributed vector 
processors.

Spectral transform methods have important
computational advantages (Bourke 1972), but are in 
many respects the most difficult  to parallelize efficiently 
because of their highly nonlocal communication
patterns (Foster et al. 1995). In this paper, we provide a 
comprehensive description of the design of the parallel 
RSM, and an evaluation of its performance on IBM 



Power3, Power4, NEC SX-6 as well as on Earth
Simulator platforms. We particularly emphasize the
flexible 1-D and 2-D data decomposition, and offer a 
strategy to maintain code structure while improving 
performance. Throughout our discussion the Regional 
Spectral Model will be referred to as RSM and the 
Global Spectral Model as GSM.

REGIONAL SPECTRAL MODEL

The RSM is introduced to predict deviations from the 
global model, and to improve the forecast of poorly 
represented global-scale waves in the regional domain 
(Juang and Kanamitsu 1994). The RSM’s prognostic 
variables are expressed as perturbations from its global 
counterparts. The RSM uses the same primitive
hydrostatic system of virtual temperature, humidity, 
surface pressure and mass continuity prognostic
equations on terrain following sigma coordinates as 
global spectral model GSM does. The philosophy
behind this design is to use the regional model to 
generate regional scale features forced by the large 
scale. Thus, the large scale in the regional domain 
needs to be pres erved. Consistency between the two 
models insures that the change of the large-scale
motion in the regional domain is minimized.

The numerical method is described as follows. The 
difference between the regional model and the global 
model fields are decomp osed into sine and cosine 
functions (as opposed to spherical harmonic functions 
in the global model). The sine and cosine functions 
conveniently satisfy the zero and symmetric lateral
boundary conditions appropriate for the differences. 
The space derivatives are computed as a sum of the 
derivatives computed from global spherical coefficients 
and from the sine and cosine functions of the regional 
model.

The RSM has ahigh-order accuracy of spectral
computations, and a time -dependent perturbation
method, which distinguishes it from other regional
spectral models (Juang et al. 1997). The spectral
transformation of the RSM is a two -dimensional cosine 
series for perturbation of pressure, divergence,
temperature, and mixing ratio, and a two-dimensional
sine series for perturbation of vorticity. In the
horizontal, the regional model uses double sine-cosine
series with wall boundary conditions as base functions, 
while the global model uses spherical harmonics as 
base functions. In the vertical, the regional model uses
exactly the same finite-difference formulation as in the 
global model.

One-dimensional Fast Fourier Transform is used in x-
direction while simple fourier summation is performed in 
y-direction, intentionally avoiding the use of the two-
dimensional Fast Fourier Transform. This approach has 

the advantage of reducing the memory requirement and 
is the best fit for distributed machine adaptation. Also, 
this method is analogous to the global spherical
transform, and thus the program structure of the two 
models  is very similar.

The RSM program system is managed by Concurrent 
Versions System (CVS) and controlled by the configure 
and Makefile system. The modeling system is
composed of three components: libraries, source code, 
and run scripts. The library contains model libraries, 
utilities, and climatological/constant fields, machine 
dependent and resolution independent sources. The 
library needs only to be made once. The source code is 
used to create executables, defines model resolution 
and options, creates model resolution dependent
constants, and compiles source codes and creates run 
executables. The run scripts are for running the model 
and producing the outputs.

The model output files include two restart files: one 
contains fields on sigma surfaces, and the other
contains fields on ground surface including diagnostic 
files such as surface fluxes and precipitation.

IMPLEMENTATION OF RSM ON MESSAGE 
PASSING

The parallel RSM maintains the implementation
structure used in the GSM, but also makes use of 
promising parallel algorithms. This concept was
designed by Juang in 2002. A future paper will discuss 
the concept in more details.

The parallel implementation builds on the existing 
shared-memory model. The basic strategy of the
implementation of RSM is to make a minimum of 
changes to the 500,000 lines sequential code while a 
scalable and portable parallel version of RSM can 
obtain bit reproducible results. The coding design 
emphasizes the flexibility and readability. For flexibility, 
the parallel RSM is designed to run in hybrid mode, so 
that the code can be used for a range of architecture 
including inner loop vectorization, outer loop multi-
threads (openMP) and multi-nodes (MPI). For
readability and easy maintenance, the MPI
implementation is designed to be as consistent as 
possible with the parent Global Spectral Model.

To achieve these goals, the single program multiple 
data (SPMD) programming paradigm is used, such that 
each processor performs all compositions for only one 
subdomain. The model data structure is shrunk in the 
north/south dimension, using only as much memory as 
needed on each processor. The Fortran 90 data
structure is implemented to simplify the data sharing 
among all routines through few passing arguments. In 
order to manage the necessary code change, the C pre -



processor, such as #define and #ifdef etc, are used to 
handle dependencies associated with shared- vs.
distributed memory coding constructs without
degrading the performance. For load balancing, local 
symmetric distribution of the grids is used and the 
computation in grids is partitioned so that each
processor has approximately the same amount of work 
to do in each phase of the computation.

The perturbation method requires large memory and 
significant computation time to deal with base field over 
the entire regional domain. The parallel RSM employs a 
number of Fortran 90 features, such as dynamic memory 
and pointers, to achieve a more flexible and run-time
configuration model suitable for distributed memory 
parallel computers. In particular, a dynamic memory 
management scheme is employed for all large model 
arrays to take full advantage of the large aggregate 
memory on distributed-memory platforms. An example 
of the coding design is:

#ifndef MP
      allocate (syn(igrd12_,levs_))

… …
  deallocate (syn)

#else
      if(km.eq.1) then
        allocate (synpk1(igrd12p_,jgrd12_))

… …
        deallocate (syn1)
      else if(km.eq.levs_) then
        allocate (synpk2(igrd12p_,levsp_,jgrd12_))

… …
        deallocate (synpk2)
      endif
#endif

where the C preprocessor is set for sequential or
parallel (one or multiple vertical levels) implementation. 
Individual parallel tasks are assigned a range of model 
latitudes for which they are responsible.

In parallel RSM, both 1-D and 2-D decompositio n are 
built for flexibility, which enables runs on any number 
of processors. 1-D can be used on any number of 
processors, but only up to the number of the smallest 
dimension among all directions and all space. The 2-D
decomposition data transposition strategy utilizes a 2-D
model data structures, meaning a single dimension of 
data structure in memory for each processor. This
method has been applied successfully in several
parallel atmospheric models (Foster and Worley 1997; 
Barros et al. 1995; Skalin and Bjorge 1997), including the 
Global Spectral Model. 2-D can be used up to the 
number of product of two smallest dimensions in all 
directions and all spaces, except with any prime number 
of processors (Juang and Kanamitsu 2001). In the
current design, the total numbers of working

processors NODES equals Nrow times Ncol where 
Nrow and Ncol are any integers in X and Y directions. If 
NODES are prime integer, we set Ncol=1 and
Nrow=NODES. In this case, 2-D decomposition
becomes 1-D.

For a spectral model that uses  transform method as in 
RSM, dependent variables and their tendencies take the 
form of spectral coefficients and grid point values at 
different stages of the computations. Each stage is 
characterized by full dimension in one of the three-
dimensions. For example, when the Fourier transform is 
performed in an east-west direction, the full array in the 
east-west direction needs to be available on each 
processor, but the size in the north-south and vertical 
directions can be arbitrary. On the other hand, when the
Legendre transform is performed, each processor needs 
the full array in north-south direction, but the array in 
east-west and vertical directions can be arbitrary. Thus, 
the parallelization of the spectral model requires
rearrangement of arrays from one configuration to the 
other (for example, full array in x to full array in y). This 
rearrangement, also called the transpose method,
requires communication between processors and is 
programmed using MPI routines. The transpose
method is used to minimize the code modification - the 
original serial is left unchanged, the transpose routines 
are inserted between the transforms in east-west
direction and in the north-south direction. 

Figure 1: Parallel RSM Data Transposition Strategy, 
concepted by H.-M. H. Juang.

The entire transposition process is illustrated in Fig. 1. 
The general sequences of the forecast model after data 
are read in and transformed to spectral space include: 
transform from spectral to grid-point space, compute all 
non-linear model dynamics and model physics,
transform back from grid-point to spectral space, and 
perform linear computation such as semi-implicit and 
time filer in spectral space. It requires only one
transpose from the Legendre transform array
configuration to the Fourier transform configuration for 
1-D decomposition. All processors communicate with 



each other. In contrast to this, 2-D decomposition 
requires three transposes in forward direction, namely 
in advance of Legendre transform that has a north-
south dependency, in advance of Fourier transform that 
has east-west dependency and in advance of nonlinear 
computation that has vertical dependency. In this case, 
communications only take place within a subgroup of 
processors. After the dynamics and physical
computation with vertical dependency are complete, the 
data is transformed back with three more transposes in 
the reverse way. 

The parallel code includes both the data model and the 
message passing model. The input/output (I/O) is the 
part of the code where the SPMD paradigm is not 
employed. Also, the global to regional spherical
transform is not parallelized in the current effort. This is 
primarily because of very limited execution time
compared with the regional forecast computation, as 
was indicated in the profiler performance analysis. The 
global coding is generally executed independently on 
each node. 

Bit reproducibility was a goal of this parallel effort. This 
implies that on the testing computer, the parallel code 
be run on a variable number of processors and the 
sequential code should give identical results. To debug 
the massage-passing version of RSM, we used a
parallel debugging tool called Totalview, developed at 
Etnus, to compare serial and parallel version outputand 
ensure bit-by-bit reproducibility. This produces a high 
level of confidence at each coding step. The final 
version of the parallel RSM produces results identical 
to the original sequential code on the same machine, 
independent of the number of processors on which it 
ran.

PARALLEL PERFORMANCE

The parallel RSM is portable, and only minimal
modifications are needed to run the code on different 
platforms. The code has already been run on an IBM 
SP, Compaq Alpha, NEC SX-6 and the Earth Simulator. 
The performance numbers listed below are collected 
from an IBM SP and SX-6. The testing horizontal 
resolutions are at T62L28r12885 and at T62L28r512335 
(global model resolution of triangular truncation 62 with 
28 levels). T62 has sufficient resolution to give good 
large-scale predictions. Our test IBM SP platforms were 
the Power3 Blue Horizon and Power4 DataStar, both 
located at San Diego Supercomputer Center. The
Power4 DataStar is a 7.9 teraflops IBM SP system which 
consists of 176 8-way 1.5Ghz p655 nodes and 7 32-way
1.8 Ghz p690 nodes , with total shared memory of 3.2 
terabytes. The Power3 Blue Horizon is a 1.7 teraflop 
system with 144 8-way SMP nodes. Each SMP node 
has 4 gigabyte of memory shared among its eight 375 
Mhz Power3 processors. The vector machine NEC-6 is a 

single cabinet, 8 cpu node with 64 GB of symmetric
shared memory. Each cpu is a single -chip 8-way vector 
processor. The vector units operate at 500 Mhz. Peak 
performance is 8 GFLOPS/processor with 8 pipes given. 
The 8 vector register per CPU are 256 elements long and
CPU-memory bandwidth is 32GB/sec/CPU (Baring
2003).

We performed our experiments in two stages. In the first 
stage, single node tests were performed for code
optimization. In the second stage, we tested and analyzed 
scalability on equivalent platforms. 

Optimization

On IBM SPs, we use xprofiler and the IBM SP hardware 
counter utilities HPM (Hardware Performance Monitor). 
to analyze the single -node performance and final
options are tuned as:

FORT_FLAGS="-O3 -qfixed -qrealsize=8 -qnosave -
qmaxmem=-1 -bmaxdata:0x80000000 -
bmaxstack:0x10000000"

LOAD_FLAGS="-O3 -qfixed -qrealsize=8 -qnosave -
qmaxmem=-1 -bmaxdata:0x80000000 -
bmaxstack:0x10000000"

The total performance of the IBM SP3/SP4 is about 
109/531 Mflop/s on a single processor at 128x85x28 
resolution, resulting in a 7%/8% of peak performance.

On ARSC NEC-6, we set up some environments such as 
I/O variable F_FILEINF, profiling variable F_FTRACE 
and performance data variable F_PROGINF to analyze 
the code performance. Some exploration of the compiler 
options was made to achieve optimal performance. The 
compiler options are tuned as:

FORT_FLAGS="-Chopt -ftrace -f3 -float0 -ew -llapack_64 -
lblas_64 -lfft_64 -I./MODS"

LOAD_FLAGS="-Chopt -ftrace -f3 -float0 -ew -llapack_64 -
lblas_64 -lfft_64 -I./MODS"

For a few subroutines, they abort under the highest
optimization (–Chopt) but not under a lower optimization 
(–Cvopt). Some modest modifications such as inlining 
are sufficient to achieve 35% of peak performance on 
average (2806Gflops/p), and 80% of peak performance 
in the best case for Legendre transform on the
resolution at 720x715x28. The vector ratio achieves over 
96%.

Scalability

The wall clock time of the parallel code runs on different 
number of processors are shown in Figure 2 for IBM 
SP3/SP4. Here, a time step of 30 seconds is used and



the simulation period is 6h. The solid lines represent the 
measurement on Power3, the dashed lines on Power4; 
the hollow points reflect the 128x85x28 resolution, the 
solid points the 512x335x28 resolution. The figure
shows that the low-resolution model performance
saturates quickly as the number of processors increase. 
For the high-resolution model, it scales to 1024
processors and the model efficiency does not diminish 
quickly with an increase in the number of processors. 
The smoothness of the curve is affected at certain 
points by a mismatch of the domain decomposition with 
the number of mesh points (Wehner et al. 1995), as well 
as a transition from using small number of nodes to 
larger number of nodes. The speedup and efficiency on 
various processor
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Figure 3: RSM Speedup and Efficiency on IBM SPs

configurations are summarized in Figure 3. The fine-
resolution runs (512x335) take significant longer time on 
the dynamics and physics computation. At 1024
processors, the efficiency is reduced to 39%. There are 
several factors contributing to the falloff in
performance. In addition to the remaining serial codes 
for the treatment of lateral RSM boundaries, we use the
‘master-worker’ strategy - the master processor
distributes the work to the available processors and is 
responsible for reading and writing the history and 
checkpoint data on an hourly-averaged basis. As a 
result, I/O may account for 20-30% of the total elapsed
time. Also, with the increased number of processors, 
the message communication cost is increased, and the 
load imbalance becomes noticeable, which will be
discussed later.

The performance measured with 64-processors at
512x335x28 resolution is 137/357 Mflop/s on IBM
SP3/SP4. Performance gradually degrades from this 
level to 60 Mflop/s on 1024 processors, which is fairly 
good when compared with other applications. The per-
processor performance achieved on microprocessor-
based parallel computers is often disappointing: a small 
fraction of peak. The reasons for this are not yet fully 
understood, but seem to be a combination of code 
structure (data structures and loop structures designed 
for vector machines often do not perform well on RISC 
microprocessors) and high memory bandwidth
requirements (Drake and Foster 1995). Another reason 
for this is the parallel partitioning strategy designed in 
climate modeling. The spectral transform method
imposes the most severe constraint on selecting a 
parallel decomp osition strategy (Hack et al. 1995). The 
measurements above are based on system-independent
libraries including Fast Fourier Transform (FFT) for 
portability consideration. We recently ported the code 
to use vendor-supplied subroutine libraries ESSL FFT, 
which increased performance by about 15%.

Communication Overhead

The parallel model has inter-processor communication 
overhead not present in the sequential model. The 
communication overhead in the parallel version of the 
RSM at 512x335x28 was approximately  34% on the 64 
processor run, but increased to 52% on the 128
processor run. As mentioned above, the spectral model 
has the highly nonlocal communication patterns. The 
results indicate that the communication cost is the most 
responsible for sublinear performance scaling of the 
code on IBM SP system. 

Load Imbalance

With an increasing number of processors the load 
imbalance becomes noticeable. The load imbalance
accounted for about 12% of the total cost on the 16-



processor runHere load imbalance is calculated as
follows:

max

max

T

TT
L avg−

=

where Tmax and Tavg are the maximum and average 
execution times of MPI tests respectively. The load 
balance of 1.0 means all processors take exactly the 
same amount of time. Unlike the global spectral model 
that uses triangular truncation, the regional spectral 
model doesn’t have a markedly uneven subdomain 
distribution in the 2-D decomposition. The load
imbalance is mainly due to the different tasks of the 
processors such as the calculation in the physical 
parameterization (e.g. shortwave radiative transfer) or 
I/O.

Machine Comparisons

Our tests show that the one-dimensional decomposition is 
more efficient than the two-decomposition on SX-6 vector
processors due to increased vector lengths. This is 
consistent with previous work on the Fujitsu VPP5000 
(Juang and Kanamitsu 1997). However, this does not 
apply for cache-based IBM -SP. On the IBM SP, the 2-D
decomposition is significantly better than 1-D
decomposition. The tests on the Power3 show that on a 
small number of processors (8 to 16), the run based on 
2-D decomposition saves approximately 20% of the 
execution time; on a large number of processors (such 
as 128), it saves approximately 40% of execution time.

Table 1: Performance Comparison on SPs and SX-6

Power3 Power4 SX-6
1 cpu

 Execution time (sec) 902 193 94
 Mflips/Mflops 132 593 1002
 Sustained Performance* 8.8% 8.7% 12.5%

4 cpus
 Execution time (sec) 252 84 57
 Mflips/Mflops 136 345 708
 Sustained Performance* 9.1% 5.1% 8.9%
 Efficiency 90% 57% 41%
* Percent of theoretical Peak Performance

A rough comparison of the performance on different 
machines is summarized in Table 1. A more detailed 
comparison, including theEarth Simulator, will be
addressed later in another paper. Here, we test on the 
small resolution at 128x85x28 and set a time step of 360 
seconds. The Power4 is more than 4 times faster than 
the Power3, but it sustains a much lower fraction of 
peak due to its relatively poor ratio of memory
bandwidth to peak performance. Results demonstrate 
that the SX-6 achieves high sustained performance and 
significantly outperforms the superscalar designs of the 

Power3 and Power4. In addition to its vector
architecture and the shared-memory structure, the SX-6
has high memory bandwidth and low memory latency.
The SX-6 vector unit lacks data cache. Instead of 
relying on data locality to reduce memory overhead, 
memory latencies are masked by overlapping pipelined 
vector operations with memory fetches (Oliker et al. 
2003). Limited scaling on the SX-6 is mainly due to the 
reduced length of big vector loops as the number of 
processors increases. More work is being done to 
improve its scalability and efficiency on vector
architecture.

CONCLUDING REMARKS

The production parallel Regional Spectral Model is 
designed to execute on massively parallel computer 
systems. The model employs a flexible 1-D and 2-D
algorithmic decomposition, which has been
implemented for both shared-memory and distributed-
memory parallel architectures. With the parallel version
of RSM, overall computational performance is quite 
respectable for distributed-memory implementation on 
IBM SP machine over number of nodes from a few to 
1024 processors. Since the completion of the parallel 
implementation, the parallel RSM has been widely
adopted by the international research community. In 
particular, the National Center for Environment
Prediction (NCEP) has incorporated the parallel
implementation into their operational RSM version for 
daily operational weather forecast and climate
prediction.

Although the parallel RSM code scales up to 1024 
processors with fine-resolution, the parallel speedup 
with RSM begins to show a significant degradation as 
the number of processors employed begins to approach 
the maximum number of available parallel processes, as 
seen with other climate models. The communication 
overhead and load imbalance are among the reasons of 
this degradation. A significant weakness in the current 
version of the parallel RSM is the treatment of I/O. 
Further implementation of parallel I/O techniques is 
needed to achieve sufficient I/O bandwidth to the 
parallel file systems. In addition, the model initialization 
step involving global to regional spectral transform has 
been done sequentially due to the small fraction of time 
used by this step.

During the course of this work, the RSM was ported to 
the Earth Simulator (ES) to prepare for a 50-year
downscaling of atmospheric reanalysis over the
continental US. While RSM performance is still being 
optimized on the Earth Simulator, we have already 
observed 1.6 Gflops preprocessor performance at the 
preliminary test of 10-km resolution at 1024x651x28 on 
ES, which is 20% of the peak performance. The ES is a 
NEC supercomputer that implements high-speed vector 



processors in full scale and consists of 640 nodes 
connected by a 640x640 single-stage crossbar switch. 
The experience on ES will be very important in enabling 
meaningful comparisons between the capabilities of the 
Earth Simulator and IBM SP, and can guide future 
system upgrades to support RSM and similar
applications including distributed simulations.
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ABSTRACT
The Cell-DEVS formalism allows describing complex 
cellular models. When using very large models with 
continuous variables, the execution performance de-
grades. We experienced with different quantization
techniques to reduce the number of messages generated
by the simulator. We present two different strat egies for 
the automatic update of the quantum sizes in different 
cells, and we discuss the use of quantized DEVS with 
hysteresis applied to cellular models. We obtained im-
portant reductions in the error involved, while maintain-
ing the high performance of quantized DEVS models.

INTRODUCTION

In the last 20 years, cellular computing became popular 
as a tool for complex systems analysis. Cellular Auto-
mata (CA) [1] are organized as n-dimensional infinite 
lattices in which each element holds a state variable and 
a very simple computing function. These functions are 
local to each cell, and they execute synchronously us ing
the state values of the present cell and neighbors. The 
Cell-DEVS formalism [2] permits describing cellular 
models as discrete-event systems based on the DEVS 
formalism [3] . A real system modeled with DEVS can 
be described as a composite of behavioral (atomic) and 
structural (coupled) submodels, which can be integrated
into a hierarchy. In Cell-DEVS, each cell is seen as a 
DEVS atomic model, and a procedure for coupling cells 
is defined based on the neighborhood relationship. Ex-
plicit timing delays permit expressing complex timing 
conditions. The hierarchical nature of DEVS also per-
mits the integration of these cellular models with others 
defined using different formalisms, resulting in en-
hanced facilities for modeling complex systems. 

Figure 1. Description of a Cell-DEVS Model.

   The CD++ toolkit [4] allows simulating DEVS and 
Cell-DEVS models, and it has been used to execute a 

variety of models (traffic, forest fires, biological sys-
tems and experiments in physics). As the complexity of 
the models grows, large data sets are generated, increas-
ing execution. The situation is worse for models with 
continuous state variables. 
   Different efforts that showed how to simulate con-
tinuous DEVS models efficiently include quantized
DEVS (Q-DEVS) [5], Q-DEVS with hysteresis [6], and 
Cell -DEVS with Dynamic Quantization [7]. When us-
ing quantized DEVS, a state value will be only informed
to its neighbors if the cell's value crosses a threshold 
(called the quantum ). This operation reduces substan-
tially the frequency of message updates, while poten-
tially incurring into error. DEVS with Hysteresis has 
strong stability, convergence and error bound properties.
Cell -DEVS with Dynamic Quantization reduces the e r-
ror by improving the precision of the most active cells. 
   We used different models as a workbench, including a 
model of the electrical activity of the heart tissue [8], a 
model of watershed formation [9], and a Flow Injection 
Analysis (FIA) system [10], which studies the auto-
mated analysis of liquid samples. We analyzed different
metrics (error, execution time and number of messages), 
and we could determine how the dynamic quant ization
techniques improve the amount of error introduced by 
the quantizers. 

DEVS MODELING

A DEVS atomic model can be defined as: AM = < X, Y, 
S, δex t, δint, λ, ta>. A DEVS model in state s ∈ S will 
remain in that state for a period as defined by ta(s). 
When ta(s) expires, an internal transition runs: the
model outputs the value λ(s), and changes to the state 
δint(s). A state transition can also happen upon reception 
of an external event: δext is activated with the input 
value, the current state and the elapsed time. 
   Coupled models, are defined as: CM = < X, Y, D, 
{Mi}, {Ii}, {Zij} >. They consist of a set of basic models 
(Mi, atomic or coupled) connected through the models' 
interfaces. Component identifications are stored into an 
index (D). A translation function (Zij) is defined by us-
ing an index of influencees created for each model (Ii). 
The function defines which outputs of model Mi are 
connected to inputs in model Mj. 

Cell-DEVS allows the creation of cellular models, in 
which each cell is defined as a DEVS atomic model. A 
Cell -DEVS atomic model is defined as: TDC = < X, Y, 
S, θ, N, d, δint , δext, τ, λ, D >. A cell uses a set of input 
values N to compute its future state, which is obtained 
by applying the local function τ. A delay function is as-



sociated with each cell, after which, the new state value 
is transmitted to the neigh bor cells. After the basic be-
havior for a cell is defined, a complete cell space can be 
built as a coupled Cell-DEVS: GCC = < Xlist, Ylist, X, 
Y, n, {t1,...,tn}, N, C, B, Z >. A coupled Cell-DEVS is 
composed of an array of atomic cells (C), each of which 
is connected to the cells in the neighborhood (N). The 
border cells (B) can be programmed with a different be-
havior than the rest of the space. The Z function defines 
the internal coupling of cells in the model. Xlist and 
Ylist define the coupling with external models. 

Figure 2. Quantized DEVS [5].

   Performance of models with continuous variables is 
reduced due to the large number of messages inter-
changed by the simulation engines. The theory of quan-
tized DEVS [5] represents continuous signals by the 
crossings of an equal spaced set of boundaries (defined 
by a quantum size), as showed in Figure 2. This opera-
tion reduces substantially the frequency of message up-
dates, while potentially incurring into error. DEVS
Quantized systems with hysteresis [6] improved these 
results (models showed to have strong stability, conver-
gence and error bound properties). Let D = {d0,.., dm} be 
a set of real numbers where di-1<di, x∈Ω is a continuous
trajectory where: x:R R and b:Ω xR Ω  is a mapping
where q=b(x,t 0) that satisfies:

dm if t = t0

q(t) di+1 if x(t) = di+1 ∧ q(t-) = di ∧i < r
di-1 if x(t) = di-E ∧ q(t-) = di ∧ i > r
q(t -) otherwise

0 if x(t0)<d 0

m r if x(t0)>dr

j if dj<= x(t0)<dj+1

   Here, the hysteresis width is E and the parameters d0
and dr are the lower and upper saturation values. In [6],
the authors proved that when the hysteresis width is set 
equal to the quantum size, we obtain the smallest possi-
ble error. 
   Cell-DEVS with Dynamic Quantization [7] tries  to re-
duce the error by improving the precision of the cells. 
An active cell can appear as quiescent due to the selec-
tion of a quantum size covering the activity area, and if 
the quantum size is reduced, a smaller error will be ob-
tained. Simultaneously, if we increase the quantum size 
in the cells with steep update functions, the execution 
time can be improved at a low cost in terms of the error 
introduced. Two different strategies were proposed to 
adjust the quantum size. Let q be the base quantum, r
the adjustment ratio for the dynamic quantum, and d(t)

the quantum value used in time t. If v=Last Threshold 
Value, v’=new value , and q(0)=q, then:

Strategy 1 ¬  regionChange(v,v’,d) ⇒d=q*(1 - ratio);
                     regionChange(v,v’,d)⇒d=q*(1+ratio);
Strat egy 2     regionChange(v,v’,d)⇒d=q*(1-ratio);

¬regionChange(v,v’,d)⇒d=q*(1+ratio);
where regionChange(v,v',q) = ( v=φ | q=0 |  (q≠0 ∧ [v/q] 
≠ [v'/q]) ). Strategy 1 tries to reduce the quantum size if 
the result of updating the cell's value does not cross the 
threshold (otherwise, the quantum increases). This tech-
nique reduces the quantum size for cells with high up-
date rates, and increases it for cells with low update 
rates. Strategy 2 reduces the quantum size every time a 
threshold is crossed (otherwise, it increases). This strat-
egy reduces the number of messages involved in the 
simulation at a cost of a higher error.
   We tested these techniques on CD++, which was 
originally built as an implementation of DEVS and Cell-
DEVS theories. Cell-DEVS models are defined using a 
built-in language . The behavior of a cell is defined using 
rules with the form: VALUE DELAY {CONDITION}.
If the CONDITION is satisfied, the state of the cell will 
change to the VALUE, and this new state value will be 
spread to the neighboring cells after the DELAY.
Common operators are included: boolean, comparison
and arithmetic; trigonometric, roots, power, rounding 
and truncation, module, logarithm, absolute value, mini-
mum, maximum, etc. [4].

DEFINING COMPLEX CELL-DEVS MODELS

We used different complex models as a workbench, in-
cluding a heart tissue model [8], a watershed [9] , and a 
Flow Injection Analysis (FIA) system [10]. These ex-
amples, are the most complex cases of a larger pool of 
models we executed, and they represent different cate-
gories of interest. The heart tissue model permits ana-
lyzing systems in which the behavior of all of the cells 
is alike. The watershed model, instead, permits analyz-
ing systems that tend to a steady state after a transient 
period. Finally, the FIA model shows a case of a model 
in which the behavior of different cells does not follow 
a predefined pattern.

A model of the heart tissue behavior
The heart muscle is excitable, and its cells respond to 
external stimuli by contracting the muscular cells.
Hodgkin and Huxley [11] originally characterized the 
behavior of this cell membrane. They showed that if a 
stimulus is too weak, the muscle does not respond; in-
stead, if the voltage received is adequate, they contract 
at maximum capacity. Whereas solving the equations 
representing this behavior using numerical methods for 
one cell is feasible, the use of this model in a realistic 
reproduction of the heart tissue (probably consisting of 
millions of cells) can be computationally expensive.
   Different authors tried to simplify the complexity of 
the equations; for instance [12], presented the use of CA 
(with simple rules for the model's behavior, but at a cost 
in precision) and in [8] we presented the use of Cell-
DEVS to build a discrete variable model of heart tissue



conduction. Our Cell-DEVS model executes the Hodg-
kin-Huxley model in each of the cells, as follows.

[heart]
dim : (50,50)  delay : transport
border : nowrapped
neighbors : (-1,-1) (0,-1) (-1,1) (0,-1)  (0,0)
(0,1) (1,-1)  (1,1)  (0,1) 
localtransition : heart-rule-AP

[heart-rule-AP]
rule : { AP(0,0) } 1 { ((-1,0) > 0 or 
     (0,-1)>0 or (-1,-1)>0) and (0,0)=-83.0) }

Figure 3. Heart tissue model: Cell-DEVS definition.

   We first define the size of the cell space (50x50 cells),
the kind of delay, and the neighborhood shape (in this 
case, all the adjacent cells). Then, we define the local 
computing function, called heart-rule -AP. The rule will 
be evaluated only if the cell is resting and a positive 
voltage is detected in t he cell's neighborhood. This rule 
will trigger the update of the cell state using the Hodg-
kin-Huxley equations in [11] .

Non-quantized Quantum Standard 20

Quantum Standard 1 Dynamic Q. Strategy 1

Figure 4. Sample execution of the Heart tissue model.

A Watershed model 
Watersheds are regions defined by the shape of the land 
surface, which store up water because of rain, ice melt-
ing and rivers. In [13], the authors defined a hydrology 
model in which they identified several verticals layers 
composing a watershed: air, vegetation, water surface, 
land surface and stones . The model was divided in equal 
portions of land (cells), permitting an alyzing the water 
distribution and the influence of the topology.

Figure 5 shows a description of this model. When the 
rain is absorbed by the vegetation, the rest is received 
by the surface. Depending on the topology, the cells can 
also receive/send, water from/to the neighbors. Part of 
the water received is lost due to the filtration over the 
land and stones. The accumulated water on a period de-
pends on: the quantity of effective water (rain), the 
quantity of water dumped from the neighbor cells (ef-
fective rain plus the water received from the neighbors 
minus water sent to the neighbors) minus the water fil-
tered by stones and the soil.

Surface vegetation

Rain
l(t)

Effective water

le(t)

Acumulated water
Ac(t)

Excedent water 
to neighbor 

lvs(t)

Land absortion 
f(t)

Water received 
from the 
neighbors

lve(t)

Figure 5. Hydrology model [13].

   We can see the execution results of this model in 
Figure 6. We first show the initial state, representing the 
slope of the terrain before raining (each cell is 1x1m). 
The remaining figures show the execution results after 
intense rain (0.0022 mm/s) after 10 minutes of simulated
time.

Figure 6. Watershed simulation results.

   These results were obtaining by running the hydrology 
equations in CD++, using a mechanism similar to the 
one presented for the heart tissue model. These rules rep-
resent that the present water of the cell, and the rain are 
added. Then, we consider how much water must be 
passed to the neighbors, and how much water is received 
from the inverse neighborhood. The different layers are 
represented as planes in a three dimensional model. 
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[Watershed]
dim: (30,30,2)     border: nowrapped
delay: transport   localtransition: Hydrology
neighbors : (-1,0,0)(0,-1,0)(0,0,0)(0,1,0)
(1,0,0)(-1,0,1)(0,-1,1)(0,0,1)(1,0,1)(0,1,1)

[Hydrology]
rule : {0.0022+(0,0,0) – if((-1,0,0)!=?)and
((0,0,1)+(0,0,0)>((-1,0,1)+(-1,0,0)),((0,0,0)+
(0,0,1)-(-1,0,0)-(-1,0,1))/1000)*(0,0,0))
/1000),0)-if((1,0,0)!=?) and((0,0,1)+(0,0,0))> 
((1,0,1)+(1,0,0)),((0,0,0)+(0,0,1)-(1,0,0)-
(1,0,1))/1000)*(0,0,0))/1000),0)-if((((0,-1,0)
!= ?) and ((0,0,1)+(0,0,0))>((0,-1,1)+(0,-1,0)
),((0,0,0)+(0,0,1)-(0,-1,0)-(0,-1,1))/1000)*
(0,0,0))/1000),0)–if((0,1,0)!=?) and ((0,0,1) 
+(0,0,0))>((0,1,1)+(0,1,0)),(((0,0,0)+(0,0,1)-
(0,1,0)-(0,1,1))/1000)*(0,0,0))/1000),0)+ if( 
(-1,0,0)!=?) and ((-1,0,1)+(-1,0,0))>((0,0,1)+
(0,0,0)),((-1,0,0)+(-1,0,1)-(0,0,0)-(0,0,1))*
(-1,0,0))/1000),0) + if((1,0,0) != ?) and 
((1,0,1) + (1,0,0))>((0,0,1)+(0,0,0)),((1,0,0) 
+(1,0,1)-(0,0,0)-(0,0,1))* (1,0,0))/1000),0)+ 
if((0,-1,0)!= ?) and ((0,-1,1)+(0,-1,0)) >
((0,0,1)+(0,0,0)),((0,-1,0)+(0,-1,1)-(0,0,0)-
(0,0,1))*(0,-1,0))/1000),0)+if((0,1,0)!=?) and 
(((0,1,1)+(0,1,0))>(0,0,1)+ (0,0,0)),((0,1,0) 
+ (0,1,1)-(0,0,0)-(0,0,1))*(0,1,0))/1000),0) } 
1000 { cellpos(2)=0 }

Figure 7. Hydrology model in CD++.

A Flow Injection Analysis Model 
Flow-injection methods are used for automated analysis 
of liquid samples. In a flow injection analyzer, a small 
fixed volume of a liquid sample is injected as a discrete 
zone using an injection device into a liquid carrier. Be-
cause of convection at the beginning, and axial and ra-
dial diffusion later, this sample is progressively dis-
persed into the carrier as it is transported along the tube, 
which can be sensed by flow-through sensors.
   In [9] we built a Cell-DEVS model describing the in-
tegrated conductivity in detail. The model studied a 
0.025 cm radius tube, a 10.75 cm loop and a 9,25 reac-
tor coil. We assumed the total tube length of the tube to 
be of 20 cm and defined a cell space of 25 rows and 200 
columns.

[fia]
width : 200  height : 25    delay : inertial
border : nowrapped
neighbors : (-1,-1) (-1,0) (-1,1) (0,-1) (0,0) 
(0,1) (1,-1) (1,0) (1,1) 
localtransition :  transport

[transport]
rule : {(0,-1)} {0.1/(22.578*(1-
power(cellPos(0)*.001+.0005,2)/.000625))*1000}

{cellPos(1)!=0}
rule : { 0.8 } {.1/(22.578*(1-power(
cellPos(0)*.001+.0005,2)/.000625))*1000}

{cellPos(1)=0}

[diffusion]
rule: {((-1,0)+(0,0)+(1,0))/3} 1 {cellPos(0)!=
0 AND cellPos(0)!=24 } 
rule: {((-1,0)+(0,0))/2 } 1 {cellPos(0)!=0 AND 

       cellPos(0) = 24} 
rule: {((0,0)+(1,0))/2} 1 {cellPos(0)=0 AND 
        cellPos(0) != 24 }

Figure 8. A model of FIA in CD++.

   The value of each cell represents the concentration of 
nitric acid in the carrier. To deal with convective trans-
port and radial diffusion at the same time, the model re-
acts in two phases: transport and diffusion. 

No Quantum , 120ms

Q-DEVS 0.1, 120ms

Quantum Standard 0.7 Dynamic 1 - 0.05, 120ms

Figure 9. FIA Result Simulation Examples.

PERFORMANCE ANALYSIS

We executed simulations of the models presented in the 
previous section, analyzing two main metrics: execution 
time (number of messages involved in the simulation), 
and error. We executed a large number of tests in differ-
ent categories, including:

• Non-quantized (noted as DEVS in the figures).
• Standard quantization (noted as Q-DEVS).
• Quantization with hysteresis (noted as H).
• Dynamic quantization, strategy 1.
• Dynamic quantization, strategy 2.

   Different combinations of the previous categories with 
different quantum sizes and update ratios were used. 
The error is obtained by comparing the values in quan-
tized versus non-quantized cases. 
Figure 10 presents the cumulative error obtained with 
different strat egies for the heart tissue model. The figure 
compares the different strategies (using different update 
ratios for the Dynamic DEVS strategies 1 and 2). The 
results obtained with standard and hyster esis quantum 
overlap, because the results of Hysteresis quantum dif-
fer from the standard when direction changes are pre-
sent (and, as seen in Figure 4, there is only one). 
    The lowest error was obtained with dynamic quantum 
Str1 with ratio 0.9. Str1 results were better than the Str2 
and standard Q-DEVS (the larger the ratio, the better the 
result), as expected. The quantum size is adjusted very 
quickly, which reduces the amount of error obtained.
Similarly, in the non-linear section of the fun ction, the 
quantum is quickly adjusted to a smaller size. Str2 error 
is large because each update the quantum size increases.



Figure 10. Heart tissue model: cumulative Error.

   The number of messages is reduced up to a 99.95%. 
These empirical results verify the theoretical conclu-
sions presented in [4], and reproduce the general shape 
of the message reduction found in [7]. Nevertheless, the 
amount of error involved was highly r educed.

Figure 11. Heart tissue model: No. of messages. 

   Adaptive quantization improves the error when com-
pared with Q-DEVS. Str2 expands the quantum size 
every time a threshold is not crossed, increasing the as-
sociated error. Str1 obtained the least improvement
when compared with the rest, nevertheless, its overall 
execution time improves (6.57% vs. 1.58% for Q=1, 
and 0.8% vs. 0.06% for Q=20).

Figure 12. Watershed model Cumulative Error.
   The Watershed model was tested using the land topol-
ogy presented in Figure 5. In Figure 12, we  present the 
cumulative error obtained when running this model.
   These results repeated the pattern obtained for the 
heart tissue model: no difference between standard and 
hysteresis quantization (the watershed function has an 

increasing linear function for the topology and rain con-
ditions chosen), the lowest error was obtained with Str1 
with ratio 0.9, and Str1 results were better than Str2 and 
Q-DEVS. The order of the different strategies is main-
tained, while the total error is smaller.

Figure 13. Q-DEVS Watershed model Output Messages

   The best execution time was for Q-DEVS and Str1
with an update ratio of 0.05 (larger update ratios adjust 
the values quicker, reducing the error while increasing 
the number of messages). When using q=0.05, Q-DEVS
provides better results. As each cell increases approxi-
mately 0.07 units in each update, changing the quantum
size makes it oscillate around the function value, result-
ing in an increase in the total simulation messages. This 
does not occur with fixed quantum size. Likewise, once 
the quantum size varies, the dynamic quantum strategies 
have lower message interchange. A low update ratio 
improves the number of messages involved, while in-
creasing the error. Paying a small cost in the extra exe-
cution overhead, we were able to reduce the error in-
volved (up to 75%). Str2 reduces the number of mes-
sages using higher rates when compared to Str1, but in-
curring in a higher amount of error. If we consider, for 
instance, q=1 with Str1 and ratio 0.9, the amount of er-
ror introduced is minimum and the number of messages 
has been highly reduced. If we consider now  q = 3.5, the 
error obtained with Str1 is better, while the number of 
messages involved is comparable.

Figure 14. FIA model Cumulative Error.

   In the FIA model, we observed a different error pat-
tern: hysteresis quantum provided a more stable behav-
ior. Str1 with a small update ratio improves the overall 
error because of the model behavior, presented in Figure



15. The diffusion combined with transport affect the re-
sults in cells closer/farther from the sample. 

FIA Cell  Values

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

00:000 00:022 00:053 00:077 00:099 00:121 00:141 00:154

Time

(0,0)

(41,3)

(30,13)

(60,15)

(79,18)

Figure 15. Individual cell behavior on the FIA model.

   Here, Str2 with a larger update ratio always diverges. 
With Str1, a small update ratio improves the res ults (be-
cause it adjusts better to the different values). 

Figure 16. FIA model: number of messages.

   The simulations with the highest error rate have pro-
vided the best execution times, as expected. Neverthe-
less, the amount of error obtained has highly reduced at 
the cost of little overhead.

CONCLUSION

We presented the analysis of quantization techniques for 
the execution of continuous variable Cell-DEVS mod-
els. We presented two different strategies for automatic
updating of the quantum sizes in different cells. We ob-
tained important reductions in the error obtained, while 
maintaining the high speed of quantized DEVS models. 
We used different complex models as a workbench, rep-
resenting different categories of interest.
   In every case, the lowest error was obtained with the 
dynamic quantum strategy 1. According to the model, 
updating the dynamic quantum size with higher/lower 
ratios improved the simulation results. In every case, the 
number of messages was reduced with quantization (up 
to 99.95% of reduction). Likewise, we could see that the 
introduction of hysteresis quantum permits to obtain a 
more controlled behavior, even for applications with 
cells executing with a non-linear pattern.
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ABSTRACT

This paper presents a simulation research of a data network and 
data transmission for biomedical and telemedicine purposes. The 
information exchange, adaptive data waveforms for wireless
channels and traffic simulations of data flow is the substance of 
this investigation. Simulations have been made with a Comnet 3 
network traffic simulator package.
First section is a motivation section showing examples of
innovative use of data networks and emerging new
terminologies. Biomedical information technologies combined
with data network, collaboration, grid, adhoc and virtual
organization are discussed.
Second section is the basis of the study. It deals with customer 
data communication needs. The communication channels can be 
radio channels or wired lines (analog or digital). In the latter case 
digitized analog voice (voice coding) is transmitted by Voice 
over IP (VoIP). The channel bandwidth of the network is usually 
a bottleneck of performance. Thus the transmission capacity of 
the network is an important target of the simulation investigation.
We investigate the need of the channel bandwidth in bits per 
second by simulating data transmission delays in connectionless
data networks. Delay simulation results of some standard wire-
less data communications systems are compared with adaptive 
data waveform results.
In third section modeling and simulation results of the network 
design are investigated. Data transmissions are evaluated by 
simulations of biomedical or telemedicine traffic using modeled 
data transmission networks. The quality of service (QOS) in digi-
tal data networks is measured with bit error rate (BER) or time 
delay. BER of a communication channel describes QOS of the 
modulation method used. It depends on the signal-to-noise (S/N) 
ratio of the channel.
In last sections we propose and discuss the adaptive data com-
munication design principles of the networks. We evaluate the 
proposal modulation selection system and the use of secure adap-
tive waveforms.  We design end-to-end security on the physical 
OSI refe rence model level 1 and at the same time we improve 
throughput of data traffic of our network. The investigation of 
the sensitivity of a network structure, the message flow fluctua-
tions and the growth process are important. We present princi-
ples for network design and channel capacity planning. The 
channel bandwidth and the S/N are well known parameters in 
network design by Shannon’s formula. With this metric we get 
different limits for wireless channel traffic (bit rates), transac-
tions in the system and data network performance. 

INTRODUCTION

New emerging technologies combined with innovative use 
of data networks are studied in many countries. Three moti-
vating examples for military use from USA present infor-
mation technology areas (USA DoD 2000):
- Advance distributed learning (ADL).
- Smart Sensor Web (SSW).
- The biomedical technology area.
New information technologies present the opportunity to 
make significant improvements in training and education 
effectiveness. The DoD enterprise of education and training 
offers a key opportunity to reduce costs in these domains. 
Smart Sensor Web (SSW) is a recent focus inspired by ex-
traordinary technological advances in sensors and microe-
lectronics and by the emergence of the Internet as a real-
time communication tool. The near future will see a prolif-
eration of sensors and associated processors available for 
battlefield use. The overall vision for SSW is an intelligent,
secure, web-centric distribution and fusion of sensor infor-
mation that provides greatly enhanced situational aware-
ness, on demand, to Warfighters at lower echelons.
The biomedical technology area is focused to yield essential
technology in support of the DoD mission to provide health 
support and services to U.S. Armed Forces. Most national 
and international medical investment is focused on public 
health problems of the general population. Military medical 
study is concerned with developing technologies in order to 
preserve combatant health and optimal mission capabilities 
despite extraordinary battle and non-battle threats to their 
wellbeing. Preservation of individual health sustains war-
fighting capabilities.
The Ohio State University had started a prototype imple-
mentation and presented a paper of grid support for collabo-
rative clinical and biomedical research studies (Hastings et 
al. 2002). Throughout many areas in science and commerce,
there is an increasing recognition of the need to support the 
information service needs posed by overlapping, often ad-
hoc collections of work groups and organizations. They 
used the name “virtual organization” (Foster et al. 2002) to 
refer to an ad-hoc collection of work groups and organiza-
tions. Most work groups and organizations already make 
use of their own information systems. The term Grid (Cher-
venak et al. 1999, Foster et al. 1999) refers to hardware and 
software infrastructures and frameworks that provide access 
to heterogeneous collections of computational resources
across multiple institutions and multiple domains. The un-
derlying premise of Grid computing is to harness this wide-
area network of resources into a distributed computation
and data management system.
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A lot of information technologies are available for telemedicine
(xDSL, OFDM, GPRS, 3G) but not discussed here. Our research 
is focused on
- Biomedical information transactions as the source of the 

telemedicine data traffic, 
- Quality of the service of present data networks (delays,

BER, S/N) achieved with standard data transmission meth-
ods,

- Security design of mobile wireless communication channels 
and

- Adaptive modulation methods (waveforms) as a new ap-
proach.

The results of this study may be applied to the military sensor 
communication (data fusion) and other secure ad-hoc communi-
cation needs. Our research method is modeling and simulations 
with a data traffic simulation package Comnet 3 (Caci 1995).

INFORMATION EXCHANGE

In this section we present simulation results and discuss old and 
present information exchange possibilities, nature of data traffic, 
mathematical distributions used in our modeling and our adap-
tive communication system for use in telemedicine data chan-
nels.

Need for Information Exchange

The basis of this study is in the customer data communication
needs. The need, nature and benefits of the biomedical informa-
tion exchange is described in refere nces (Hasting et al. 2002, 
Lees et al. 2002, Andrade et al. 2001-2002):
- Analysis of medical images requires the ability to query, 

retrieve, and process large amounts of image data. In a col-
laborative environment these studies could be aggregated
from multiple participating institutions.

- In collaborative environments, data replication across stor-
age systems and caching of data hot spots close to groups of 
clients can significantly increase throughput and decrease 
response times seen by clients (Andrade et al. 2001-2002).
Data replication and caching would alleviate the bottleneck
that will be created by a single data source.

- Application dependent processing of large volumes of data 
is a critical component in many fields of medicine.

- The regional health-telematics -network, interconnects
healthcare facilities in the region, supporting the develop-
ment of the regional healthcare information infrastructure.

- Internet technology provides secure multilingual access to 
medical records in a cardiology department.

- The scalable and modular architecture can support intercon-
nectivity between medical records of cardiology patients in 
departments within the same and different institutions.

Modeling and Simulation

We have modeled and simulated message transmissions of 
source instruments and data transmission of a biomedical or 

Figure 1: Message Delays in Seconds

telemedicine network model. The network model is based 
on Comnet 3 (Caci 1995), Figures 1-4. The simulation 
model, traffic parameters and results are discussed in more 
detail in the next sections.

Nature of Data Traffic

The nature of data traffic was seen in Figure 1. The main 
difference between data and voice communication is traffic 
bursts in data transmission. Figure 1 shows burst data traffic
simulation results in a backbone network structure of Figure 
4. Wireless band-limited data rates of the channels are 
evaluated based on the present day realism in military and 
commercial equipments.  Delays depend heavily on the data 
transmission lines used in simulations as the results of mean 
delays indicate:
-  <0.5 s delay with 9600 bit/s and 
- <100 s delay with 600 bit/s. 
Many heavy unpredictable variations in traffic and delay 
times are seen in the low bit rate case. The modeling of the 
data traffic has been found difficult in many references. We 
used the well-known exponential distribution for traffic 
generation with 10 sec arrival times, Figure 3. In Figure 2 
we had a fixed 1000 byte mean message size. Delay times 
with the 600 bit/s lines are not acceptable but 9600 bit/s 



might be acceptable in many real world applications. This exa m-
ple demonstrates with 600 bit/s rate the radio channels of a 
common analog military message system and with 9.6 kbit/s rate 
cellular data channels widely used in GSM technology.

Bit Rates

In Figure 2 we have simulated data transmission over the stan-
dard telecommunication channels in an example network using 
different wireless or wired technologies and standard bit rates in 
band-limited channels :
- Radio channels 600, 2400 and 9600 bit/s.
- Adaptive radio channels 22500 bit/s.
- Wired ISDN channels 64 kbit/s.
The lowest bit rate 600 bit/s is used in a conventional analogue
military tactical vhf radio messaging system. The low bit rate 
channels 2400 bit/s are common in all new digital military hf-vhf
radios. This data bit rate is also available with newest frequency 
hopping waveforms, which can secure our data transmission. 
Cellular data transmission (GSM) has been used since the begin-
ning of mobile Internet connections with 9600 bit/s data chan-
nels. Adaptive radio channel is made with our prototype modem 
added to a conventional tactical radio. The system was field-
tested in 2000 (Lallo 2001). Wired ISDN technology has a fixed 
64 kbit/s bit rate. The simulated message delays with these chan-
nels are presented in Figure 2. Interesting is the standard devia-
tion of delay as an indicator of QOS.
    We are not discussing here the present ADSL or other wide-
band technologies, which can offer 512 kbit/s or 2 Mbit/s. Al-
though ADSL-technology has rapidly developed in the wired 
telecommunication networks as the basic access system to the 
Internet but we concentrate on the mobile wireless communica-
tion and mobile band-limited Internet access in this study. Next 
we will show how critical is the channel bandwidth measured as 
bit/s.

 Message Delay

The quality of data transmission in our modeled network is 
evaluated with message delay simulations. Figure 2 shows simu-
lated message delays versus bit rate. Table 1 gives also the 
maximum delays. We can found that 64 kbit/s data rate is good 
enough in burst data transmission case with the zero delay devia-
tion. Message delay (average and its deviation) is a good meas-
ure for quality of service (QOS). In some instrumentation cases a 
low bit rate may be practical because it saves channel capacity 
and maybe channel costs. If our instrumentation references are 
biomedical instruments of a hospital or military sensors in the 
field there may be a specific QOS limit for a real time system
delays. In Figure 2 an important result is that QOS decreases
rapidly when the bit rate of the transmission channel is under a 
certain limit. The limit in this simulation is 2.4 kbit/s or 9.6 kbit/s 
depending on the particular message delay requirements of the 
application in concern.

Table 1: Delay Simulation Results (ms)

 Figure 2: Message Delay vs Channel Bit Rate

Figure 3: Message Arrival Times (Caci 1995)

Bit rate Average Std dev Maximum
600 24797.64 15677.19 92547.3

1200 7911.91 2472.74 18013.3
2400 3552.63 650.25 6479.4
9600 846.24 78.73 1479.4

22500 358.27 17.30 523.9
64000 125.84 0 125.8



2.4 kbit/s value is the maximum value of most tactical radio 
channels. In cellular world the value is higher 9.6 kbit/s or 14.4. 
kbit/s with GSM based data transmission or with GPRS technol-
ogy about 50 kbit/s in practice. With these options we have now 
good possibilities to use wireless communication for instrume n-
tation. A software modem with adaptive modulation, waveform 
and bit rate selection is a perfect and secure communication tool 
for different band-limited channels, noise and multi-path condi-
tions (Lallo 2002). 
A practical measure for the traffic quality is the deviation of the 
message delay found in simulation, Figure 2. We found that 64 
kbit/s data channels offer zero delay time deviation, which means 
that no bursts were found in the data traffic, Table 1.

Security

The indoor instrumentation might be based on new standards like 
Bluetooth or wireless LANs. Although the security on OSI refer-
ence model upper levels in data communications over Internet is 
solved with tunneling methods there is a lack of the OSI level 1 
security in LANs. However, we can have a secure IP-based vir-
tual private network (VPN) between biomedical LANs. There is 
a VPN standard for tunnel management (RFC 1701/1702). Tun-
nels can originate and terminate in the enterprise server or in the 
service provider’s access switch. Security problems are in LANs 
themselves, where we do not have OSI level 1 security. Thus we 
propose the use of adaptive end-to-end (PC-to-PC) secure wave-
forms inside LANs for solving this securing problem. 

PRINCIPLES OF NETWORK DESIGN 

In this section we study adaptive data communications with 
adaptive waveforms for biomedical and telemedicine networks, 
Figures 5-7 and Table 2. There are design principles for reducing
blocking or delay times:
- Alternate routing.
- Increasing of channel capacities
Alternate routing is used both in telecommunication and Internet 
networks. Our network simulation model in Figure 4 had two 
alternate routes in the backbone network model. Adaptive modu-
lation is a method to select wireless channel capacity by
waveform selection. In the wireless world it means the selection 
of the digital modulation method (waveform) according to the 
channel characteristics. The selection of the error free modula-
tion method is a key issue in the adaptive modem concept. In a 
mobile wireless environment we have time varying different 
channel characteristics (bandwidth, S/N) and thus it is advanta-
geous to fit the digital modulation method to each channel condi-
tion.

Selection of Waveform

Table 1 shows the simulation results using different channel 
bandwidths in the backbone network representing different wire-
less or wired technologies. We see the benefits of adaptive wave-
form sele ction data rates, Tables 1-2 and Figure 6.

 Figure 4: Example Network Model (Comnet 3)

Figure 6: Message Delay  (22500 bit/s Backbone)

Usually data network are based on international or industry
standards and their data rates are fixed. In the simulation 
results we see that the selection of a non-standard 22.5 
kbit/s adaptive waveform of a prototype modem (Lallo 
2001) gives a lower average message delays 0.36 s than a 
standard 9.6 kbit/s standard cellular data modem 0.85 s, 
Table 1. This data rate is good enough to give also low de-
viation.

Quality of Service (QOS)

A good measure of QOS is the standard deviation of the 
message delay or the maximum delay. Data bursts cause the 
deviation of the delay times, Figures 1 and 6. Bursts will 
disappear if we have more bandwidth for example 64 kbit/s, 
Figure 2. An important principle in network design is the 
use of delay deviation in monitoring and controlling the 



traffic versus the channel bandwidth (capacity in bit/s). Present
data traffic and its growth is used as one of the main design fac-
tor in network capacity design. Knowing these factors we can 
predict the channel capacity needed in the future by delay simu-
lations.

Adaptive Multi-Carrier Waveforms 

Knowing channel characteristics much better bit rates than with 
present standard systems discussed earlier are available using if 
the adaptive multi-carrier data communication is used, Table 2. 
Table 2 shows bit rate possibilities simulated with an adaptive 
modem worksheet simulator (Lallo 2001). The adaptive modem
adapts to the available bandwidth using a proper number of car-
riers (channels 1-10 in Table 2).  Each carrier uses the best avail-
able modulation method (QAM states in Table 2) adapted to the 
channel characteristics usually the S/N ratio. A software modem
should select automatically the best downloadable software algo-
rithm and modulation method and thus maximizes the bit rate in 
mobile band-limited wireless communication.

Physical Security with Waveforms 

We have made a proposal for a secure network model for bio-
medical or telemedicine communication needs, Figure 5. This 
proposal includes the use of adaptive modems as a data commu-
nication securing tool on OSI level one (physical).

Transaction Rate

We investigated increasing transaction rates in a network using 
the 22.5 kbit/s adaptive waveform in the backbone channels. We 
increased gradually the network traffic from message sources 
having a fixed normal distributed message size (100 kilobyte
mean, 10 kilobyte standard deviation) and arrival time as vari-
able (10 sec - 160 sec). These arrival times gave us a practical
transaction range of a biomedical institution with 65 000 to 260 
000 transaction per year. The results of these simulations are in 
Figure 7.  Delays in Figure 7 have an average (ave) and a stan-
dard deviation (std) value. We found that there is a transaction
value limit about 250 000 per year after which the backbone net-
work causes increasing delay time. In the evaluation of the 
simulated result the message size (100 kilobyte used) is a critical 
measure. If the messages include for example large images (1 
Megabyte) the number of transaction limit may drop to 25 000 
per year. However, it is possible to work with a low data rate 
band-limited backbone but with larger delays. 
We have to take care about our data traffic culture (mean me s-
sage size, transactions per day, rush hours etc). We can develop 
our principles for network design. We can predict the transac-
tions and the future number of traffic sources. Simulations can be 
done using the system model with parameters according to the 
predicted situation. Then economical decisions can be made 
about the communication channel and network capacity.
In existing biomedical network structures telephone network and 
wired Ethernet 802.3 LAN are very often used, Figure 5. 

Figure 5: Adaptive Secure Network Model

Table 2: Adaptive Modem Bit Rates

In Figure 5 we have a proposal system for data transmission 
waveforms made with software algorithms (adaptive mo- 
dem). A server in each LAN has an adaptive modem cluster 
(software package) that recognizes each individual instru-
ment carrier frequency and thus the corresponding instru-
ment. The adaptive modems are band-limited and they can 
be used inside the voice frequency band adapted to any type 
of communication channels (military radio, cellular phone, 
wired telephone network etc). We can connect secure wave-
forms over an analogue channel or over a digital voic e
channel (VoIP), where analog voice is coded into digital 
form. Thus the channels in Internet or in Public Switched 
Telephone Network (PSTN) are available for secure trans-
mission on OSI level 1, Figure 5. 
Passing adaptive waveforms over Internet or over telephone
network to another LAN server we can build our own VPN 
tunnel channel with OSI level one securing. The securing is 



made in the adaptive modem with frequency hopping in the 
voice frequency band. This can be done with the adaptive mo-
dem software algorithm in the data modulation process. Theory 
is presented in Milcom 2002 Tutorial (Lallo 2001-2002).
Simulation of adaptive communication methods was not possible
a couple of years ago but now it is due to the present processor
power and computer programming systems. Details of this secur-
ing are based on the discrete Fourier theory but are not the sub-
ject of this paper. 

DISCUSSION

The channel bandwidth and the S/N are related to the channel 
capacity by Shannon’s formula. With this metric we design wire-
less channel capacities (bit rates). We had earlier made a work-
sheet simulation process to compare modulation methods. With a 
selected adaptive software modem algorithm we can design an 
adaptive multi-carrier data communication system. We can select 
the proper modulation method (carriers, QAM states, secure cod-
ing, etc) and most suitable bit rate for different channels (S/N, 
bandwidth, etc). By traffic simulations we can check QOS of the 
network and we can design optimal channel capacities and select 
modulation methods for telemedicin data transmission networks.
Using data traffic simulations we have noticed message delays
and by evaluating the deviation of the delay we found design
limits for data transactions. Simulation with different message
sizes can give the traffic capacity limit of the backbone network 
(Internet, tcp/ip). 
Bit errors in the received data signal begin rapidly to increase at 
a waveform specific S/N-limit. Data transmission needs usually a 
good bit error rate (BER) associated with a high S/N value. In 
solving this problem we can use adaptive waveforms.

SUMMARY

The subject is quite extensive. We have investigated and dis-
cussed one model of data networks with limited simulated exa m-
ples, network design principles and the use of adaptive selection
of the modulation method (waveform). The adaptive multi-
carrier secure data communication system is an approach that 
can give wireless security with band-limited frequency hopping 
on the lowest OSI level and optimal throughput for different 
channels used with biomedical applications in telemedicin net-
works.
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ABSTRACT  
 
In this work we study a special type of task scheduling 
referred to as epoch scheduling in a distributed server 
(processor) system. With this policy, processor queues 
are rearranged only at the end of predefined intervals. 
The time interval between successive queue 
rearrangements is called an epoch. The objective is to 
examine if epoch scheduling can perform close to STF 
method and achieve fairer service than that of STF. A 
simulation model is used to address performance issues 
associated with epoch scheduling. Simulated results 
indicate that epoch scheduling is a good method to use.  
 
INTRODUCTION 

Scheduling in distributed server systems has been a 
major research goal for many years. However, it is not 
always possible to efficiently execute parallel jobs. To 
do so, it is necessary to divide programs into tasks, 
assign the tasks to processors and then schedule them on 
distributed processors.  
 
Many research papers exist in this research area. For 
example, few of them are (Abawajy and Dandamudi 
2003; Dandamundi 1994; Dandamudi 2003; Harchol-
Balter, et al. 2002; Harchol-Balter et al. 2003; Gong and 
Williamson 2003; Karatza 2000a; Karatza 2000b; 
Karatza 2002; Karatza and Hilzer 2003; McCann and 
Zahorjan 1995; Nikolopoulos and Polychronopoulos 
2003; Sabin et al. 2003; Weissman, et al. 2003), and 
many others.    
 
Most research into distributed system scheduling 
policies has focused on improving system throughput 
where scheduling overhead is assumed to be negligible. 
However, scheduling overhead can seriously degrade 
performance.  
 
FCFS (First Come First Served) is the simplest 
scheduling method and it is fair to individual jobs but 
often it results in sub-optimal performance. This method 
results in no overhead. Many scheduling algorithms 
have been proposed that achieve higher performance by 
taking into account information about individual 
requests.  

 
It is well known that STF (Shortest Task First or 
Shortest Time First) usually performs best but it has two 
disadvantages: 1) It involves a considerable amount of 
overhead because processor queues are rearranged each 
time new tasks are added. 2) It is possible to starve a 
task if its service time is large in comparison to the 
mean service time.  
 
In this work we study epoch scheduling. With this 
policy, processor queues are rearranged only at the end 
of predefined intervals. The time interval between 
successive queue rearrangements is called an epoch. At 
the end of an epoch, the scheduler recalculates the 
priorities of all tasks in the system queues using the STF 
criterion. This type of epoch scheduling is different 
from epoch scheduling that is studied in (McCann and 
Zahorjan 1995). In their paper, only policies that 
provide co-scheduling are considered. Also, in the same 
paper all nodes are reallocated to jobs at each 
reallocation point.   
 
In our work we consider that a parallel program has a 
simple fork-join structure. We do not consider co-
scheduling. Rearrangement of queues takes place at the 
end of predefined intervals, instead of node reallocation 
to jobs. Epoch scheduling has been also studied in 
(Karatza 2001; Karatza 2003). The differences between 
this paper and each of those two papers are the 
following: In (Karatza 2001) a closed queuing network 
model is considered with a fixed number of jobs, while 
in this paper   we consider an open queuing network 
model with various job arrival rates. In (Karatza 2003) 
the jobs are not parallel and therefore the queues contain 
jobs, while in this paper each job is parallel and  
consists of independent tasks which are assigned to 
queues. Therefore, (Karatza 2003) examines job sche-
duling, while this paper examines task scheduling.  
 
The results of this study apply to both loosely coupled 
multiprocessor systems and networks of workstations 
connected to support parallel applications. 
 
The objective is to study whether we can find an epoch 
that can perform close to STF but minimizes as much as 
possible the disadvantages of STF. That is we are 
interested to find an epoch which combines good 
performance and that minimizes the number of queue 
rearrangements and achieves fairer service than that of 
STF. Performance is examined for different epoch sizes. 



 

Various workloads are examined. To our knowledge, 
such an analysis of epoch scheduling has not appeared 
in the research literature for this type of system 
operating with our workload models.  
 
The technique used to evaluate the performance of the 
scheduling disciplines is experimentation using a 
synthetic workload simulation. In studies like this, it is 
usually necessary to use synthetic workloads because 
real workloads cannot be simulated efficiently enough 
and real systems with actual workloads are not available 
for experimentation. Also, useful analytic models are 
difficult to derive because subtleties that exist between 
various disciplines are difficult to model and because 
the workload model is quite complex. 
 
This paper is an experimental study in that the results 
are obtained from simulation studies instead of from the 
measurements of real systems. Nevertheless, the results 
presented are of practical value. Although we do not 
derive absolute performance values for specific systems 
and workloads, we do study the relative performance of 
the different algorithms across a broad range of 
workloads and analyze how changes in the workload 
can affect performance.  
 
For simple systems, performance models can be 
mathematically analyzed using queuing theory to 
provide performance measures. However, in the system 
presented in this paper, fork-join programs and 
scheduling policies with different complexities are 
involved. For such complex systems, analytical 
modelling typically requires additional simplifying 
assumptions that might have unforeseeable influence on 
the results. Therefore, research efforts are devoted to 
finding approximate methods to develop tractable 
models in special cases, and in conducting simulations.   
 
The precise analysis of fork-join queuing models is a 
well known intractable problem. For example, (Kumar 
and Shorey 1993) derived upper and lower bounds for 
the mean response time when jobs have a linear fork-
join structure.  
 
We chose simulations because it is possible to simulate 
the system in a direct manner, thus lending credibility to 
the results. Detailed simulation models help determine 
performance bottlenecks in architecture and assist in 
refining the system configuration.  
 
The structure of this paper is as follows: Next section 
specifies system and workload models, it describes 
scheduling strategies, and it presents the metrics 
employed while assessing performance of the 
scheduling policies. Model implementation and input 
parameters are described in the section after, where also 
experimental results and performance analysis are 
presented. The last section contains conclusions and 
suggestions for further research. 
 

MODEL AND METHODOLOGY 

System and Workload Models 

This paper uses a simulation model to address 
scheduling performance issues. An open queuing 
network model of a distributed server system is 
considered. P = 16 homogeneous and independent 
processors are available, each serving its own queue. A 
high-speed network connects the distributed nodes. The 
configuration of the model is shown in Figure 1. 
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Figure 1: The Queuing Network Model 
 
An important aspect of distributed system design is 
workload sharing among the processors. This includes 
partitioning the arriving jobs into tasks that can be 
executed in parallel, assigning the tasks to processors 
and scheduling the task execution on each processor. 
The workload considered here is characterized by three 
parameters:  
 
. The distribution of job arrival.  
 
. The distribution of the number of tasks per job.  
 
. The distribution of task execution time.  
 
We assume that there is no correlation between the di-
fferent parameters. For example, a job with a small 
number of tasks may have a longer execution time. 
 
Job inter-arrival times are exponential random variables 
with a mean of 1/λ.  
 
Jobs consist of a set of n ≥ 1 tasks that can be run in 
parallel. The number of tasks that a job consists of is 
this job’s degree of parallelism. It is assumed that the 
tasks are uniformly distributed in the range of [1..P]. 
We have chosen the uniform distribution because is one 
of the distributions that are used for this kind of models.  
Each task is randomly assigned to a processor queue. 
Tasks are processed according to the current scheduling 
method. No migration or pre-emption is permitted.  
 
On completing execution, a task waits at the join point 
for sibling tasks of the same job to complete execution. 
Therefore, task synchronization is required, and that 
synchronization can seriously degrade parallel 
performance. The price paid for increased parallelism is 
a synchronization delay that occurs when tasks wait for 
siblings to finish execution. 



 

 
The number of tasks of a job j is represented as t(j). Due 
to the probabilistic assignment of tasks to processor 
queues, more than one tasks of the same job may be 
assigned to the same processor. Therefore, if p(j) 
represents the number of processors required by job j, 
then the following relation holds:  
 

p(j) ≤ t(j) ≤ P 
  
Job service demands are exponentially distributed with 
a mean of 1/µ.  
 
Notation used in this paper appears in Table 1.  
 
Job Scheduling Policies 

In this work we examine only non-pre-emptive sche-
duling policies. We assume that the scheduler has 
perfect information when making decisions, i.e. it 
knows the execution time of tasks. Next we describe the 
scheduling strategies employed in this work.  
 
First-Come-First-Served (FCFS). With this strategy, 
tasks are assigned to a queue in the order of their arrival. 
This policy is the simplest to implement. 
 
Shortest Task (Time) First (STF). This policy assumes 
that a priori knowledge about a task is available in form 
of service demand. When such knowledge is available, 
tasks in the processor queues are ordered in a decreasing 
order of service demand.  
 
Epoch – x: With this policy, processor queues are 
rearranged only at the end of predefined time intervals 
called epochs. The size of an epoch is x. At the end of an 
epoch, the scheduler recalculates the priorities of all 
tasks in the system queues using the STF criterion.  
 
We study the performance of the Epoch – x policy in 
relation to STF method for different epoch sizes. The 
goal is to obtain: 1) performance comparable to that of 
STF, 2) large decrease in the number of queue rearran-
gements (small overhead), 3) large decrease in the 
maximum job response time (fairness in individual job 
service).  
 
It should be noted that a priori information is not often 
available and only an estimate of task execution time 
can be obtained. However, it has been reported in the 
literature (for example in (Dandamudi 1994)) that 
simulation results have shown that estimation error in 
processor service times can marginally affect system 
performance.  
 
Performance Metrics 

Parameters used in simulation computations (presented 
later) are shown in Table 1. 
 
 

Table 1:  Notations 
 

λ Mean arrival rate of jobs  

µ Mean processor service rate 

E Estimation error in service time 

U Mean processor utilization 

RT Mean Response Time of jobs 

MRT Maximum Response Time of jobs 

Synch Task synchronization time 

NQR Number of Queue Rearrange-
ments 

RT Ratio The ratio of RT when SRT or 
Epoch-x method is employed 
versus RT of the FCFS policy 

MRT Ratio The ratio of MRT when SRT or 
Epoch-x method is employed 
versus MRT of the FCFS policy 

Synch Ratio The ratio of task synchronization 
time when SRT or Epoch-x 
method is employed versus Synch 
of the FCFS policy 

NQR Ratio The ratio of NQR when the 
Epoch-x method is employed 
versus NQR of the STF policy 

 
RT represents overall performance, while MRT 
expresses fairness in individual job service.  
 
SIMULATION RESULTS AND DISCUSSION 

Model Implementation and Input Parameters 

The queuing network model described above is 
implemented with discrete event simulation (Law and 
Kelton 1991) using the independent replication method. 
For every mean value, a 95% confidence interval is 
evaluated. All confidence intervals are less than 5% of 
the mean values.  
 
We have chosen mean processor service time 
 

1/µ = 1, 
 
which means mean service rate per processor µ = 1. 
Since the processors average 8.5 tasks per job, when all 
processors are busy, an average of 1.882 jobs are served 
each unit of time. This implies that the mean job inter-
arrival time must be larger than 1/1.882 = 0.531 in order 
that the system will not be saturated. For this reason we 
examined the following mean inter-arrival times:  
 

1/λ = 0.6, 0.625, 0.650, 0.675, 0.7,  
 
which means mean arrival rate: 
 

λ = 1.67, 1.6, 1.54, 1.48, 1.43. 



 

 
Epoch length x was taken as 5, 10, 15. We chose epoch 
length 5 as a starting point for the experiments because 
the mean processor service time is equal to 1, and also 
because with this epoch size the number of queue 
rearrangements were smaller than in the STF case. 
Therefore we expected that larger epoch sizes would 
result in even smaller NQR.    
 
Performance Analysis  

Figures 2-8 present the performance metrics versus 1/λ. 
Mean processor utilization U is 0.89, 0.85, 0.82, 0.79, 
0.76, for 1/λ = 0.6, 0.625, 0.650, 0.675, 0.7 respectively 
(Figure 2). 
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Figure 2. U versus 1/λ 
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Figure 3. RT versus 1/λ 
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Figure 4. RT ratio versus 1/λ 
 

 

0,6 0,625 0,65 0,675 0,7
1/λ

0

5

10

15

20

25

FCFS STF Epoch=5
Epoch=10 Epoch=15

Synch

 
 

Figure 5. Synch versus 1/λ 
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Figure 6. Synch ratio  versus 1/λ 
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Figure 7. MRT ratio  versus 1/λ 
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Figure 8. NQR ratio versus 1/λ 
 



 

 
In Figure 3 it is shown that from all methods examined 
FCFS method yields the largest response time. This is 
the reason in all cases RT ratio is smaller than one 
(Figure 4). RT ratio increases with increasing mean 
inter-arrival time which means that the superiority of the 
STF and Epoch-x methods over FCFS is larger at larger 
loads (that is at smaller mean inter-arrival time). This is 
because fewer jobs are in the queues when 1/λ is large 
than when is small, so there are then fewer opportunities 
to exploit the advantages of the STF and Epoch-x 
methods. 
 
RT generally increases with increasing epoch size, but 
the increase is not significant. For this reason RT ratio 
slightly increases with increasing epoch size.   
 
In all cases examined, epoch scheduling for epoch size 5 
yields slightly smaller RT than STF. Epoch-10 yields RT 
which is very close to the RT of the STF case. 
Epoch=15 performs either close (at larger loads) or a 
little worst (at smaller) loads than the STF method 
(Figures 3, and 4). However, even with this epoch size 
the difference in performance between epoch scheduling 
and STF is not significant. 
 
Figure 5 shows that with all scheduling methods task 
synchronization time is decreasing with decreasing load. 
This is because it is more probable at large loads than at 
small loads for the first task of a job that finishes 
execution to wait for a long time some sibling tasks that 
are still waiting in processor queues.  
 
It is also shown in Figure 5 that the largest Synch incurs 
with the FCFS method. This is because it is more 
probable when the FCFS policy is employed than when 
one of the other scheduling strategies are used, some 
small tasks to wait behind some large tasks in processor 
queues. A consequence of this may be long syncroni-
zation delay of sibling tasks. On the other hand, the STF 
method causes delays to large tasks, but the simulation 
results reveal that these delays influence Synch in a 
smaller degree than the delays caused by the FCFS 
policy. Synch is larger in the STF case than in the epoch 
scheduling case, as in the later case priority is given to 
small tasks on a periodic basis only.  
 
In Figure 6 it is shown that the difference in Synch 
between FCFS and each of the remaining methods is 
generally larger at larger loads. This is because 
regarding synchronization delay of sibling tasks, the 
advantages of STF and epoch scheduling over FCFS are 
better exploited when there are many job tasks in the 
system than when there are few. 
 
In Figure 7 it is shown that in all cases the STF method 
yields the largest MRT, while the smallest MRT is 
produced by the FCFS method. In all cases, epoch 
scheduling yields smaller maximum response time as 
compared to the STF method. Therefore, in all cases 

epoch scheduling is fairer than STF. Furthermore, 
Figure 7 shows that in all cases epoch scheduling is 
fairer when epoch size is large than when is small.  
 
MRT ratio is decreasing with increasing mean inter-
arrival time. This is due to the fact that when STF or 
epoch scheduling is employed, more job tasks go out of 
order for longer time when the load is large than when 
is small. Therefore, larger MRT can be produced at large 
loads than at small ones.    
 
Figure 8 presents the NQR ratio. It is shown that for all λ 
the decrease in the number of queue rearrangements due 
to epoch scheduling is very high. Therefore significant 
reduction in the number of queue rearrangements can be 
achieved when epoch scheduling is employed instead of 
STF. In the same Figure is also shown that for each 
epoch size NQR ratio is nearly the same for all values of 
λ. The NQR ratio is about 0.2, 0.10, and 0.07 in the 
Epoch=5, 10, and 15 cases respectively. For each λ, 
NQR ratio decreases with increasing epoch size which 
means that NQR is smaller when epoch size is large than 
when is small.  
 
In order to study the impact of service time estimation 
error on the performance of the STF and Epoch-x 
methods, additional simulation experiments where 
conducted. In those experiments task execution time 
estimated was assumed to be uniformly distributed wit-
hin ± E% of the exact value. We set estimation error at 
±10%. The results showed that the estimation error did 
not significantly affect performance. This is in 
accordance with other results in the literature related to 
estimation of service time (Dandamudi 1994). For this 
reason in this paper we present the results for the exact 
service times only. This means that we consider 
estimation error set at ±0%. 
 
CONCLUSIONS AND RECOMMENDED FUTURE 
RESEARCH  

This paper studies task scheduling policies in a 
distributed server system. Simulation is used to generate 
results used to compare different configurations.  
 
Simulation results reveal that epoch task scheduling is a 
good policy to choose. For the epoch lengths that we 
examined this policy performs very close to STF. 
Furthermore and more importantly, it involves much 
less overhead and is also fairer than STF. 
 
It is also shown that all of the epoch lengths have merit. 
For all loads that we examined large epochs result in 
fairer service for individual jobs, and involve less 
overhead than short epochs. On the other hand, response 
time is shorter with short epochs. However, for the 
epoch lengths that we examined, response time does not 
differ significantly at different epochs.   
 
This paper represents a case study where the number of 
tasks per job is bounded by the number of distributed 



 

servers in the system (the uniform distribution is used). 
As a future research we plan to consider the exponential 
distribution for the number of tasks per job, so that we 
can study the performance of epoch scheduling when 
the number of job tasks can be larger than the number of 
processors.  
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ABSTRACT 

This paper presents a novel method for the analysis and 
interpretation of data that describes the interaction 
between trainee network managers and a simulated 
network management system. A simulation based 
approach to the task of efficiently training network 
managers, through the use of a simulated network, was 
originally presented by Pattinson (2000). The 
motivation was to provide a tool for exposing trainee 
network managers to a life like situation, where both 
normal network operation and ‘fault’ scenarios could be 
simulated in order to train the network manager. The 
data logged by this system describes the detailed 
interaction between trainee network manager and 
simulated network. The work presented here provides 
an analysis of this interaction data that enables an 
assessment of the capabilities of the network manager 
as well as an understanding of how the network 
management tasks are being approached. A neural 
network architecture (Lee et al. 2002) is adapted and 
implemented in order to perform an exploratory data 
analysis of the interaction data. The neural network 
architecture employs a novel form of continuous self-
organisation to discover key features, and thus provide 
new insights into the data. 
 
INTRODUCTION 

A simulation based approach to the task of efficiently 
training network managers through the use of a 
simulated network was originally presented by 
(Pattinson 2000). The motivation was to provide 
trainee network managers with realistic, ‘hands-on’ 
experience without disrupting a live network. The 
approach makes use of a production-standard network 
management platform, interacting with processes 
(model agents) representing network entities. This 
simulation tool has been successfully used in the 
training of network managers. Tasks are set such as 
exploration exercises to identify active components of 
a network and the control of simulated ‘fault’ 
conditions. The trainee needs to quickly establish how 
to approach a given task, which devices need to be 
interrogated and what parameters need to be monitored 

in order to obtain information on the status of the 
network. The trainee selects commands that to the best 
of their knowledge represent the most appropriate 
course of action required to manage the network and 
data describing their actions is computer logged. It is 
this data that is being analysed here through the use of 
a neural network (NN) in order to assess the 
effectiveness of the network manager from how the 
tasks are being approached. The data includes a 
description of the commands issued by the trainee, the 
device within the network that the command is directed 
at, any associated variables, and a date and time stamp. 
The commands are used to request current values of, or 
set up processes to monitor, various parameters and are 
divided into groups defined by the layer (or networking 
protocol) that they apply to.  
 
The computer logged data contains both qualitative and 
quantitative data and therefore provides a challenge in 
how to approach its processing, analysis and 
evaluation. Qualitative data tends to be voluminous and 
inconsistent, and has many problems associated with 
its analysis, as discussed by Miles and Huberan (1994). 
The analysis of such data typically involves sifting 
through the data and noting regularly occurring 
relationships between variables. The tasks of coding, 
isolating and interpreting patterns of interest can be 
long and arduous and relies on the analyst being able to 
comprehensively identify all patterns that are of 
interest. The concept of using a NN in the analysis 
means that the task of identifying patterns within the 
data is relinquished to the NN.  This presents an 
opportunity to find hidden patterns and establish 
relationships between variables that are extremely 
difficult, if not impossible to discover by human eye or 
thought process and that therefore offer new 
information about the data. An unsupervised technique 
has been adopted as this requires no a priori knowledge 
about the data. Classes or categories are formed by the 
NN according to attributes of the data and it is then 
necessary to uncover what properties determine how 
the data has been classified.  
 
Neural Networks have previously been applied to data 
types that face similar challenges to those faced here. 
For example Shalvi and DeClaris (1998) successfully 
demonstrated the use of self-organising maps, an 
unsupervised NN approach, to cluster medical data. 
Medical data typically requires a large amount of pre-



processing in order to extract the useful information 
and tends to be numeric and textual interspersed. In 
these ways the data is very similar to that being 
examined here. There have been many projects 
involving NNs for user data analysis and pattern 
discovery. For example, Zhang et al (2001) used NNs 
for learning relations between textual data to aid the 
construction of hypertext computer assisted learning 
material; and  Mullier et  al (2002) used them for 
identifying hypermedia browsing patterns.  
 
THE NEURAL NETWORK 

Developments of Adaptive Resonance Theory(ART) 

In recent years, several variations of the original ART 
(Grossberg 1976) have been introduced. ART1 
(Carpenter and Grossberg 1987a) self-organises 
recognition categories for arbitrary sequences of binary 
input sequences; ART2, operates on either binary or 
analogue inputs (Carpenter and Grossberg 1987b). 
Further development has seen the creation of ART2-A 
(Carpenter et al. 1991a), which is 2 or 3 orders of 
magnitude faster than ART2. Fuzzy ART (Carpenter et 
al. 1991b), incorporated computations from fuzzy set 
theory. Extensions to ART networks to allow 
supervised learning, supervised multi-layer, and self-
growing systems (Palmer-Brown 1992; Tan 1997) have 
also been introduced. 
 
Performance-guided ART (P-ART) Architecture  

The P-ART network is a modular, multi-layered 
architecture as shown in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: P-ART Network 
 
It is composed of 2 modules, a Distributed P-ART (dP-
ART) network, and a Selection P-ART (sP-ART). The 
F11 ↔ F21 connections of the dP-ART network and 
F12 ↔ F22 of the sP-ART are interconnected through 
weighted bottom-up and top-down connections that can 
be modified during the learning stage. For clarity, only 
the connections from the F1 layer to the active 
(winning) F2 node in each P-ART module are shown. 
On presentation of an input pattern at the input layer 
F01, the dP-ART will learn to group the input patterns 
according to their general features using the novel 

learning principles of the snap-drift algorithm recently 
developed (Lee et al 2002; 2003). The new version 
used here is fully self-organising, toggling between 
snap and drift learning modes on successive epochs.  
 
The ‘Snap-Drift’ Algorithm  

In an environment where new patterns are introduced 
over time, the learning utilises a novel snap-drift 
algorithm based on fast, convergent, minimalist 
learning (snap) and cautious learning (drift). Snap is 
based on a modified form of ART; and drift is based on 
Learning Vector Quantization (LVQ) (Kohonen 1990). 
In general terms, the snap-drift algorithm can be stated 
as: 

)()__( LVQARTLearningFastw σα +=                              
 

In this paper, α and σ  are toggled between (0,1) and 
(1,0) at the end of each epoch.  The point of this is to 
perform two complementary forms of feature discovery 
within one system. The ART style learning acquires 
features characterized by the intersection of patterns, 
whereas LVQ performs clustering, discovering features 
that are averaged across patterns.  
 

The Distributed P-ART (dP-ART) Learning  

On presentation of an input pattern, the bottom-up 
activation is calculated. Then the D F21 nodes with the 
highest bottom-up activation are selected: 
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D is set to 3 in this application. The three F21 nodes 
learn according to: 
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where wji= top-down weights vectors; I = binary input 
vectors,  and β  = the drift speed constant = 0.5. 
When α =1, w updates simply to: 
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This invokes fast minimalist learning, causing the top-
down weights to reach their new asymptote on each 
input presentation: 
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In contrast, when σ = 1: 
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This causes a simple form of clustering or LVQ at a 
speed determined by β. Overall the learning is a 
combination of the two forms of adaptation as the 
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mode is toggled between snap and drift. The novel 
bottom-up learning of the P-ART is a normalised 
version of the top-down learning: 
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where wiJ

(new) = top-down weights of the network after 
learning.    
 
METHODOLOGY 

Although the specific aim here is to provide a novel 
interpretation of the interaction data described, a 
general aim is to devise a methodology that can be 
applied to any ‘interaction’ or ‘user behaviour’ data, 
and minimises the pre-and post-processing through the 
definition of a structured approach. There are several 
considerations that need to be given to the method and 
the stages of transformation the data must undergo 
before it is suitable as an input to a NN. A generalised 
methodology has been developed and realised in the 
form of a set of procedures that embrace the following 
processes: (i) Pre-processing: conversion of the ‘raw 
user data’ into a form suitable for input to the NN; (ii) 
Selection of optimal NN parameters; (iii) Post-
processing: manipulation of the results in order to 
provide a novel and intelligent analysis. Stages (i) and 
(ii) are summarised in relation to the network 
management data below and Stage (iii) is discussed in 
the results section. 
 
Data Collection and Initial Assessment 

There are some fundamental issues regarding the data 
that need to be addressed initially such as: How much 
data is available? Is there a constant output of data? Is 
there sufficient data to adequately train and test the 
network? The performance of a NN is dependent on 
the training data. The training data must be 
representative of the task being learnt and tends to be 
chosen through trial and error before finding an 
acceptable training data set (Callan 1999). The 
production of the network management data is on-
going but for the purposes of this paper a sample has 
been used to provide an initial evaluation of the data. 
55 datasets are used, where a single dataset represents a 
trainee undertaking a single network management task.  
 
Structure and Context 

The next consideration in pre-processing the data is 
how to structure the encoded data in order to ensure all 
appropriate variables contribute towards the NN’s 
decision making and is in a form suitable for input to a 
NN. The data is initially primary encoded into a list of 
consecutive events, where an event comprises all the 
information required to describe what is taking place at 
a given instant in time. The aim is to ensure that each 
event comprises the same amount of information in 
order to introduce some structure to the data. The 

network management data is already in a format that 
lists events, it simply needs condensing into the 
relevant information. This takes the form: {Action – 
Node Description – Duration}. Action describes the 
command issued by the student, Node Description 
refers to which device the command relates to and 
whether it is active or inactive and Duration is the time 
taken to issue the command. Determining the structure 
of an event is the first level of encoding and the 
resulting event is called the primary encoded data. This 
process reduces the feature space and simplifies the 
data therefore care must be taken to ensure relevant 
information is not excluded. 
 
Another consideration is how to interpret the context of 
the data. Although the data is in a serial format, 
relationships between consecutive and subsequent 
events may be an important factor that needs to be 
considered. When the NN receives an input vector, it 
compares it to previously stored input patterns and then 
either puts it into the class that most closely matches it, 
or if no such class exists, creates a new one. Any 
patterns that are being identified within the data are so 
across input vectors. Therefore the length and quantity 
of data within each input vector is extremely important. 
The investigation requires several stages where each 
stage can be described in terms of the length of the 
input vector, which is a multiple of events (1xEvent, 
2xEvent etc.). The first stage is simply concerned with 
the occurrence of individual events, i.e. an input vector 
is equal to 1 event. Whilst this provides information on 
the significance of each of the different events within a 
network management session, no information is 
afforded on the context of events. The second stage of 
investigations tackles the contextual aspect of the data. 
An input vector presented to the NN comprises 2 or 
more consecutive events. Consecutive input vectors 
comprise overlapping events as illustrated in the 
following equation, where in represents the n-th input 
vector and En the n-th event. [En En+1] represents the 
concatenation of 2 consecutive events. 
 
in-1 = [En-1 En],  in     = [En En+1],  in+1 = [En+1 En+2], etc.    

 
Coding the Network Management Data 

Once the structure of an event has been established, 
each component that makes up the event can be 
individually coded and the coded components 
concatenated to form the overall input vector. It is 
necessary to know how many different values each of 
these components may take to facilitate the 
implementation of an appropriate coding scheme. 
Examples of the coding scheme for the Action 
component are illustrated in Table 1 in terms of the 
possible actions, their primary encoded form, and the 
final coded format (‘O’ represents binary ‘1’ and ‘X’ 
binary ‘0’). The first segment of the codeword defines 
which category or layer the action belongs to, such as 
IP or TCP. The second segment distinguishes between 
the different actions within a category.  



Table 1: Encoded Action Component of an Event 
 

 Name 
(Primary Encoding) 

Secondary Encoding 

1 System Info(SI) OXXXXXXX XXXXXXX 
2 IF Status(IF St) XOXXXXXX OXXXXXX 
3 IF Parameter(IF P) XOXXXXXX XOXXXXX 
4 IF Usage(IF Usg) XOXXXXXX XXOXXXX 
5 IF Error(IF Err) XOXXXXXX XXXOXXX 
6 IF Quality(IF Q) XOXXXXXX XXXXOXX 
7 IP Stats(IP Stat) XXOXXXXX XXXXXOX 
8 IP Addresses(IP A) XXOXXXXX XXXXXXO 

…. …… ….. ….. 
22 Start Monitor(Smon) XXXXXXXO XXXXXOX 
23 Help (Help) XXXXXXXO XXXXXXO 

 
The second component of an event is the Node 
Description. Again, the codeword is segmented. The 
first part indicates whether the node is active (O) or 
inactive (X) and the second part is used to distinguish 
between the active nodes.  
 

Table 2: Encoded Node Description Component  
of an Event 

 
Model Primary 

Encoding 
Secondary Encoding 

192.9.200.1 1 1 O OXXXXXXXXXXXXX 
192.9.200.2 1 2 O XOXXXXXXXXXXXX 
192.9.200.3 1 3 O XXOXXXXXXXXXXX 
192.9.200.4 1 4 O XXXOXXXXXXXXXX 

…... … … … …... 
194.9.177.66 1 14 O XXXXXXXXXXXXXO 
Inactive node 0 0 X XXXXXXXXXXXXXX 

 
Finally, the third component is the Duration. This is 
useful as it gives an indication of the time taken to 
execute a command. A coarse coding scheme (Eurich 
et al. 1997) is used, where neighbouring sub-divisions 
are allocated codewords that differ from each other by 
1 bit position. 
 

Table 3: Encoded Duration Component of an Event 
 

Duration Primary 
Encoding 

Secondary 
Encoding 

0:00:00 t0 XXXXX 
0:01:08 t1 XXXXO 
0:02:17 t2 XXXOO 
0:03:25 t3 XXXOX 

…... ……. …… 
0:35:21 t31 OXXXX 

 

Neural Network Parameters 

There are several parameters concerning the 
dimensions of the NN and the level of categorisation. 
The NN architecture has been presented in detail 
elsewhere (Lee et al. 2002). In this paper, the vigilance 
parameter is set to 0.3, which in effect means that the 
criterion for allowing a node to respond and learn the 
input pattern is a 30% match. The number of input 
neurons to the dP-ART is determined by the length of 
the input vector. The number of output neurons for the 
dP-ART and therefore the input neurons the sP-ART, 
has been set at 500 which has proved large enough to 

avoid saturation of all the output neurons of the dP-
ART. The number of output neurons of the sP-ART 
has been set at 150 in order to limit the number of 
output classes that can be formed to a manageable 
number and yet ensure that the majority 
(approximately 95%) of inputs are classified.  
 
RESULTS 

The P-ART is implemented in C++. The inputs are 
binary vectors and the output is a corresponding 
column of numbers indicating the output class. A total 
of 2700 input vectors are input to the NN and evaluated 
here. Actions are referred to by number or primary 
encoded format. These and their basic functions are 
summarised in Table 4 below. 
 

Table 4: Summary of Actions 
 

 Primary 
Encoding 

Description of functionality 

1 SI Display information of the system group 
2 IF St Display information of the interfaces 
3 IF P Display interface parameter like speed 
4 IF Usg Display interface statistics 
5 IF Err Display interface statistics 
6 IF Q Show error and discard rate for each interface 
7 IP Stat Display statistics and parameters of IP layer 
8 IP A Show IP addresses used by this device 
9 IP R Display routing table 
10 IP ARP Display other devices its been in contact with 
11 TCP Stat Display statistics and parameters of TCP layer 
12 TCP C Display status of existing TCP connections 
13 UDP Stat Display statistics and parameters of UDP layer 
14 UDP L Display status of existing USP listener 
15 ICMP Stat Display stats and parameters of ICMP layer 
16 SNMP Stat Display stats and parameters of SNMP layer 
17 W Walk through MIB tree and print object values 
18 SetP Set SNMP parameters 
19 monV Monitor an SNMP variable in a stripchart 
20 Del Delete the monitoring proceess 
21 Lmon Set up monitoring process 
22 Smon Start monitoring process 
23 Help List choice of actions 

 
Firstly, it is necessary to assess the number and size of 
the output classes that have been formed, i.e. how 
many output nodes of the NN are used and how many 
input vectors are assigned to each of these. The results 
are easily rearranged, grouped and manipulated in 
order to make different comparisons. Results are 
reorganized and displayed by output node in order to 
visualise the input vectors clustered within each output 
class. The second stage is to establish which of the 
classes formed are major, significant and minority 
classes. Major classes are the most commonly used 
classes, significant classes are smaller but still 
populated sufficiently have an impact on conclusions, 
whereas minority classes are those that are only used 
once or twice and have little impact so are disregarded. 
Once the results are grouped by output class the key or 
dominant features of each group are established. A 
dominant feature is defined as a feature common to 
over 90% of the input vectors within that class. It may 
take a single value or a group of values, e.g. action 1 
(SI) or actions 2-6 (all IF type actions). A class maybe 
defined by a single dominant feature, such as an action, 



or by several, such as action and node. Where the 
dominant features are discussed the terminology 
{action ; node ; duration} is adopted. For example       
{ 12 ; 1/- ; - } represents an output class where a 
majority of the input vectors within this class are action 
12 (TCP C) implemented on an unspecific active node. 
 
1xEvent 

These results provide information on the significance 
of events. Table 5 summarises some of the classes that 
have an action or group of actions as a dominant 
feature along with their size (combined size where 
more than one class exists with the same feature).  

Table 5: Dominant Features for 1xEvent Results 
Action Number 

of classes 
Class size 

1 (SI) 4 813 

2 (IF St) 2 49 

3 (IF P) 1 47 

6 (IF Q) 1 10 

8 (IP A) 2 153 

9 (IP R) 1 169 

10 (IP ARP) 3 181 

12 (TCP C) 2 148 

21 (Lmon) 1 164 

17-23 (monitor actions) 5 146 

2-6 (IF actions) 2 200 

11-16 (TCP, UDP, ICMP and SNMP ) 1 13 

 

Action 1 (SI) is by far the most frequently used action. 
This is expected as this is the conventional method by 
which to obtain standard information regarding the 
network devices. Action 21 (Lmon) is also a common 
action which is also expected as this enables the 
monitoring of interface (network card) loads and is a 
common networking requirement. In respect to types of 
actions, it is the IP actions that are the most commonly 
applied, which implies a good use of commands. IP 
layer actions and action 12 (TCP C) reflect 
requirements to determine network topology through 
address structure and are encouraged methods of 
exploration. The groups of actions that appear as 
dominant features, include monitoring actions, IF 
actions and much less commonly, actions 11-16 (TCP, 
UDP, ICMP and SNMP layer actions). This illustrates 
a much more occasional use of these types of 
commands compared to other layers. 

Due to the way the NN has grouped certain inputs it is 
possible to compare classes that feature actions 
directed at an inactive node with those directed at 
active nodes. For example, the four output classes 
associated with action 1 (SI) are summarised in terms 
of their dominant features and size in Table 6. 

Table 6: Major Output Classes Featuring ‘SI’ 
Output Class Dominant Features Class Size 

5 {  1  ;  1/9  ; 1-5 } 64 

14 {  1  ;  0/0  ; 1    } 215 

16 {  1  ;  1/-  ; 1-7 } 455 

28 {  1  ;  0/0  ; -    } 79 

 

Classes 5 and 16 illustrate action 1 applied to an active 
node within the network and have a combined size of 
519. Classes 14 and 28 illustrate the same action but 
applied to an inactive node, and have a combined size 
of 294. The latter two classes imply inefficient practice 
or limited knowledge of the network structure and 
make up 36% of the total number of occurrences of this 
command. Similarly, for classes featuring action 8 (IP 
A) as an individual dominant feature, those featuring 
this action applied to an inactive node makes up 27% 
of the total. However for action 10 (IP ARP) the 
percentage of cases this action is applied to an inactive 
node, is only 9%.  

2xEvent and 3xEvent 

Where as the 1xEvent results are useful to determine 
the frequency of specific events, the 2xEvent and 
3xEvent results can be used to identify relationships 
between consecutive events.  
 
A strong relationship exists between action 1 (SI), and 
the monitoring actions. Several output classes 
(combined size of 241) have been created that illustrate 
this action both preceding and following a monitoring 
action. Another interesting observation is the formation 
of several output classes that feature inactive nodes as 
dominant features in consecutive events. For the 
2xEvent results, four output classes are formed that 
feature an inactive node in both events. One of these is 
a major class (size 105) and contains instances when 
the SI command is repeatedly implemented on an 
inactive node. This behaviour implies an ineffective 
use of the SI command, both due to its repetition and it 
being directed at an inactive node. Major classes where 
inactive nodes appear as dominant features in both 
events of an episode make up 7% of the overall major 
classes for the 2xEvent results. Extending this 
investigation to the 3xEvent results to determine how 
common it is that three consecutive events feature an 
inactive node, it is seen that four classes are formed. 
One is of a significant size (33) and again shows 
repeated use of the SI command on an inactive node. 
 
As expected from the 1xEvent results, the SI command 
features most prominently. For the 2xEvent results it is 
a dominant feature of four out of the fourteen major 
classes (45%) and is a dominant feature of both events 
in three of these.  
 



For the 3xEvent results, many of the classes formed are 
not defined by multiple specific dominant features. 
This is because although the input vector length has 
increased the vigilance parameter has remained the 
same in order to encourage a more generalised 
clustering of the input patterns. One interesting result is 
the output classes that highlight events that follow 
action 1 (SI) – i.e. what the trainee manager does once 
basic system information has been obtained. The most 
popular course of action following SI is a repetition of 
the same action (combined size 165). The network 
management simulator has a functionality that allows 
the selection of multiple nodes and the application of a 
single action to each of the nodes selected. Whilst this 
feature exists, it is not an efficient method for collating 
information on the network as redundant information is 
gathered and therefore has implications on the 
bandwidth required due to unnecessary network traffic 
being generated. The output classes discussed here, 
with the repetition of the command over 3 consecutive 
events, implies the use of this simulator feature, which 
in turn implies lack of consideration to the way in 
which the exploration of the network is conducted. In 
comparison, the preferred course of action to follow 
the SI action is the use of IP layer commands to 
provide a more thorough and yet directed interrogation 
of network devices. This does appear as a dominant 
feature, but less frequently than the repeated use of SI 
(combined size 49). 
 
CONCLUSIONS 

A novel method for the analysis of interactions 
between a network manager and a network 
management training platform has been presented. The 
method can be used to uncover hidden patterns in user 
behaviour and therefore provide novel insights into that 
behaviour. The output classes formed by the NN can be 
used to compare instances of good and bad practice 
and reveal patterns embedded within the data that are 
difficult to recognize through other methods. The 
results identified both commonly occurring 
combinations of events and other interesting, though 
less common, sequences of events. Whilst a great deal 
of information has been accumulated in relation to the 
commands or actions performed by the network 
manager as well as the nodes within the network that 
these actions are directed towards, little information 
has been gleaned on the duration of these events. A 
reason for this may be that a large proportion of the 
durations fall within the first few increments of the 
overall range of values (i.e. t0 and t1). It may be 
beneficial to re-address the coding scheme applied to 
this component of an event for it to be more influential 
in the forming of the output classes. 
 
A proposed development of the project intends to 
incorporate a more integrated pre-processing operation 
through the automatic creation of primary encoded data 
files at source. It is also intended to develop an on-line 
feedback system that responds to real-time operation of 

the simulated network with critiques in response to the 
approaches chosen by the trainee network manager. 
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ABSTRACT 
 
In 1965 Melzack and Wall proposed the influential gate 
control theory of pain.  This theory postulates that the 
substantia gelatinosa, located within the spinal cord, 
acts as a gate control mechanism which can influence 
the flow of information to the brain and thus impact on 
the pain experience. Subsequent research has, in 
general, supported this theory.  The theory presented is 
very explicit and the fact that pain is a poorly 
understood phenomenon suggests it is an ideal 
candidate for modelling.  Despite this, the utilisation of 
such techniques has been very limited.  This paper 
successfully replicates the mathematical model 
presented by Britton and Skevington, and expands on 
their work to make the model more biologically 
plausible and provide a basis for further work with this 
model.  
 
 
INTRODUCTION 
 
Pain is a personal subjective experience that requires 
psychological awareness and can occur without tissue 
damage.  By definition it is ‘an unpleasant sensory and 
emotional experience associated with actual or 
potential tissue damage, or described in terms of such 
damage’ (Merskey and Bogduk 1994).  This definition 
of pain clearly demonstrates the duality between the 
physiological and psychological experience.  It is 
probably due to this, that despite much research, pain 
remains a phenomenon that is poorly understood.  
Theories of pain all possess inadequacies and 
limitations and only explain part of the pain process.  
From these theories and their own observations Melzack 
and Wall (Melzack and Wall 1965) proposed the 
influential gate control theory (GCT).  With the 
inclusion of a descending control, it was possible to 
explain the variation in the pain felt between 
individuals, and how pain intensity is not in direct 
relation to tissue damage as cognitive, emotional, social 
and environmental factors can all influence pain.  This 
explicit theory made it feasible to express in a 
mathematical model (Britton et al. 1996; Britton and 

Skevington 1989).  However despite the success of this 
model this useful and powerful technique has not been 
utilised further in this field.  With more research now 
available on pain it seems appropriate to extend the 
model to ascertain if it is still successful. Firstly 
however, it needed to be replicated.  The following will 
give a brief outline of the processes involved in pain, 
limiting the review to only those involved with 
cutaneous stimulation.  An overview of the gate control 
theory (Melzack and Wall 1965) will be presented 
before considering the mathematical model (Britton et 
al. 1996; Britton and Skevington 1989) 
 
 
Physiology of Pain 
 
Studies that have used blocking techniques have implied 
the existence of specialised receptors that respond to 
tissue damage or to potential tissue damage (Bessou and 
Perl 1969; Burgess and Perl 1967).  The existence of 
these nociceptors, sensitive to a variety of different 
kinds of stimulus - thermal, mechanical and chemical - 
have been confirmed by subsequent studies (see review 
by Besson and Chaouch 1987).  When an adequate 
stimulus is applied to the skin, the receptors located here 
convert the physical energy into electrochemical energy.  
Information is then transmitted in the form of trains of 
action potentials (similar to pulse trains) via nerve fibres 
to the dorsal horn of the spinal cord, which then 
activates the associated transmission neuron, which is 
the first stage of the pathway to the cortex, and hence 
into consciousness.    
 
The fibres that convey information from the receptors 
consist of large myelinated (insulated) Aβ fibres and 
small unmyelinated and myelinated (C and Aδ 
respectively) fibres.   Aβ fibres are primarily involved 
in the transmission of non-painful sensation such as 
touch.  Aδ fibres are associated with well-localised 
sensations of sharp, pricking pain and also subserves 
pressure, crude touch, and temperature.  C fibres are 
involved in diffuse pain sensations that can be dull, 
poorly localised and persistent (Ochoa and Torebjork 
1989; Torebjork and Ochoa 1980) whilst also 
subserving temperature.  Pain is felt following 
stimulation of Aδ fibres (first pain), this then builds up 
and intensifies when C fibres are also activated (second 
pain).  
 



Dependent on their function, these fibres terminate in 
laminae I, II and V in the dorsal horn, which then 
activate associated neurons.  Of particular interest for 
pain are the wide dynamic range (WDR) neurons and 
the nociceptive specific (NS) neurons.  Receiving inputs 
from nociceptive and non-nociceptive fibres the WDR 
cells can be found in the deeper laminae of the dorsal 
horn.  Conversely the NS neurons can be found in the 
superficial laminae of the dorsal horn, receiving inputs 
from C fibre afferents.   
 
It is predominantly the lamina II (substantia gelatinosa 
(SG)) that Melzack and Wall (Melzack and Wall 1965) 
attribute with the gate mechanism, modulating the flow 
of  pain information to the brain, and directly affecting 
the pain experience.  Following peripheral stimulation, 
the afferent impulses from the large (Aβ) and small (C, 
Aδ) fibres are received directly at the SG and the first 
transmission (T) cells.  As illustrated by figures 1, the T 
cells also receive input from the inhibitory (I) and 
excitatory (E) interneurons that are located deep within 
the SG.  As well as large fibre input, the inhibitory 
interneuron also receives efferent information from the 
descending control.  In 1965 there was little evidence to 
verify the existence of such a descending control, 
however subsequent findings have supported it (see 
review by Fields and Basbaum 1999).  Initially just 
inhibition was thought to occur, however more recent 
evidence suggests that there is also a facilitatory action 
of efferent impulses on nociceptive transmission (Zhuo 
and Gebhart 1992).  On receiving the afferent impulses 
the T cells perform spatial and temporal summation of 
all the arriving impulses, which then triggers an action 
system, and it is this system that is responsible for the 
experience and behaviour of pain. 
 
Aβ 
   
  
 
 
 
 
 
 
 
C, Aδ  
 
 

Figures 1: The Basic Architecture of the Gate Control 
Theory used in the Mathematical Model of Pain; the 
filled arrows denote excitation, the unfilled arrows 

inhibition 
 
 
Modelling of pain 
 
The utilisation of computational models in the field of 
pain has been very limited. In 1981 Minamitani and 
Hagita (Minamitani and Hagita 1981) produced a neural 

network that was able to simulate the conduction 
mechanisms involved in pain.  Haeri at al (Haeri et al. 
2003)  produced an Artificial Neural Network (ANN) to 
model steady state behaviour of pain mechanisms and 
allow prediction of pain given a novel stimulus.  Britton 
and Skevington (Britton et al. 1996; Britton and 
Skevington 1989) used the explicit nature of the gate 
control theory to extrapolate the relevant features and 
translate it into a mathematical model. 
 
The mathematical model (Britton et al. 1996) was 
subjected to four simulations.  The first simulation was 
constant small fibre input with variable large fibre input.   
A successful simulation provides support for what has 
been mainly anecdotal evidence as independent 
stimulation of small and large fibres is difficult to 
achieve experimentally.  The next simulation Britton 
and Skevington completed involved small fibre input 
only.  This was to ascertain that as the small fibre input 
is increased so to does the T cell output at a rate slightly 
greater than linear.  Wind-up (Mendell 1966) was also 
simulated. This involves the repeated stimulation of C 
fibres resulting in a progressive increase in the T cell 
response. Evidence suggests that stimulation of 
glutamate receptors, in particular N-Methyl D Aspartate 
(NMDA) receptors are involved in the wind-up process 
and Birtton and Skevington were able to illustrate this 
relationship.  The last simulation was that of ramp-off, 
this occurs when the stimulus is ramped off causing a 
pulse of pain (Humphries et al. 1993; Humphries et al. 
1996).  Whilst the model produced expected results in 
line with the literature, certain assumptions were made 
in order to simplify the model, as laid out in figure 1. 
Inputs received by the T cell were from one large fibre 
(Aβ), one small fibre (C), one inhibitory neuron and one 
excitatory neuron, with no input from Aδ fibre.  
Neighbouring T cells were assumed to behave in the 
same way and that any input from Aδ would not affect 
the results.  Assumptions of this nature are common in 
order to simplify such complex processes whilst leaving 
the salient features intact, however, they render the 
model less biologically plausible.   
    
This paper replicates Britton and Skevington’s model 
and expands it further to ascertain if it is still successful.  
It will explore whether the neighbouring T cells behave 
in a similar fashion, and seek to resolve if an increase in 
T cells and associated cells greatly affects the results 
previously examined.  
 
 
METHOD 
 
Replication of the Mathematical Model 
 
Using the differential equations given by Britton and 
Skevington (Britton et al. 1996) the model was 
translated into MATLAB version 6.  The differential 
equations used were:    
    

Mid 
brain

E 

I 

T 



   τiVi =-(Vi-Vi0)+gli(xi)+gmi(xm)                (1) 
   τeVe =-(Ve-Ve0)+ gse(xs,Ve)                (2) 
   τtVt =-(Vt-Vt0)+gst(xs)+glt(xl) +get(xe)-git(xi)-gmt(xm)   (3) 
   τmVm =-(Vm-Vm)+gtm(xt)                   (4)
      
The precise nature of the equations used is as follows: 
 
   0.7Vi=-(Vi+70)+60tanh(θlixi)+40tanh[ƒm(Vm)]          (5)          
   0.7Ve=-(Ve+70)+40tanh(θsexs){1+2.9tanh[4ƒe(Ve)]} (6)    
   0.7Vt=-(Vt+70)+40tanh[{1-θse)xs]+40tanh[(1-θli)xl]+40     
              tanh[ƒe(Ve)]-40tanh[ƒi(Vi)]-40tanh[ƒm(Vm)]   (7)    
   0.7Vm= -(Vm+70)+40tanh[ƒt(Vt)]                (8) 
  

The mathematical model calculates the slow potential 
(Vj) for the inhibitory SG cell (1,5), the excitatory SG 
cell (2,6), T cell (3,7) and the midbrain (4,8).  The firing 
frequency (xj) at which the cell fires is a function of 
their slow potential, given by the function ƒ.  The 
qualitative features of ƒ and g (monotone increasing 
function) are presumed known and g◦ƒ is a saturating 
function, as the firing rate cannot increase indefinitely. 
In equation (6)  tanh[4ƒe(Ve)] is the NMDA component 
of the equation.  The resting potential of a cell is taken 
to be –70mV.  θli and θse denotes the amount of input 
that passes through the interneurons, whilst (1-θse) and 
(1-θli) represents the proportion passing through the T 
cell.  The output from the T cell is taken to be in direct 
relation to the pain experience, such that if the T cell 
exceeds its firing threshold of  -55mV then pain is felt. 
    
The input values of xs and xl given for the four 
simulations performed were: 
 
1. Constant small fibre input, variable large fibre input 

xs=2.0,  0.0≥xl≥3.0 
2. Small fibre input only 

xs=2 tanh t, xl=0.0 
3. Wind-up simulation 

xs=2.5 cos8(2πt) xl=0.1xs 
4. Ramp-off simulation 
 
                  2  if 0≤ t ≤7,  

xs=   10(7.2-t) if 7< t < 7.2, 
         0  if t ≥ 7.2, 

 
        
                  1  if 0≤ t ≤6,  

xl=   5(6.2-t) if 6< t < 6.2, 
         0  if t ≥ 6.2, 

 
 
 
Extension of the Model – Two Units 
 
The architecture of Britton and Skevington’s model, as 
described previously and shown in figures 1, assumed 
that neighbouring T cells behaved in the a similar way.  
To establish if this assumption was justified and to see if 

increasing the number of units would alter the T cell 
potential the model was extended.  The midbrain 
received input from more than one unit.  Each unit 
consisted of one small and one large fibre input, one 
inhibitory and one excitatory interneuron and one T cell. 
If two units were required then equations (5),(6) and (7) 
were repeated. The output from each T cell was then 
inputted into the differential equation for the midbrain. 
Thus the midbrain equation was as follows: 
 
   0.7Vm= -(Vm+70)+40tanh[ƒt(Vt)] +40tanh[ƒt1(Vt1)]  (9) 
 
A model consisting of two units was then constructed 
and the four simulations used previously were 
performed, recording the theoretical T cell potential to 
offer a direct comparison.  
 
 
Multiple Models 
 
The advantage of manually adding the units to the 
model, as described above, allows differing small and 
large fibre inputs to be fed into the differing units, 
which is something that will be explored in future work.  
The problem with such a model is that it is very time 
consuming. So a second model was produced that could 
perform the same simulations using N units.  
 
For this, a function was devised and completed in 
MATLAB to perform the addition of units to the 
equation.  Again the same values for simulation were 
used to offer a direct comparison and the number of 
units were increased in denominations of ten, until 50 
units completed, and then the number of units increased 
by 50 until 200 units had been implemented.  
 
 
RESULTS 
 
Replication of the Mathematical Model 
 
The differential equations proposed by Britton and 
Skevington were run on a mathematical program with 
four simulations being performed; variable large fibre 
input with a constant small fibre input, small fibre input 
only, wind up simulation and ramp off simulation.  The 
results produced were in accordance with Britton and 
Skevington’s (see Britton and Skevington 1996).  
Simulation 1 was repeated six times to record T cell 
potential over time; large fibre input was presented at 
0.5 through to 3.0 with increments of 0.5 with each 
pass. The results show that when large fibre input is at 
0.5 the T cell potential is approximately –20mV.  As the 
input increases, the T cell potential decreases to around 
–25mV.  When the input is run at 3.0, the T cell 
potential has increased back to –20mV 
 
 
 
 



Two Units 
 
The model was extended to include two units, each 
consisting of one large and one small fibre input, one 
inhibitory and one excitatory interneuron and one T cell 
that was inputted into the midbrain.  The T cell potential 
was then recorded, for each of the four simulations, as it 
is this that is taken to be indicative of the pain 
experienced.     
    
When the T cell potential is recorded against the 
increase in large fibre input with the small fibre 
stimulation held constant, there is very little difference 
in the results compared to when there is only one unit 
present (see figures 2).  It also shows that the T cell 
potential for the two neighbouring units is identical, as 
would have been predicted with this model.  
 

 
Figures 2: The Theoretical T Cell Potential for Two 
Units with Variable Large Fibre Input and Constant 

Small fibre stimulation 
 
When the same simulation was conducted, this time 
with the T cell potential plotted over time starting with 
large fibre input at 0.5 through to 3.0 increasing in 
increments of 0.5 there was a change in results between 
one and two units. In all cases the theoretical T cell 
potential was lower when there were two units present.  
The pattern of the T cell potential also differed; after an 
initial increase the T cell potential fell slightly before 
levelling off when two units were implemented (see 
figures 3).  In comparison, when there is only one unit 
present the T cell potential reaches its highest point and 
then levels out (see figures 4).  This offers further 
support to the gate control theory as it states that the 
gate is held in a relatively open position, so that 
information regarding pain can flow freely.  The large 
fibre input is known to be extremely effective in 
activating T cells.  The ensuing reduction in T cell 
activity is due to the activation of the inhibitory 
interneuron by the large fibre input and the descending 
control.  The levelling of the T cell potential occurs 
where the large and small fibre input counteracts one 
another. 
 

 
 

 
Figures 3: Theoretical T Cell Potential when Two Units 
Modelled with Large Fibre Input at 3.0 and Small Fibre 

Input at 2.0 

 
Figures 4: The Theoretical T Cell Potential when One 
Unit Modelled with Large Fibre Input at 3.0 and Small 

Fibre input at 2.0  
 

When there is only small fibre input, the T cell potential 
reaches a peak and then falls off very slightly.  The 
theoretical T cell output is also marginally lower then 
when compared to the results for only one unit.  
Inhibition would be expected to be less prevalent as 
there is no large fibre input.   Thus any occurrence of 
inhibition is due to the descending control, which 
influences the inhibitory interneuron.  There are no 
notable changes in the results for wind up, with the 
same pattern and T cell potential reported for two units 
as with one unit.  For ramp off, after the initial rise in T 
cell potential, there is a more marked decrease before 
the pulse of pain occurs.  The T cell potential for two 
units is also lower.  Given the previous results, this was 
perhaps not unexpected.  
 
 
Multiple units 
 
A function was developed in MATLAB to allow N 
number of units to be selected and the program would 
return the T cell potential for that number of units.  All 
units received the same input value from the small and 
large fibres and the four previously used simulations 
were performed.  As with previous results the first 
stimulation was run with T cell potential recorded over 



time. Figures 5 illustrates that when the units are 
increased to 10 there is a very different pattern that 
emerges for the T cell potential. After an initial rise 
followed by a fall in T cell potential, as seen previously, 
there is a further rise before it levels out.   At 200 units 
the T cell potential rises and falls several times before it 
levels out (see Figures 6).  What also becomes apparent 
is as the number of units is increased the T cell potential 
decreases.  When there is only one unit the T cell 
potential reached for simulation 1 when large fibre input 
is at 3.0 is approximately –20mV, by 200 units it is 
around –52mV just above the firing threshold of  -
55mV.  

 
Figures 5: The Theoretical T Cell Potential with 10 

Units, Large Fibre Input at 3.0 with Small Fibre Input at 
2.0 

 
Figures 6: The Theoretical T Cell Potential with 200 

Units, Large Fire Input at 3.0 with Small Fibre Input at 
2.0 

 
Similarly, for the remainder of the simulations; small 
fibre input only, windup and ramp off, a similar pattern 
emerged in that the T cell potential output decreased as 
the number of inputs increased.  Also the output pattern 
changed in that in the case of simulation 2, T cell 
potential after an initial rise, dropped and then rose 
again before it levelled out.  For windup, up to 50 units 
once the T cell potential had reached its peak the rise 
and fall in potential remained to the same levels.  
However, post 50 units although the T cell potential 
continued to rise and fall to the same levels, what was 

observed in between was a lesser rise in T cell potential 
followed by a slight decrease before increasing further. 
 
 
DISCUSSION 
 
The primary aims of this paper were to replicate the 
Britton and Skevington mathematical model for pain 
and extend this model further to be more biologically 
plausible.  The ability to replicate the model adds to the 
robustness of it and supports the model proposed.  With 
mathematical software available such as MATLAB it 
means that the model can be extended and manipulated 
with relative ease.  This has resulted in the production 
of a model that is now more biologically plausible and 
yet, although it has produced different results to those 
perhaps expected, it remains within the essence of 
Melzack and Wall’s paper.  Some of the results have 
also given rise to further questions.  In particular we 
refer to the multiple units and the reduction in the T cell 
potential when the number of units is significantly 
increased.  This leads to the suggestion that if the 
number of units were increased further then the T cells 
may fail to fire, or they might reach a saturation point 
from which they go no lower.  This indicates the 
importance of the level of input both in terms of the 
number of small and large fibres activated and their 
frequency.  From these observations a model is 
currently being produced that has multiple small and 
large fibre input, enabling further testing to ascertain 
their impact on the model.  
    
The inclusion of two units produced the results that 
would be expected in that the neighbouring T cells 
behaved in the same manner.  This was not unexpected 
as they received the same small and large fibre inputs.  
What is significant about the model is that it allows 
different input values to be attached to the small and 
large fibre inputs to each unit.  From this we are 
currently in process of simulating transcutaneous 
electrical nerve stimulation (TENS) and acupuncture.  
TENS works by high frequency, low amplitude 
stimulation of large peripheral fibres, whilst 
acupuncture involves low frequency, high amplitude 
stimulation of small Aδ fibres.  Stimulation as described 
by these methods produces modulation at the gate.  As 
acupuncture involves Aδ fibre activation a time delay 
needs to be implemented so that Aδ and C fibres 
(corresponding to first and second pain respectively) 
can be modelled. A model that is able to test the 
effectiveness of such pain relief techniques could have 
significant implications for how pain is treated.  There 
still remains much debate as to how effective these 
techniques are, the type of pain that it modulates, and at 
what point it fails to have any benefit (Sluka and Walsh 
2003). 
 
Despite its success the model has some very crucial 
limitations that we will endeavour to explore further.  
Firstly, the role of the midbrain is very simplified.  



Although a single pain centre in the brain has been 
refuted, imaging studies have made clear that there are 
many regions of the brain involved in the pain process, 
making it more similar to consciousness than to primary 
sensory modalities.  A previous neural network model 
(Minamitani and Hagita 1981) has explored some of the 
connections of the brain regions involved, and it 
remains something vital to any comprehensive model of 
pain.  Also the problem of chronic pain needs to be 
addressed.  So far the limited models produced have 
mainly focused on acute pain, as this is better 
understood.  However, it is chronic pain that causes 
many to suffer and modelling this could prove vital for 
research in this area.  Neural networks could provide the 
way forward for this, as plasticity would need to be a 
key feature.  One such suggestion is the use of chaotic 
neural networks, which are capable of modelling such 
plasticity (Picton et al. 2001). 
 
 
CONCLUSION 
 
The gate control theory (Melzack and Wall 1965) was 
the first to offer a resolution to the duality between the 
physiological and psychological experience present in 
the pain phenomenon.  The mathematical model 
successfully gives a good approximation of the inputs 
involved and how the inputs affect the related cells and 
activate them to produce pain.  However, in order to 
provide a more comprehensive model to explain acute 
and chronic pain further work is required to include 
multiple fibre input, plasticity and a comprehensive 
descending control.  The work completed so far 
certainly supports the utilisation of modelling in the 
field of pain. 
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ABSTRACT 

The paper discusses the simulation of pedestrian traffic 
flows in public buildings from a practical point of view: 
The models developed are intended for use in an 
operative early-warning system. They must be able to 
forecast how the situation will evolve in each room of 
the building for the near future. By evaluating possible 
measures they can be used as a tool that pro-actively 
avoids critical system states. A mesoscopic approach to 
creating these models is described and partially realized. 
It envisions groups of persons as modeling and 
simulation objects and thereby distinguishes between 
physical and logical (virtual) groups. The paper presents 
novel solutions to the modeling of both types of person 
groups. An example of a model described in XML and 
implemented with Java is demonstrated. 
 
INTRODUCTION 

Models for pedestrian traffic flows are often categorized 
by the type of moving objects used to represent the 
persons to be simulated. On the one hand there is 
macroscopic simulation used to model relatively large 
numbers of persons that are distributed in an abstract 
space. Analogous to gases and liquids, physical laws 
and therefore differential equations can describe their 
movement (Helbing 1997). In microscopic simulation 
on the other hand every moving object represents 
exactly one person. Thus even the smallest geometric 
detail of their movement can be considered. The most 
important members of the category of microscopic 
models are models based on cellular automata 
(Schreckenberg and Sharma 2002) and queuing systems 
in the form of analytical models or simulation models 
(Løvås 1994). 
The authors of this paper deal with the simulation of 
pedestrian traffic flows in conjunction with the 
development of a concept for an operative early-
warning system. This system monitors and controls 
pedestrian traffic flows in a public building which is a 
traffic junction for large quantities of travelers (Hanisch 
et al. 2003). Since the early-warning system operates 
online, the model must have specific properties: 
 

• The forecast interval is approximately one hour. 
• The results of the simulation contain information on 

the distribution of the amounts of persons in 
predefined rooms of the building. 

• The model is started at regular intervals, usually 
around 5 minutes. 

• Since it is based on direct measurements of 
pedestrian traffic flows in each room, the input data 
is an exact image of the current situation in the 
building. 

• All real and planned events are considered in every 
simulation run. This includes the arrival and 
departure of passengers as well as actions of the 
personnel controlling the pedestrian traffic flows. 

 
Critical analysis of the aforementioned categories 
concluded that none of them can be used for the 
development of models for an early-warning system. 
Macroscopic models based on differential equations 
seem to be too imprecise in this situation since normally 
they can only be used to describe the average, collective 
behavior of persons. The two types of microscopic 
models have a downside of relatively long computing 
times. Additionally, their level of detail does not match 
the level of detail at which processes in rooms of a 
building can be observed and described.  
 
A CLASS OF MESOSCOPIC MODELS 

The main idea behind the approach presented in this 
paper is that person groups are regarded as modeling 
and simulation objects. This approach can be called 
mesoscopic modeling and simulation because it is 
situated between the microscopic and the macroscopic 
methodology (Lerner et al. 2000). In this class of 
modeling, two kinds of person groups can be 
distinguished: physical groups (also real groups) 
correspond to person quantities actually in particular 
rooms. Adequate sensors can estimate the number of 
persons in a physical group and this number is used as 
input data for the simulation. Virtual or logical groups 
represent person groups whose members show similar 
behavior because they have the same intention (e.g. to 
board a specific train). The members of a logical group 
are normally divided among several physical groups. 
Consequently, every physical group typically consists of 
members of several logical groups. 
 



The simulation uses a discrete time with a step size of 
∆t, which in principle can also be variable. Two models 
have to be calculated in every time step, one for each 
kind of groups. Position changes of persons are mapped 
in the model for physical groups in such a way that new 
physical groups are formed at the end of each time 
step ∆t. Individual persons’ behavior such as choosing a 
new path is calculated in the model for logical groups 
and is statistically correlated with reality. The model of 
logical groups can be updated at the end of time step ∆t 
if a new group is needed or if an existing group can be 
discarded because it has no more members. 
 
IMPLEMENTATION OF MODELS FOR 
PEDESTRIAN TRAFFIC FLOWS 

Models based on differential equations are usually 
developed by applying simulators for continuous 
processes (e.g. MATLAB/Simulink). Any commercial 
simulator (e.g. Enterprise Dynamics or eM-Plant) is 
suitable for executing microscopic simulations in the 
form of queuing systems. Special tools like JCASim are 
used for microscopic models based on cellular 
automata. 
None of the features of these universal or special 
simulators constitutes an advantage when working with 
the category of mesoscopic models presented here. In 
fact, mesoscopic simulation requires the development of 
very specific algorithms. They are best implemented 
using a universal programming language, which leads to 
relatively high model performance, something 
extremely important for online simulations. 
As discussed below, another aspect of the development 
of mesoscopic models is the necessary flexibility of the 
model. This can be achieved by following the principle 
of data-based model creation and using XML as the 
modeling language. Among other things, this paper 
discusses the results of a data-based, Java-based 
implementation of a mesoscopic model for physical 
person groups based on the principle of dynamic route 
segmentation. 
 
EVENT-BASED GENERATION AND MODELING 
OF LOGICAL GROUPS 

A simple example is treated, in which one physical 
group of persons (passengers on a platform) consists of 
a simple sum of several logical person groups since all 
persons to be modeled are located in one room. The 
arrival and departure of two trains is represented by four 
events shown in table 1. 
 

Table 1: Description of Four Main Events 
 

Event 
name 

Event 
time Event description 

Ev1 13 min arrival of train 1 
Ev2 20 min departure of train 1 
Ev3 23 min arrival of train 2 
Ev4 31 min departure of train 2 

In systems where the inflow and outflow of person 
quantities are caused by means of transportation, most 
logical groups are formed by concrete events. Table 2, 
figures 1 and 2 show the eight processes that can be 
inferred from the events of table 1 (Pax is an 
abbreviation for the word “passengers”). Groups of 
departing persons are set up and populated before the 
corresponding events take place (processes Pr1 and 
Pr5). Likewise, every new group of arriving persons 
appears immediately after the occurrence of the 
corresponding event (processes Pr2 and Pr6). 
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Figure 1: Observation Points for Eight Processes 
on a Platform 

 
The model of behavior shown in figure 2 for four 
logical groups is simple but not trivial. For example, it 
takes into account that while a part of the group 
“boarding train 1” is already inside the wagon, the rest 
of this group may still be on its way to the train (the 
processes Pr1 and Pr3 overlap for two minutes). 
Moreover, the model contains 20 persons who change 
trains: 100 persons arrive with train 1 (process Pr2) but 
only 80 of them leave the platform (process Pr4) 
because the remaining 20 persons are waiting for 
train 2. The length of the platform is assumed to be such 
that the first person who has left a particular train can 
leave the platform after a three minute walk (offset 
between the beginnings of Pr2 and Pr4). 
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Figure 2: Cumulative Pax Quantities for Eight 

Processes on a Platform 
 
 

 



Table 2: Description of Eight Processes on the Platform  
 

Process 
name 

Start 
time 

End 
time 

Number 
of pax 

Flow 
direction Process description 

Pr1 0 17 200 input The pax are coming onto the platform to board train 1 
Pr2 13 15 100 input The pax are deboarding train 1 
Pr3 15 20 200 output The pax are boarding train 1 
Pr4 16 19 80 output The pax who have arrived with train 1 are leaving the platform 
Pr5 10 27 120 input The pax are coming onto the platform to board train 2 
Pr6 23 25 100 input The pax are deboarding train 2 
Pr7 25 31 140 output The pax are boarding train 2 
Pr8 26 30 100 output The pax who have arrived with train 2 are leaving the platform 
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Figure 3: Calculation of the Entire Pax Quantity on the Platform 
 

 
The characteristic of the process description in figure 2 
is the use of cumulative person quantities as indicators. 
It has been demonstrated in (Tolujew 2003) that these 
dynamic indicators can be used as operands in 
arithmetic and algebraic operations. Figure 3 illustrates 
the last operation, which calculates the number of 
persons on the platform during the entire duration of the 
process. The four input and output processes were 
accumulated beforehand. The dynamic of the person 
quantity on the platform shown in the diagram 
“contents” is a precise result directly inferred from the 
specified processes Pr1 – Pr8. 
 
MESOSCOPIC SIMULATION OF THE 
MOVEMENT OF PERSON GROUPS 

The mesoscopic model consists of four basic 
components shown in table 3. They can be linked freely, 
i.e. each component can be reached from and may lead 
to any other component. Components can also be linked 
to themselves. 
It is assumed that, in one time step, every component is 
capable of accepting any input quantity. The movement 
of persons is modeled using the component passageway, 
a unidirectional connection between two points in the 
real room. Using passageways as a model for pedestrian 
movement presupposes three assumptions: 
 
• The time progresses in equidistant time intervals ∆t. 
• The situation depicted in the passageway is the one 

at the end of each time interval. 
• A passageway is composed of several parallel 

“virtual tracks”, each of which is assigned a 
specific velocity. Thus, any velocity distribution 
can be approximated by defining several tracks 

with different velocities. The number of tracks 
depends on the model precision required. 

 
Table 3: Basic Components of the Mesoscopic Model 

 
Component

class 
Component 

function 
Examples 

Source Fills the model 
with persons 

An arriving train; 
Main entrance of 

the building 
Sink Removes persons 

from the model 
A departing train; 
Door to parking 

lot 
Service 
station 

Delays persons  Ticket counters; 
Security 

checkpoints 
Passageway Models distances 

between compo-
nents. Persons are 
delayed until they 
have covered the 
distance. 

Transfer from 
platform A to 
platform B 

 
A track is characterized by the length l of the 
passageway and the specific velocity v of the persons on 
this track. All persons on the track advance a distance of 
v·∆t during the time ∆t. This distance defines the length 
of the so-called segments, into which every track is 
divided. The number of segments in a track is 
m = l/(v·∆t); the result of the division is rounded up to 
the next integer. As a result, the total length of all m 
segments (m·v·∆t) may be longer than the length of the 



passageway l. In this case, a part of the last segment 
(segment number m) is outside the track. 
Figure 4 shows an example of a track with three 
segments (m=3). Additionally, a virtual forth segment is 
defined (segment number m+1) to calculate the output 
quantity of this track at each time interval. The terms 
s1,…,s4 are used to name the length of each segment. 
The terms n1,...,n3 represent the number of persons in 
the respective segment at the end of the time step ∆t. 
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Figure 4: Basic model of one track of a tracked route in 
the mesoscopic approach using the method of 
dynamic route segmentation 

 
Figure 4 illustrates the operation of one track during 
five time steps ∆t. During the first time step, n1 persons 
enter the track, indicated by the hatched area. The first 
few representatives of this quantity leave the track 
during the third time step; their number equals the 
hatched area behind the boundary of the passageway. 
During the time units 4 and 5 the output quantity of the 
track is the sum of two segment quantities (old output 
and new output). 
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Figure 5: Basic model of a tracked route as a 
composition of several tracks 

 
As stated before, each passageway consists of several 
tracks. Figure 5 illustrates the modeling of a 
passageway consisting of three tracks. The label “T3-1” 
denotes “Track 3, Segment 1”. The input quantities of 
the passageway are split between the tracks according to 
the specified statistical distribution of movement 
speeds. The output quantities of the entire passageway 
are the sum of the outputs of the different tracks. 
 
 

IMPLEMENTATION AND VERIFICATION OF  
A TEST MODEL 

In order to test both the accuracy and performance of 
our mesoscopic approach, a prototype simulator for the 
movement of physical groups was designed and 
implemented. It is intended to be used in a control 
center of a train station or an airport to deliver 
information on expected system behavior to a decision 
support system. If the simulation predicts a critical state 
(e.g. check-in times at counter 4 will grow too long; 
room A5 will become too full), the decision support 
system proposes solutions and presents their simulated 
results to the control center users, who can then decide 
which alternative is best.  
The data needed in order to run the simulation is 
distributed across several independent data sources: 
 
• The model structure must be inferred from a 

database that contains information about both the 
building’s structural design and its present state 
(e.g. malfunctions). 

• The current number of passengers in each room, 
line and so on is measured by online sensors.  

• Future events such as planned arrivals of 
passengers are stored in the transportation carriers’ 
booking systems. Further, the building state 
database contains information on events that 
influence the model structure, e.g. the temporary 
shutdown of an elevator due to maintenance work. 

• Past events may influence the simulation, for 
example, passengers deboarding a train that has 
recently entered the train station. Future 
consequences of past events are calculated by a 
coupled logical group simulator, which has yet to 
be implemented. 

• The simulator also provides routing information for 
the different person groups since the physical group 
simulator does not dynamically assign targets to 
person groups. Until the logical group simulator is 
implemented, only static routing is possible.  

• The external optimizer or decision support system 
initiates the simulation run and thus provides 
relevant simulation control parameters. 

 
In view of the variety of data sources, data collection is 
done by independent programs or so-called agents that 
collect the necessary data and provide it to the simulator 
(Hanisch et al 2004). The strength of this design is its 
flexibility: The simulator remains unaffected by any 
change of data sources; only the data collecting agent 
has to be adjusted. 
Data collection is triggered before each simulation run. 
While XML is the de-facto standard for cross-platform, 
cross-vendor information exchange, it is also a good 
format for describing simulation systems (Wiedemann 
2002). The prototype uses XML to transfer the results of 
data collection from the agents to the simulator. XML is 
also used to describe all simulation control parameters, 
which leads to a completely data-driven simulation.  



To illustrate this technique, consider the (very basic) 
model presented in figure 6 and its corresponding XML 
notation in listing 1. Note that no additional information 
is needed in order to run the simulation and that the 
results of the simulation can be saved in various data 
formats such as XML files and Microsoft Excel 
worksheets. Of course, additional input data (events, the 
current system state, etc.) can be supplied.  
 
<simulation> 
 <model> 
  <metainfo>[…]</metainfo> 

  <elements> 
   <element name="entry"> 
    <source> 
     <constOut>60</constOut> 
    </source>  
   </element> 

   <element name="Segmented Way"> 
    <passageway> 
     <length>200</length> 
     <speed>1</speed> 
     <speed>1.5</speed> 
    </passageway> 
   </element> 

   <element name="exit"> 
    <sink/> 
   </element> 
  </elements> 

  <links> 
   <link from="entry" to="way"/> 
   <link from="way" to="exit" weight="0.8"/> 
   <link from="way" to="way" weight="0.2"/> 
  </links>  

  <units> 
   <time>min</time> 
   <distance>m</distance> 
   <speed>m/s</speed> 
   <persons>pax</persons> 
  </units> 
 </model> 

 <simulationControl> 
  <starttime>0</starttime> 
  <endtime>120</endtime> 
  <stepsize>1</stepsize> 
 </simulationControl> 

 <reporting> 
  <report type="excel">[…]</report> 
  <report type="xml">[…]</report> 
  </reporting> 

</simulation> 
 

 
Listing 1: XML Source Code of a Simulation Run 

of the Simple Circle Example 
 
As one can imagine, the XML simulation files for 
complicated model structures become relatively large. 
The model the authors used to measure the performance 
of the prototype consists of 70 service stations, 60 
routes and 25,000 passengers, and resulted in 550 lines 
of XML code. Nevertheless, the simulation setup 
averaged out at less than one second on an 800 MHz 
machine. It took about 0.8 seconds to simulate one hour 
of real process. This time is almost independent of the 
amount of passengers that are simulated, because in the 
model passengers are represented by numbers rather 
than by individual objects. That means that the running 
time for 1,000 passengers and 100,000 passengers will 
be as good as equal, if one hour of real process is 
modeled in both cases. To compare this performance 
with conventional micro-simulation, an eM-Plant model 

was tested on the same machine. It took about three 
seconds to simulate 2,500 passengers; while a run with 
all 25,000 passengers usually needed more than 30 
seconds.  
 

 
Figure 6: Simulation Model containing  

a Simple Circle 
 
 
CONCLUSIONS AND FUTURE WORK 

With its rather simple models, the mesoscopic approach 
presented outperforms classical microscopic simulation 
systems. Yet, it is fairly precise, allowing it to be used 
in any domain where both accuracy and speed are 
important. 
One future step to improve the physical group simulator 
will be implementing the overcrowding of passageways. 
The main idea is to reduce the movement speed of the 
persons on an overcrowded route by a factor that is a 
function of the route’s nominal capacity and its current 
load. Another step will be to implement the concept of 
rooms since they determine the amount of space 
available. This will make it possible to calculate the so-
called level of comfort, indicating whether rooms are too 
empty or too full. 
The most important task is to design and implement a 
simulator for logical groups and to couple it to the 
simulator for physical groups. The prototype will then 
be able to simulate pedestrian traffic flows with a 
dynamic model that changes during run time. Imagine, 
for example, the simulation is notified that an escalator 
is out of order. The simulation time is returned to the 
corresponding position and the simulation model is 
simply adjusted to the new conditions. Another example 
is the simulation of pedestrian traffic flows when a 
suspicious piece of luggage is found. In this case, some 
passageways or service stations have to be blocked 
while other, alternative routes are opened. In our model, 
the event can be placed anywhere in the future, resulting 
in immediate changes to the model at the precise time of 
the incident. As a result, together with its data-based 
model creation, the mesoscopic approach offers a level 
of flexibility that at the least is uncommon for classical 
industrial simulation systems.  
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ABSTRACT 

   Research into multi-agent systems has increased over 
several years, leading to demand for multi-agent system 
simulators to investigate the interaction between 
different agents and their environment. The more 
complex and intelligent the agents become, the more 
difficult it is to simulate them. Distributing the 
simulation across different processors would improve its 
performance. This paper describes the implementation 
of a multi-agent test-bed called TileWorld on a 
distributed blackboard system, DARBS. The slow-down 
of the simulator on a single processor has been 
measured as the number of agents increases, and the 
likely effect of migrating to a multiple-processor system 
is assessed. 

1. INTRODUCTION 

   Research in multi-agent systems is currently on the 
increase. Investigating the behaviour of the agents’ 
interaction with each other and with the environment is 
inevitably part of this research. There is a need for a 
test-bed to simulate the agents in an artificial 
environment that can be both dynamic and static. 
TileWorld (Pollack and Ringuette 1990) is a well-
established test-bed for agent systems and MA-
TileWorld (Ephrati et al. 1995) is its multi-agent version. 
 
   Unfortunately, this type of simulation becomes 
processor-intensive as the number of agents is increased. 
An ideal solution to this would be to distribute the 
agents across different processors. A distributed 
blackboard system such as DARBS (Distributed 
Algorithmic and Rule-based Blackboard System) (Nolle 
et al. 2001) would be a suitable architecture.  

1.1 TileWorld Test-bed 

   From here onwards, MA-TileWorld will simply be 
referred to as TileWorld. In this test-bed, the world is 
set up as a two dimensional grid. There are agents, tiles, 

holes, and obstacles in the TileWorld. The objective of 
the agents is to score as many points as possible. They 
score points by moving around the TileWorld to find 
and pick up tiles which they put into holes. The agents 
have a limited view of the TileWorld. The viewing 
radius is a variable that can be set. For example, in the 
DARBS TileWorld test-bed, the agents have a viewing 
radius of 5 cells. Each cell can only be occupied by one 
agent at a time. Agents cannot move to a cell with an 
obstacle in it. An example of a 10 × 10 TileWorld is 
shown in Figure 1. 
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Figure 1: A 10 × 10 TileWorld 

   The holes, obstacles, and tiles in the TileWorld can 
change dynamically, i.e. they can appear and disappear 
in different locations in the TileWorld. The rate of 
change is set by a variable, and this can be used to 
reflect the dynamically changing real-world 
environment. The TileWorld test-bed has been widely 
used to test the behaviour and interaction of multiple 
agents in a dynamic environment (Lees et al. 2003; 
Kinny et al. 1992). There is also a variant of the original 
TileWorld test-bed that includes “gas station” objects to 
top up the resources of the agents (Uhrmacher and 
Schattenberg 1998). In this variant, the agent’s 
resource-management skill is investigated by making 
each move consume fuel. Carrying a tile would cause 
the agent to consume more fuel. Therefore the agent 
would need to balance the consumption of resources 
with scoring points. 



1.2 DARBS 

   A blackboard system is an artificial intelligence (AI) 
technique that is analogous to a team of experts who 
communicate their ideas by writing them on a 
blackboard (Engelmore and Morgan 1988). The experts 
are represented by sets of rules, conventional procedures, 
neural networks, or other program modules. These 
modules are termed knowledge sources (KS). The 
blackboard is an area of global memory containing 
evolving information. The system’s current state of 
understanding of a problem is stored here as it develops 
from a set of data towards a conclusion. DARBS is a 
distributed blackboard system developed at the Open 
University and the Nottingham Trent University (Nolle 
et al. 2001). The original non-distributed blackboard 
system was called ARBS and was run on a single 
processor machine (Hopgood et al. 1998). 
 
   DARBS was selected for this work as it is a research-
based distributed blackboard system that does not have 
a central control module. Commercially available 
distributed blackboard systems were not considered 
owing to their cost and the limitations on access to their 
source code. 
 
   In DARBS, the blackboard system is modelled on the 
client/server model where the blackboard (BB) is the 
server and the KSs are the clients. Therefore, DARBS 
can be seen as a distributed blackboard system with the 
blackboard server running on one PC and other KS 
clients running on different PCs. This allows different 
KSs to run in parallel and thus to be truly opportunistic 
(Engelmore and Morgan 1988). For this reason, 
DARBS may also be considered as a multi-agent 
collaborative system (Jennings and Wooldridge 1998). 
Different KS clients on different PCs can work 
independently, in keeping with the TileWorld test-bed 
where each agent can be run as a separate KS client  
 
   DARBS does not have a control module and as such 
uses broadcast messages to inform other KSs that a 
change in a particular partition of the blackboard has 
occurred. It is then up to the KS to decide what to do. It 
may either stop what it is doing and check exactly what 
has changed or it may finish what it is doing and then 
check. 

1.3 Design criteria 

   One of the benefits of the blackboard architecture is 
that there is central storage of information about the 
current problem. All KSs store their working memory 
on the blackboard, visibly to other KSs or users. New 
KSs can then be developed that can make use of this 
information or the information can be use for debugging 
purposes. A balance is needed, as too little information 
on the blackboard defeats the purpose of central storage 
and too much information would create a great 
communication overhead. Partitioning the information 
on the blackboard can help, but again there is a balance. 

   Too much information on a single partition would 
slow down the blackboard server in searching for the 
information, and too many partitions would cause the 
KS clients to monitor more partitions for changes. 
 
   The format of the information stored on the 
blackboard is also important. The more intelligible the 
information, the greater the amount of data that is used 
to store it and the more data the communication channel 
has to send. Also putting the information in a format 
that is difficult to search or query would slow down the 
overall system. With all these criteria in mind, 
TileWorld was designed and implemented on DARBS. 

2. DESIGNING TILEWORLD ON DARBS 

   The natural way the TileWorld test-bed fits a 
blackboard system made it ideal for DARBS. In the 
TileWorld environment all the agents and other objects 
interact with each other and hence the agents can be 
directly implemented as KS clients and the world itself 
can reside on the blackboard.  This gave all the agents 
equal access to view and change the world, thus 
allowing true parallel agent simulations. The setup of 
the TileWorld on DARBS is as shown in Figure 2. The 
Initiator KS is the KS that sets up the TileWorld with its 
parameters and generates the world. The Display 
TileWorld KS displays the TileWorld and its contents in 
a graphical format so that it is easy for users to view the 
simulation. The display KS also needs to keep track of 
the changes in the world and make sure that the 
graphical representation is as up-to-date as possible. 
Each Agent KS controls their respective agent on the 
TileWorld and makes changes to the world according to 
the behaviours that are coded in them. 
 

 
Figure 2: TileWorld on DARBS 

   To simplify the design, the objects in the TileWorld 
(i.e. tiles, holes, and obstacles) cannot move themselves. 
However, it is possible to make the objects in the 
TileWorld dynamic, i.e. appear and disappear with time 
by simply adding another KS that uses a probability rate 
to change the number and position of tiles, holes, and 
obstacles in the TileWorld. A benefit of the blackboard 
architecture is that new KSs can easily be added to 
provide more agents or to change the way the TileWorld 
is being simulated. 
 

BLACKBOARD 

Agent 1 
KS

Initiator KS Display 
Tileworld KS

. . . . Agent n 
KS



   Careful organisation of the data on the blackboard is 
required to make sure that the agents and all other KSs 
can interact with each other properly through the 
blackboard. The organisation of the data also needs to 
minimise the number of partitions with which a 
particular KS works. This is to reduce the number of 
times the KS needs to restart, since a KS restarts 
whenever a partition that is it working with has changed. 
As mentioned earlier, the format of the data on the 
blackboard also needs to be carefully constructed so that 
queries from the KS clients are as easy, efficient and 
legible as possible. With these criteria in mind, the 
blackboard was partitioned as shown in Figure 3.  The 
most important data string format is the one on the 
TileWorld Environment partition, for example: 
 
[Location 1 , 4 contains Agent 1 , NO HOLE , NO 
OBSTACLE , NO TILE ] 
[Location 1 , 5 contains NO AGENT , Hole 1 , NO 
OBSTACLE , NO TILE ] 

[Location 1 , 6 contains NO AGENT , NO HOLE , 
Obstacle 1 , NO TILE ] 
[Location 2 , 4 contains NO AGENT , NO HOLE , NO 
OBSTACLE , Tile 1 ] 
 
   The order of objects is fixed as Agent-Hole-Obstacle-
Tile to facilitate queries from the KSs. If the location 
contains an agent then “Agent x” where x is the number 
of the agent would replace “NO AGENT”, and similarly 
for holes, obstacles and tiles.   
 
   As can be seen in Figure 3, all Agent KSs can access 
the TileWorld Environment partition and, in theory, can 
see the whole TileWorld.  This could be argued to be an 
incorrect implementation of the TileWorld test-bed, but 
it is assumed that all agents are benevolent and will only 
access those areas of the TileWorld Environment 
partition that they are intended to. 
 

 

General content of partition 
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The actual contents of the TileWorld TileWorld Environment 

Access by Display 
TileWorld KS 
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Figure 3: Partitions on the Blackboard 

 



3. IMPLEMENTING THE TILEWORLD 

   Three types of KSs were implemented in DARBS for 
this TileWorld test-bed: Initiator KS, Display TileWorld 
KS, and Agent KS. A screen capture of the TileWorld 
running on DARBS is shown in Figure 4. Each is 
implemented as a rule-based KS, described below. 
 

 
Figure 4: Screen Capture of TileWorld on DARBS 

3.1 Initiator KS 

   The main purpose of the Initiator KS is to setup the 
parameters of the TileWorld and to generate the world 
from the parameters. The two main rules of this KS and 
their functions are: 

• Init_TileWorld 
o Set the size of the TileWorld 
o Set the number of agents in the TileWorld 
o Set the number of holes in the TileWorld 
o Set the number of obstacles in the 

TileWorld 
o Set the number of tiles in the TileWorld 

• Create_TileWorld 
o Generate a random position within the 

TileWorld for each of the agents, holes, 
obstacles, and tiles. 

o Store this information on the blackboard. 
 
   The FIRABILITY_FLAG of this KS is set to true, 
which means that this KS will run only once unless a 
change occurs in the partition in which it is interested. 

3.2 Display TileWorld KS 

   The main purpose of the Display TileWorld KS is to 
display the content of the TileWorld in a graphical form. 
This is done with the help of the Qt library from 
Trolltech (Dalheimer 2002). The Qt library provides the 
graphical function calls for drawing and updating the 
graphical TileWorld with its agents, holes, obstacles and 
tiles. The rules in this KS and their functions are as 
follows: 
Display_Initial_Screen 

o Draw the TileWorld grid and label it 

• Update_Agent_Display 
o Find the location of all the agents in the 

TileWorld from the blackboard and 
display them accordingly. 

• Update_Hole_Display 
o Find the location of all the holes in the 

TileWorld from the blackboard and 
display them accordingly. 

• Update_Obstacle_Display 
o Find the location of all the obstacles in the 

TileWorld from the blackboard and 
display them accordingly. 

• Update_Tile_Display 
o Find the location of all the tiles in the 

TileWorld from the blackboard and 
display them accordingly. 

• Update_Total_Objects_Display 
o Find the objects that are currently being 

display in the TileWorld. 
• Update_Deleted_Tile 

o Delete the objects that are no longer on the 
blackboard from the displayed TileWorld. 

 
   The FIRABILITY_FLAG of this KS is also set to true. 

3.3 Agent KS 

   The Agent KSs control the agents in the TileWorld. 
There is a set of 31 rules for each agent in the TileWorld. 
The behaviour and intelligence of the agent are coded in 
the following rules (all rules are listed here, and the 
function of selected rules is explained): 

• Initialise_Agent 
• Update_Internal_Status 
• Generate_SearchSpace_State 
• Look_At_Environment_State1 
• Look_At_Environment_State2 
• Is_It_Exploring_State 

o Change the agent state to Exploring state if 
the agent is in Thinking state and the agent 
is currently carrying no tile and there is no 
tile within the viewing range OR 

o Change the agent state to Exploring state if 
the agent is in Thinking state and the agent 
is currently carrying a tile and there is no 
hole within the viewing range. 

• Is_It_Moving_To_Tile_State 
o Change the agent state to Moving To Tile 

state if the agent is in Thinking state and 
the agent is not carrying a tile and there is 
a tile within the viewing range and the tile 
is not on the same grid as the agent. 

• Is_It_Hole_Filling_State 
• Is_It_Moving_To_Hole_State 

o Change the agent state to Moving To Hole 
state if the agent is in Thinking state and 
the agent is carrying a tile and there is a 
hole within the viewing range and the hole 
is not on the same grid as the agent. 

• Is_It_Picking_Up_Tile_State 



• Generate_Possible_Moves 
• Is_North_Move_Valid 
• Is_North_Move_NotValid 
• Is_East_Move_Valid 
• Is_East_Move_NotValid 
• Is_South_Move_Valid 
• Is_South_Move_NotValid 
• Is_West_Move_Valid 
• Is_West_Move_NotValid 
• Exploring_State 

o Generate a random step based on the 
possible moves and the last made move. 
Store the random generated step on the 
agent’s state of mind partition. Change 
agent’s Exploring state to Making A Move 
state. 

• Moving_To_Tile_State 
• Moving_To_Hole_State 
• Get_Tile_Distance_State 
• Get_Hole_Distance_State 
• Find_Closest_Tile_State 
• Find_Closest_Hole_State 
• Generate_Step_Closer_To_Tile_State 
• Generate_Step_Closer_To_Hole_State 
• Pick_Up_Tile_State 
• Hole_Filling_State 

o Drop the tile it is carrying into the hole it 
is standing on and recalculate the agent’s 
score. Change agent’s state back to 
Generate Searchspace state. 

• Making_Move_State 
 
   The FIRABILITY_FLAG of this KS is set to 
true_always, which means that this KS runs 
continuously and restarts if a change occurs in the 
partition in which it is interested. 

4. TESTS AND RESULTS 

   A preliminary test has been carried out on a single 
Intel Pentium 4 2.8GHz processor with 1GB of DDR 
RAM running the Red Hat 9 Linux operating system. 
All the agents in the TileWorld have a viewing radius of 
two cells. An 18 × 18 TileWorld was run with 30 
obstacles, 15 tiles, and 25 holes. The position of the 
obstacles, tiles, and holes, and the initial position of the 
agents were all randomly generated using the C++ 
standard random number generator function, rand() with 
a seed of 10. The TileWorld test-bed was run with one, 
two, three, four, and five agents. For all the runs, the 
average time taken for an agent to make a move was 
calculated over 10 moves. The time per move was 
calculated by subtracting the time of an agent’s move 
from the time of its subsequent move. An agent is 
considered to make a move when it has changed the 
TileWorld environment (i.e. moved to another cell, 
picked up a tile, or dropped a tile into a hole). Restarts 
due to the TileWorld being changed by other agents are 
not considered as moves. Figure 5 shows the average 

time per move normalised to a single-agent TileWorld’s 
average time per move. 
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Figure 5: Normalised Single Processor Slow-down 

Factor 

   In Figure 5, an exponential function is fitted to the 
results of the agent simulation on the TileWorld. This 
shows that the slow down is approximately exponential 
as the number of agents being simulated increases.  This 
is as expected, as the single processor has to time-slice 
between more processes as the number of agents 
increases. Another reason for the slow down is that as 
the number of agents increases, the number of restarts 
each agent has to make increases, thus increasing the 
time required for each agent to make a move. This can 
be improved by having more intelligent restarts, for 
example by checking whether changes to the partition 
affect the current thinking of the agent, and if so to what 
extent, before deciding to restart again.   
 
   A multi-processor test is currently in preparation. This 
is expected to show a less marked slow down in 
simulation as the number of agents increases. It is 
inevitable that there will be some slow down as the 
number of agents increases because there will be 
communication overheads and access contention 
between agents for the blackboard. One way of reducing 
this is to reduce the amount of information stored on the 
blackboard. However, this would conflict with the 
concept of openness of information on the blackboard, 
which provides upgradeability and helps users to 
understand what is happening in the simulation. 
Therefore a balance needs to be struck between the 
amount of information to be stored on the blackboard 
and the speed of the simulation. 

5. CONCLUSIONS AND FUTURE WORK 

   The TileWorld test-bed has been successfully 
implemented on DARBS running on a single PC using 
the Linux operating system. It is expected that the slow 
performance will improve when this system is run in 
parallel on separate PCs connected together via TCP/IP 
as the load of the extra agents would be distributed over 



the separate PCs. The speedup factor between n agents 
in a single processor and n agents in multi-processors 
can then be compared and evaluated. Further tests will 
be carried out to investigate the causes of slowness and, 
where possible, improvements to the system will be 
made. One cause of slowness is that the KS tries to fire 
all the rules even when certain rules are known 
beforehand to be dependent on other rules. A rule 
dependency table (Hopgood 1994) can be created before 
runtime to prevent the KS from trying to fire any rule 
until the rules upon which it depends have fired. 
 
   An improvement for this TileWorld test-bed would be 
to have another KS that relays what the agent sees from 
the TileWorld Environment partition onto the Agent 
View partition.  In this way, the agent would have no 
direct access to the TileWorld Environment partition 
other than making a move on the TileWorld.  This 
would make it easier to implement intelligent restarts as 
the Agent KS would only need to restart on changes to 
the Agent View partition and could ignore changes to 
the TileWorld Environment partition.   
 
   Another consideration is the way the KS checks 
whether a rule’s condition is met. The current 
implementation checks every sub-condition before 
evaluating whether the composite condition is true.  
This can be improved on by evaluating the composite 
condition as it checks each sub-condition. Consider the 
following example: 
IF 
[ 
 condition1 
 AND 
 condition2 
 AND 
 condition3 
] 
THEN 
[ 
 actions 
] 
 
   The KS can stop checking condition2 and condition3 
if condition1 is false because the composite condition 
will be false. This type of on-the-fly evaluating would 
reduce the number of messages sent to the blackboard 
as each condition-check requires the KS to send a 
message to the blackboard. The use of on-the-fly 
evaluation can reduce the communication traffic, thus 
allowing other KSs to send and receive messages faster. 
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ABSTRACT 

A new continuous learning method is used to optimise 
the selection of services in response to user requests in 
an active computer network simulation environment. 
The learning is an enhanced version of the ‘snap-drift’ 
algorithm, which employs the complementary concepts 
of fast, minimalist (snap) learning and slower drift 
(towards the input patterns) learning, in a non-stationary 
environment where new patterns arrive continually. 
Snap is based on Adaptive Resonance Theory, and drift 
on Learning Vector Quantisation. The new algorithm 
swaps its learning style between these two self-
organisational modes when declining performance is 
detected, but maintains the same learning mode during 
episodes of improved performance. Performance 
updates occur at the end of each epoch. Reinforcement 
is implemented by enabling learning on any given 
pattern with a probability that increases linearly with 
declining performance. This method, which is capable 
of rapid re-learning, is used in the design of a modular 
neural network system: Performance-guided Adaptive 
Resonance Theory (P-ART). Simulations demonstrate 
the learning is stable, and able to discover alternative 
solutions in rapid response to new performance 
requirements and significant changes in the stream of 
input patterns.    
 
INTRODUCTION  

The Adaptive Resonance Theory (ART) Network  

Developments (Carpenter and Grossberg 1987a) of the 
original ART (Grossberg, 1976a; Grossberg 1976b) 
networks include ART1 that self-organises recognition 

categories for arbitrary sequences of binary input 
sequences; and ART2 which does the same for either 
binary or analogue inputs (Carpenter and Grossberg 
1987b). Subsequently,  ART3 (Carpenter and Grossberg 
1990) has been used to implement parallel searches of 
compressed or distributed recognition codes (output 
categories) in a neural network hierarchy. Following the 
successful implementation of the theory in real-time 
applications, further development has seen the creation 
of ART2-A (Carpenter et al. 1991a), which is 2 or 3 
orders of magnitude faster than ART2. Fuzzy ART 
(Carpenter et al. 1991b) the fuzzy extension of ART, 
incorporated computations from fuzzy set theory. 
Extensions to ART networks to allow supervised 
learning were also introduced (Palmer-Brown 1992); 
and ARTMAP (Carpenter et al. 1991c) and Fuzzy 
ARTMAP (Carpenter et al. 1992) autonomously learn 
to classify based on predictive success. Furthermore, 
there are several other versions of ART network (Tan 
1997; Carpenter et al. 1998; Bartfai and White 2000), 
including supervised multi-layer, self-growing systems 
(Palmer-Brown 1992). 
 
Limitations  

There are limitations of ART networks in non-
stationary environments where self-organisation needs 
to take account of periodic or occasional performance 
feedback:  

 
• The ART network tends to organize itself into a 

stable state during fast learning whereby the weights 
stop changing  in the presence of new inputs. 

• There is no external feedback to improve the 
performance of the network when it stabilises with 
poor performance. 
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Figure 1: Architecture of the P-ART Network  

PERFORMANCE-GUIDED ART (P-ART) 

P-ART Architecture  

The P-ART network proposed is a modular, multi-
layered architecture as shown in Figure 1. It is 
composed of 3 modules, a Distributed P-ART (dP-
ART) network, a Selection P-ART (sP-ART) network 
and a Kohonen Self-Organising Map. The F11 ↔ F21 
connections of the dP-ART network and F12 ↔ F22 of 
the sP-ART are interconnected through weighted 
bottom-up and top-down connections that can be 
modified during the learning stage. For clarity, only the 
connections from the F1 layer to the active (winning) 
F2 node in each P-ART module are shown. The F01 → 
F11 and two P-ART modules connected through F21 → 
F12 are unidirectional, one to one and non-modifiable. 
Each of the F22 nodes is hard-wired onto a specific pre-
trained region of the Kohonen Feature map where 
similar available proxylets (the target outputs) are 
spatially organised on the 2-D map according to their 
featural similarity. 
 

Overview of the Operation of the System  

On presentation of an input pattern at the input layer 
F01, the dP-ART will learn to group the input patterns 
according to their general features using the novel 
learning principles developed in this work from the 
snap-drift’ algorithm recently developed (Lee et al. 
2002; Lee et al. 2003; Lee et al. 2004). The latest 
version has several improvements over the previous one 
in terms of the normalization process, and the 
synchronization of learning between the s and d P-
ARTs; but the two key differences are performance 
guided toggling of learning between snap and drift, and  

the introduction of a probabilistic aspect to enhance 
reinforcement and stability. The standard matching and 
reset mechanism of ART (Carpenter and Grossberg 
1987a) is retained: If no existing matching prototype is 
found, i.e. when the stored pattern prototypes are not a 
good match for the input, the winning F21 node is reset 
and another F21 node is selected. When no 
corresponding output category can be found, the 
network considers the input as novel, and generates a 
new output category node that learns the current input 
pattern. 
 
The three winning F21 nodes, whose prototypes are best 
match to the current input pattern, are used as the input 
data to the P-ART module for selecting an appropriate 
output type (called a proxylet in the target application). 
For the purpose of selecting the required proxylet, the 
proxylet type information indicated by the P-ART 
references pre-trained locations on the Kohonen Self-
Organising Map (SOM) (Kohonen 1982; Kohonen 
1990a), which represent specific proxylets. If the 
proxylet is unavailable, one of its neighbours is selected 
(the most similar alternative available). 
 
A non-specific performance measure is used because, as 
in many applications, there are no specific performance 
measures (or external feedback) in response to each 
individual output decision. This measure is used to 
encourage or discourage reselection of outputs (proxylet 
types) to occur in order to improve the performance of 
the neural system. The continuous learning method is 
the snap-drift algorithm. It involves toggling between 
snap and drift modes depending on performance 
changes. Snap and drift are alternative forms of 
adaptation, and they are described in the next section, 



 

 

THE LEARNING. The following is a summary of the 
steps that occurs in P-ART: 
 
Step 1: Initialise parameters: (α = 1, σ = 0) 
Step 2: For each epoch, t 

Measure or calculate performance in the range 
{0,1} over the last epoch, P(t). 

             Performance improvement, PI = P(t) – P(t-1)  
Set probability of learning, PL = 1 – P(t) 

Step 3: For each new input pattern 
Find the D winning nodes with the largest 
input (or create new nodes for mismatches) 

 
 Set learn (adapt) true with probability PL. 

  
 If learn is true test learning strategy condition:  
 IF (PI <= 0) THEN  

Weights of d-PART adapted according to the 
alternate learning procedure: (α ,σ ) 
becomes Inverse (α andσ ) in equation (8) 
below 

 ELSE   
Weights of d-PART adapted according to the 
same procedure as in the last epoch: (α ,σ ) 
unchanged. 

Step 4: Process the output pattern of F21 as input pattern 
of F12 

 
 Find winning node (just one) in F22. 

 
Weights of s-PART adapted according to the same 
learning probability and strategy conditions as above, 
except that the in first half of the learning epoch, both 
dP-ART and sP-ART learn, whereas in the second half 
of the epoch, only sP-ART learns. This allows 
relearning of the mapping from features to selections 
without the moving target problem of those features 
changing simultaneously.   
 

THE LEARNING 

Snap-Drift 

In an environment where new patterns are introduced 
over time, the learning utilises a novel snap-drift 
algorithm based on fast, convergent, minimalist learning 
(snap) and cautious learning (drift) when the 
performance is good. Snap is based on a modified form 
of ART; and drift is based on Learning Vector 
Quantization (LVQ) (Kohonen 1990b). The two forms 
are combined within a semi-supervised learning system 
that shifts its learning style whenever it receives a drop 
in the performance feedback. So, in general terms, the 
snap-drift algorithm can be stated as: 

)()__( LVQARTLearningFastw σα +=    (1) 
 
where α and σ are determined by performance 
feedback. In previous simulations, α and σ  were real 

values (Lee et al. 2002; Lee et al. 2003; Lee et al. 
2004). In this paper, α and σ  are set to (0, 1) or (1, 0) 
depending on changes in performance, and the learning 
is then enabled probabilistically.  
 
Input Encoding  

A form of coarse coding (Eurich 1997) is used to 
represent proportional differences between numeric data 
encoded within the input patterns, e.g. the 
representation of the value 15 must be closer in input 
space to the representation of value 20 than that of say 
30.  The input pattern is arranged in a 25 bit vector. 
Each property, such as bandwidth, time, file size, loss 
and completion guarantee, occupies 5 bits of the overall 
pattern. Table 1 shows the realistic range for each of the 
request properties. The coding of the user request is 
performed as illustrated in Table 2, across a different 
range for the 5 bits in the case of each property. The 
input patterns are generated by maintaining the coding 
of each field in turn and randomly generating the codes 
for rest of the fields for every 20 patterns, giving 1000 
patterns in all. 
 

Table 1: Value Ranges of User Request Properties  
 

Properties  Ranges  
Bandwidth  10Kb/s → 2000Kb/s 
Time  1ms → 1000ms 
Loss  20% → 60% 
Cost 0.1p → 100p 
Completion Guarantee  40% → 100% 

 
Table 2: Example Coding of Bandwidth in User 

Requests  
 

Ranges (Kb/s) User Request   
200 → 400 10000 
800 → 1000 01100 
1800 → 2000 00001 

  
Weights Initialisation  

The weights are calculated as floating point and are 
initialised at the beginning of the simulations. Top-
down weights are set randomly to either 0 or 1. 
 

]1,0[)0( =jiw      (2) 

 
Thus, a simple distributed affect will be generated at the 
output layer of the network, with different patterns 
tending to give rise to different activations across F2 

from the start. The bottom-up weights wij are assigned 
initial values corresponding to the initial values of the 
top-down weights wji.  This is accomplished by equation 
(3):  
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The Distributed P-ART (dP-ART) Learning  

On presentation of input pattern, the bottom-up 
activation is calculated using (4). Then the D number of 
F21 nodes with the highest bottom-up activation, using 
(5), are selected. 
 

|| IwT
ijJ ∩= ∑    (4) 

 
}M,.....,2,1J|Tmax{T JJ ==    (5) 

 
D is set to 3 in this application. If the distributed output 
categories are found with the required matching level, 
the three F21 nodes will enter into resonant state and 
learn using (6): 
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where wji = top-down weights vectors; I = binary input 
vectors, and β  = the drift speed constant = 0.5. 
 
When α =1, (6) can be simplifies to: 
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This invokes fast minimalist learning, causing the top-
down weights to reach their new asymptote on each 
input presentation: 
 

)old(
JJ wIw ∩→    (8) 

 
In contrast, when σ = 1, (6) simplifies to 
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This causes a simple form of clustering or LVQ at a 
speed determined by β. As describe in the pseudo code 
presented in Operation of the System above, learning 
is a combination of the two forms of adaptation, 
because the mode is toggled between snap and drift 
whenever performance has deteriorated during the 
previous epoch. In addition, whether adaptation occurs 
or not on a given pattern is a probabilistic decision, 
whereby the probability of the snap or drift occurring is 
proportional to declining performance.  The novel 
bottom-up learning of the P-ART is a normalised 
version of the top-down learning: 
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where wJi

(new) = top-down weights of the network after 
learning. Poor performance can occur when the final 

selection of proxylet type is wrong, even if the general 
feature extracted by dP-ART is valid. To cope with this, 
the dP-ART learning is toggled on-off every half-epoch 
so that sP-ART can readjust its learning of selections 
without modification of the general features in dP-ART, 
thus resolving a moving target problem.   
 
The Selection P-ART (sP-ART) Learning  

The outputs produced by the dP-ART act as input to the 
sP-ART. The behaviour of sP-ART is the same as that 
described in section P-ART Architecture, with one 
exception; only the F2 node with the highest activation 
is adapted. Each output node of the sP-ART points to a 
set of available application-specific groupings (in this 
case proxylet types). The proxylet type data, containing 
attributes of the types, is used as off-line training data 
for the SOM so that it forms a map with similar 
proxylets placed on adjacent nodes. This allows each 
output node of the sP-ART to be ‘hardwired’ onto 
regions of the SOM. The task of the sP-ART is 
therefore to learn to associate the correct group of input 
patterns with an output node that is hardwired to a 
region of the SOM. The effect of learning and 
relearning within the sP-ART module is that specific 
output nodes will relate different groups of input 
patterns to different regions of the SOM until the 
performance feedback indicates that it is indexing the 
SOM regions that select the most appropriate proxylets. 
In that event, the learning probability is low, so that 
even if the snap-drift has not yet converged, further 
adjustment is slow. 
 
The Performance Feedback  

The external performance feedback into the PART 
reflects the performance requirement in different 
circumstances. Various performance feedbacks profiles 
in the range {0, 1} are fed into the network to evaluate 
the dynamic stability and effectiveness of the learning. 
Initially, some very basic tests with performances of 1 
or 0 were evaluated in a simplified system (Lee et al. 
2002; Lee et al. 2003; Lee et al. 2004). Below, the 
simulations involve computing the performance based 
on a parameter associated with the winning output 
neuron. Ultimately, a realistic commercial external 
performance feedback criteria will be established, 
which will be obtained from BT, to evaluate the 
improvement in performance of the network learning 
under realistic external performance feedback. Factors 
which affect performance include latencies for request 
with differing time to live, dropping rate for requests 
with differing time to live, and different charging level 
with related Quality of Service.  
 



 

 

BRITISH TELECOM (BT) APPLICATION  

Application Layer Active Network (ALAN) 

British Telecom (BT) is the main data network provider 
in the UK. At present, most applications are run on edge 
devices (which send and receive data, but do not route 
third party data), such as servers, PCs and WAP enabled 
devices. There are strong arguments for moving as 
many of these applications as possible into the network 
(Tennenhouse and Wetherall 1996), thereby ensuring 
optimal placement of applications with respect to 
performance, version synchronicity (so that more users 
have the same version), and increased security.  ‘Active 
Networking’ (Tennenhouse and Wetherall 1996) aims 
to achieve this application migration into the network 
by running code within the network on specialised 
routers.  It gives users the ability to load software 
components onto network devices dynamically without 
explicit references to any third party. The ALAN 
architecture (Fry and Ghosh 1999) enabled the user to 
supply JAVA based active-service codes known as 
proxylets that run on a network device.  Each 
networked server runs the ‘Execution Environments for 
Proxylets’ (EEPs) that contains the user supplied 
software. The purpose of the architecture is to locate the 
software at optimal points of the end-to-end path 
between the server and the clients.  
 
Automated Active Network Management using 
Distributed Genetic Algorithm (GA)  

The original ALAN proposal, the management system 
supports conventional management agent interfaces 
(Marshall 1999; Marshall et al. 2000) that respond to 
instructions from the system operators. Each application 
is individually placed in the network. However, since 
ALAN with the potential for an enormous range of 
services, it is necessary to combine the active services 
with an automated and adaptive management solution. 
Recently, a novel adaptive approach, a Distributed 
Genetic Algorithm (GA) solution was introduced by BT 
Research Laboratories (Marshall and Roadknight 2001). 
It performs proxylet placement. Here, P-ART provides 
a means of finding a set of conditions that produce 
optimum proxylet selection in an EEP containing the 
frequently requested proxylets that have been placed. 
Continuous performance guided adaptation of the 
mapping of input patters, which contain the main 
attribute values of user proxylet requests, performs 
intelligent proxylet type selection.  
 
THE P-ART SIMULATION  

P-ART is used for learning and mapping user requests 
onto appropriate proxylets. The test patterns consist of 
1000 input vectors. Each test pattern characterizes the 
properties of a network request, such as bandwidth, 
time, file size, loss and completion guarantee.  These 
test patterns are presented in random order with 10 
patterns per epoch for 100 epochs where the 

performance, p, is calculated according to the average 
bandwidth of selections. This on-line continuous 
random presentation of test patterns simulates the real 
world scenario in which pattern presentation order is 
random, so that a given network request might be 
repeatedly encountered while others are not used at all.  
 
RESULTS & CONCLUSIONS 

Results are presented in Figure 2, 3 and Table 3 and 4. 
They are representative (typical) of many simulations 
that have been run.  Performance feedback is updated at 
the end of each epoch of 10 patterns. Much longer 
epochs are less effective. The best results are for the 
shortest epochs for which the performance estimate 
remains a reasonable estimate of overall performance, 
which of course it would not be for a very small number 
of patterns. In this application, although there are 1000 
patterns, there are only 100 general types, and hence 10 
is approximately the smallest reasonable sample for 
which updates in performance may be trusted to 
increase or decrease with true overall performance. This 
will clearly be different for each application. A key 
observation behind the results presented in the tables 
and graphs here is that learning is actually over by 
epoch 64, after which no new selections of proxylets 
occur until the criteria change to low bandwidth. After 
64 (640 pattern presentations), all the performance 
variation between epochs (the jitter in the performance 
curve) is due to the epochs being short (in other words, 
samples of 10 give approximately 70% accurate 
performance values), and hence the performance over 
1000 patterns is actually constant at about the average 
of the values of the table values from 70-100, which is 
just under 70%.  
 
In Table 4 and Figure 3 the performance criterion is 
swapped from high to low bandwidth after 100 epochs, 
and we see relearning and re-stabilisation occur, with 
similar results to above once convergence has occurred. 
 
In conclusion, learning stabilizes reliably and is able to 
map the inputs onto appropriate proxylets. The 
simulations have shown that the snap-drift algorithm is 
able to provide continuous probabilistic real-time 
learning in order to improve the performance, based on 
the external performance feedback.  
 
Further work is applying the same methods in other 
areas, but we are also working on attributing 
performance to each output neuron separately, so that 
the approach can be appied to classification tasks. 
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Figure 2: The Selection Frequency of the Proxylet 

Type. E.g. Bandwidth Bands: Low Bandwidth Proxylet:  
0 → 1000 Kb/S and High Bandwidth Proxylet Type: 

1001 → 2000 Kb/S 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3:  The Selection Frequency of Proxylet Type. 
 

Table 3: Performance of P-ART  
 

Epoch  Average No. of 
High Bandwidth 

Proxylet 
Selected (/10) 

Performance 
(%) 

0 – 9 4.9 49 

30 – 39 4.8 48 

40 – 49 4.0 40 

50 – 59 5.2 52 

70 – 79 6.6 66 

80 – 89 8.5 85 

90 – 99 8.7  87 

 
 
 
 
 
 

Table 4: Performance of P-ART with Switching of 
Performance Criterion  

 

Epoch 

Average 
No. of High 

B/W 
Proxylet 
Selected 

( /12) 

Average 
No. of 

Low B/W 
Proxylet 
Selected 

( /12) 

High B/W 
Proxylet 
Selection 

(%) 

Low B/W 
Proxylet 
Selection 

 (%) 

0 - 9 6.08 3.92 50.69 32.64 
10 - 19 5.25 4.75 43.75 39.58 
30 - 39 3.50 6.50 29.17 54.17 
40 - 49 6.00 4.00 50.00 33.33 
50 - 59 6.33 3.67 52.78 30.56 
60 - 69 5.83 4.17 48.61 34.72 
70 - 79 7.83 2.17 65.28 18.06 
80 - 89 8.42 1.58 70.14 13.19 
90 - 99 8.33 1.67 69.44 13.89 

100 -109 6.67 3.33 55.56 27.78 
110 - 119 5.17 4.83 43.06 40.28 
130 - 139 4.42 5.58 36.81 46.53 
150 - 159 3.75 6.25 31.25 52.08 
160 - 169 2.83 7.17 23.61 59.72 
170 -1 79 3.42 6.58 28.47 54.86 
180 - 189 2.83 7.17 23.61 59.72 
190 - 199 0.08 9.92 0.69 82.64 
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ABSTRACT 

This contribution introduces analytical programming, a 
novel method that allows solving various problems 
from the symbolic regression domain. Symbolic 
regression was firstly proposed by J. R. Koza in his 
genetic programming and by C. Ryan for grammatical 
evolution. This contribution explains the main 
principles of analytic programming, and demonstrates 
its ability to synthesise suitable solutions, called 
programs. It is then compared with genetic 
programming and grammatical evolution. This 
comparative study is concerned with three Boolean k-
symmetry problems from Koza’s genetic programming 
domain, which are solved by means of analytical 
programming. Here, two evolutionary algorithms are 
used with analytical programming: differential 
evolution and self-organizing migrating algorithm. 
 
INTRODUCTION 

The term symbolic regression (SR) represents a process 
in which measured data is fitted by a suitable 
mathematical formula like x2 + C, sin(x)+1/ex, etc. 
Amongst mathematicians, this process is quite well 
known and can be used when data of an unknown 
process can be obtained. For long time, SR was only the 
domain of humans but for the few last decades it has 
also become the domain of computers. Today there are 
two methods, which can be used for SR by means of 
computers. The first one is called genetic programming 
(GP) (Koza 1998), (Koza et al 1999) and the second 
one is grammatical evolution (O'Neill and Ryan 2002), 
(Ryan et al.1998).  
 
The idea of how to solve various problems using SR by 
the means of evolutionary algorithms (EA) was 
introduced by from John Koza who used genetic 
algorithms (GA) for GP. Genetic programming is 
basically a symbolic regression, which is done by using 
evolutionary algorithms instead of a human being. The 
ability to solve really hard problems was proved many 

times, and hence, GP today performs so well that it can 
be applied, e.g. to synthesise highly sophisticated 
electronic circuits (Koza et al. 2003).  
 
In the last decade of the 20th century, a novel method 
for SR was developed by C.Ryan, which is called 
grammatical evolution (GE). Grammatical evolution can 
be regarded as an unfolding of GP, because of some 
common principles, which are the same for both 
algorithms. One important characteristics of GE is, for 
example, the fact that GE can be implemented in any 
arbitrary computer language compared with GP, which 
is usually done in LISP. In contrast to other 
evolutionary algorithms, GE was used only with a few 
search strategies, with a binary representation of the 
populations (O'Sullivan and Ryan, 2002). Another 
interesting investigation using symbolic regression was 
carried out by  (Johnson) working on Artificial Immune 
Systems.  
 
In this paper, a novel method is presented which was 
developed, called analytical programming (AP) 
(Zelinka 2002 a), (Zelinka 2002 b), (Zelinka and 
Oplatkova, 2003) and (Zelinka and Oplatkova, 2004). 
AP is also a tool for symbolic regression, based on 
different principles compared to GP and GE. The 
important principles of AP, together with tests and a 
comparison with GP, are documented in this 
contribution. 
 
ANALYTIC PROGRAMMING 

Term analytic programming was coined by the authors 
of this article as a matter of simplicity: Because it is 
possible to use almost any evolutionary algorithm for 
AP, each EA used for the new approach would add its 
name to the emerging algorithm, e.g. SOMA 
programming, DE programming, SA programming etc. 
This clearly would be confusing and complicated. 
Analytic programming indicates the use of an EA for 
analytic solutions synthesis (i.e. symbolic regression). 
That is the main reason for choosing the term ‘analytic 
programming’.  

Analytic programming was inspired by the methods 
of variations in Hilbert spaces and by GP. The 

 



 

principles of AP are somewhere between these two 
philosophies: From GP stems the idea of the 
evolutionary creation of symbolic solutions, whereas 
the ideas of functional spaces and the building of 
resulting function by means of search process (usually 
done by numerical methods like the Ritz or Galerkin 
method) is adopted from Hilbert spaces. AP is based, as 
well as GP, on a set of functions, operators and so-
called terminals, which are usually constants or 
independent variables, for example: 
 

• functions: Sin, Tan, Tanh, And, Or 
• operators: +, -, *, /, dt,… 
• terminals: 2.73, 3.14, t,… 
 

All these ‘mathematical’ objects create a set from which 
AP tries to synthesise an appropriate solution. The main 
principle of AP is based on discrete set handling, 
proposed in (Zelinka 2004) (see Figure 1 and Figure 2).  
Discrete set handling itself can be seen as a universal 
interface between EA and the problem to be solved 
symbolically. That is why AP can be carried out using 
almost any evolutionary algorithm. Analytical 
programming, together with a few basic examples, is for 
example discussed in more detail in (Zelinka and 
Oplatkova, 2003). 
 

x2 {-1.2, 2.69, 110, 256.3569, …..}

{1, 2, 3, 4, …..}

Discrete (original) parameter of individual…

…and its integer index 
– alternate parameter used
in evolution process

Fcost(x1,x2,….xn)

no

yes

 
 

Figure 1: Discrete set handling. 
 

{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

 
 

Figure 2: Main principle of AP. 
 

Briefly said, in AP, individual consist of non-numerical 
expressions (operators, functions,…) as described 
above, which are in the evolutionary process 
represented by their integer indexes (Figure 1 and 2). 
This index then serves like a pointer into the set of 
expressions and AP uses it to synthesise the resulting 

function-program for cost function evaluation (Zelinka 
2004). Analytic programming exists so far in three 
versions. All three versions use for program synthesis 
the same sets of functions, terminals, etc., as Koza uses 
in GP (Koza 1998), (Koza et al 1999). The second 
version (APmeta, lets call first version APbasic) is 
modified in the sense of constant estimation. For 
example, Koza uses for the so-called sextic problem 
(Koza 1998) randomly generated constants, whereas AP 
here use only one, called K which is inserted into a 
formula at various places by the evolutionary process. 
When a program is synthesised, then all K’s are indexed 
so that K1, K2, …, Kn, are in the formula obtained, and 
then all Kn are estimated using a second evolutionary 
algorithm. Because EA (slave) “works under” EA 
(master, i.e. EAmaster ► program ► K indexing ► 
EAslave ► estimation of Kn) then this version is called 
AP with metaevolution - APmeta. Because this version is 
quite time consuming, APmeta was modified to the third 
version, which differ from the second one in the 
estimation of K. This is done by using a suitable method 
for non-linear fitting (APnf). This method has shown the 
most promising performance when unknown constants 
are present, results of some comparative simulations can 
be found in (Zelinka and Oplatkova, 2003). For the 
simulations described here, APbasic was used. 
 
PROBLEM DESIGN 

Problem selection 

The class of booleans k-symmetry problems was chosen 
for this comparative study, based on case studies 
reported in (Zelinka and Oplatkova 2003) and (Zelinka 
and Oplatkova 2004), namely 3-symmetry, 4-symmetry 
and 5-symmetry problems. In general, boolean 
symmetry problems mean that if input values to a 
system are symmetric, then the output is True. If the 
input is not symmetrically then the output is False. The 
number of all possible inputs (combinations) is 8 (3-
symmetry), 16 (4-symmetry) and 32 (5-symmetry). An 
example of the truth table for 3-symmetry problems is 
given in Table 1. For truth tables for other problems 
solved by AP see 
www.ft.utb.cz/people/zelinka/ap. 
 

Table 1: Truth table for Boolean 3-symmetry  
problem according to (Koza 1998) 

 
Input 1 Input 2 Input 3 Output 
True True True True 
True  True  False  False 
True  False  True  True 
False  True  True  False 
True  False  False  False 
False  True  False  True 
False  False  True  False 
False  False  False  True 

 

 



 

All simulations were based on a set of logic functions 
And, Nand, Or, Nor, and the needed number of inputs 
A, B, C, ... 
 
The Fitness Function 

The fitness (cost function) has been calculated using the 
Hamming distance between truth table output and 
synthesised candidate program (1). The theoretical 
maximum value (the worst solution of all) of this cost 
function is 8 for a 3-symmetry problem, 16 for a 4-
symmetry problem, and 32 in case of 5–symmetry 
problems. The minimal value (the best solution) is 0 for 
all k-symmetry problems. The aim of all the simulations 
was to find the best solution, i.e. a solution that returns 
the cost value 0. For numerical calculations, False and 
True were replaced by 0 and 1. 
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Optimisation Algorithm Used 

For the experiments described here, stochastic 
optimisation algorithms, such as Differential Evolution 
(DE) (Price 1999) and  SelfOrganizing Migrating 
Algorithm (SOMA) (Zelinka 2004), had been used. 
Alternative algorithms, like Genetic Algorithms (GA) 
and Simulated Annealing (SA), are now in process, and 
results are hoped to be presented soon. For an exact 
description of the algorithms use see (Price 1999) for 
DE and (Zelinka 2004) for SOMA. 
 
EXPERIMENTAL RESULTS 

Both algorithms (SOMA, DE) have been applied 50 
times in order to find the optimum of all boolean k-
symmetry problems. The primary aim of this 
comparative study is not to show which algorithm is 
better and worst, but to show that AP can be really used 
for different problems of symbolic regression by 
different EAs (based also on previous comparative 
studies and case studies (Zelinka 2002 a), (Zelinka 2002 
b), (Zelinka and Oplatkova, 2003) and (Zelinka and 
Oplatkova, 2004)). 
The control parameter settings have been found 
empirically and are given in Table 2 (SOMA) and Table 
3 (DE). The main criterion for this setting was to keep 
the same setting of parameters as much as possible and 
of course the same number of cost function evaluations 
as well as population size (parameter PopSize for 
SOMA, NP for DE). 
Outputs of all simulations are depicted in Figures and 
numerically reported in Tables 4 - 9. Figures 3, 4, 6, 7, 
9 and 10 show results of all 50 simulations for each k-
symmetry problem. Figures 5, 8 and 11 show a mutual 
comparison of algorithm performance in the point of 

view of the number of cost function evaluations. Length 
of synthesised programs is in tables marked as ‘leaf 
count’ (LC) – leafs are the elements of a program, i.e. 
And, Nor, Or, Input_A, etc. 
Examples of typical solutions synthesised by both 
algorithms is represented by formulas (2) for  
a 3-symmetry problem, (3) for a 4-symmetry problem, 
and (4) for a 5-symmetry problem. 

(2) 

 
 

(3) 

 
 

(4) 

 
 
 
 
 

Table 2: SOMA setting for Boolean k-symmetry 
problems, k=3,4,5 

 
 3 4 5 
PathLength 3 3 3 
Step 0.11 0.11 0.3 
PRT 0.1 0.1 0.1 
PopSize 300 300 300 
Migrations 30 30 85 
MinDiv -0.1 -0.1 -0.1 
Individual Length 30 30 30 

 
 
 

Table 3: DE setting for Boolean k-symmetry  
problems, k=3,4,5 

 
 3 4 5 
NP 300 300 300 
F 0.8 0.8 0.8 
CR 0.2 0.2 0.2 
Generations 800 800 2000 
Individual Length 30 30 30 

 

 



 

Table 4: Boolean 3-symmetry problem by SOMA 
 

 Cost Function 
Evaluations  

Leaf Count 

Minimum 202 31 
Average 4769 81 
Maximum 14991 165 

 
 

Table 5: Boolean 3-symmetry problem by DE 
 

 Cost Function 
Evaluations  

Leaf Count 

Minimum 79 28 
Average 2439 83 
Maximum 8130 142 

 

 
Figure 3: 3-symmetry by SOMA for 50 successful hits 

out of 50. 
 

 
Figure 4: 3-symmetry by DE  for 50 successful hits  

out of 50. 
 

 
 

Figure 5: Algorithm performance of 3-symmetry by 
SOMA and DE. 

Table 6: Boolean 4-symmetry problem by SOMA 
 

 Cost Function 
Evaluations  

Leaf Count 

Minimum 23427 81 
Average 84872 130 
Maximum 185732 230 

 

Table 7: Boolean 4-symmetry problem by DE 
 

 Cost Function 
Evaluations  

Leaf Count 

Minimum 13696 50 
Average 47790 133 
Maximum 114709 206 

 

 
Figure 6: 4-symmetry by SOMA for 49 successful hits 

out of 50. 
 

 
Figure 7: 4-symmetry by DE for 50 successful hits out 

of 50. 
 

 
 

Figure 8: Algorithm performance of 4-symmetry by 
SOMA and DE 

 



 

 
 

Table 8: Boolean 5-symmetry problem by SOMA 
 Cost Function 

Evaluations  
Leaf Count 

Minimum 40029 48 
Average 119903 170 
Maximum 225972 284 

 
Table 9: Boolean 5-symmetry problem by DE 

 Cost Function 
Evaluations  

Leaf Count 

Minimum 58273 70 
Average 172084 176 
Maximum 363432 369 

 

 
Figure 9: 5-symmetry by SOMA for 50 successful hits 

out of 50. 
 
 
 

 
Figure 10: 5-symmetry by DE for 50 successful hits out 

of 50. 
 

 
Figure 11: Algorithm performance in 5-symmetry by 

SOMA and DE 

 
 
CONCLUSIONS 

The method of analytic programming described here is 
relatively simple, easy to implement and easy to use.  
Based on its principles and its universality (it was tested 
with 4 evolutionary algorithms – SA, GA, SOMA and 
DE) it can be stated that AP is a metha algorithm rather 
than an algorithm itself. 
The main aim of this paper was to show how various 
boolean k-symmetry problems were solved in the past 
(using GP), and how they can be solved by means of 
evolutionary algorithms applied in AP. Analytic 
programming was used here in three basic comparative 
simulations. Each comparative simulation was 50 times 
repeated and all 450 results (50 simulations for each 
algorithm and for each problem) were used to create 
graphs and tables for AP performance evaluation.  

For the comparative study two algorithms were 
used - DE (Price 1999) and SOMA (Zelinka 2004). 
Using a wide variety of optimisation algorithm, i.e. with 
different structure and their different ability to locate 
global extreme, were chosen to prove that AP can be 
regarded as an equivalent to GP, and that it can be 
implemented using arbitrary evolutionary algorithms. 
As a conclusion the following statements are presented: 
 

1. Reduction of cost function evaluation. 
During the simulations described here, a 
significant low number of cost function 
evaluations, needed to reach the optimal 
solution, were observed. While for GP usually 
600000 cost function evaluations were needed, 
as reported in (Koza 1998) for 5-symmetry,  
AP usually needed 40029 – 363432 
evaluations (see Table 8 and 9).  

2. Reduction of population size. In all 
simulations only 300 individuals were used. 
When comparing the population size (4000 and 
16000), used in GP as mentioned in (Koza 
1998), then AP uses population with 133 - 533 
times less individuals. This is probably another 
reason for the low number of cost function 
evaluations (see previous point). 

3. Reached results. Based on results reported in 
Tables 2 – 9 and Figures 3 - 11 it can be stated 
that all simulations give satisfactory results and 
thus AP is capable of solving this class of 
problems. 

4. Mutual comparison. When comparing both 
algorithms, then it is visible that both 
algorithms give good results. Parameter setting 
for both algorithms were based on heuristically 
approach and thus there is a possibility that 
better settings can be found there. 

5. Universality. AP was used to solve differential 
equations (Zelinka 2002 b), trigonometrically 
data fitting (Zelinka 2002 a), four polynomial 
problems from (Koza 1998) (Sextic, Quintic, 

 



 

Sinus Three, Sinus Four) by four EAs in 
(Zelinka and Oplatkova, 2003) and Boolean 
even-k-parity functions synthesis (Zelinka and 
Oplatkova, 2004). Together with the results for 
Boolean k-symmetry functions reported here it 
can be stated that AP is a universal method for 
symbolic regression by means of arbitrary 
EAs. 

 
Future research is one of the key activities in the frame 
of AP. According to all results obtained during time it is 
planned that the main activities would be focused 
expanding of this comparative study for genetic 
algorithms and simulated annealing. 
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ABSTRACT 

   This paper examines and discusses the effects of 
different step width selection schemes on the 
effectiveness of stochastic local search strategies. It is 
shown that the success of these search strategies 
depends, among other things, heavily on the chosen 
neighbourhood definition for a particular application. 
Simulations have shown that the use of randomly 
selected steps with a defined upper limit increases the 
probability of finding the global optimum, in contrast 
of using a constant step width. It has also been 
demonstrated that the efficiency of stochastic local 
search strategies can be improved by reducing the 
maximum step width over time. 
 
INTRODUCTION 

   Stochastic local search algorithms, like Hill-
Climbing (Hopgood 2001) or Simulated Annealing 
(Metropolis  et. al. 1953) (Kirkpatrick et. al. 1983), are 
a class of search strategies that start from a random 
point in the search space and that test new potential 
candidate solutions that are randomly selected from the 
‘neighbourhood’  of the current solution. If the 
candidate solution has a higher fitness than the current 
solution it replaces the current solution. 
 
   For continuous parameter optimisation, it is 
practically impossible to choose direct neighbours, 
because of the vast number of points in the search 
space. In this case, it is necessary to choose new 
candidate solutions from a wider neighbourhood, i.e. 
from some distance of the current solution, in order to 
travel in an acceptable time through the search space. 
 
  In principle, there are two ways to traverse through 
the search space, firstly using equidistant steps and 
secondly, using steps of random length.  
 
Equidistant vs. Random Length Steps 

   The distance between the current solution P1 and a 
candidate solution P2 could either be a fixed step width 
sconst or it could have an upper limit smax. In the first 
case, the neighborhood would be defined as the surface 
of a hypersphere around the current solution P1  

(Figure 1a), in the second case the neighborhood would 
be defined as the volume of the hypersphere and hence 
a candidate solution would be drawn randomly from 
within these hypersphere (Figure 1b).   
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a) Constant Step Width b) Maximum Step Width 

Figure 1: Possible Neighbourhood Definitions 

Vector  vs. Component Selection 

   In case of a constant step width, the displacement 
vector between P1 and P2 needs to be calculated for 
each step. One problem associated with this calculation 
is, that for dimensions of the input space with unequal 
ranges, the neighbourhood becomes distorted  
(Figure 2a). As a consequence to that, the input space 
will be sampled with a higher resolution in one 
dimension compared with the other one. To overcome 
this problem, one could determine the displacement for 
each input dimension separately using a scaling factor 
to compensate for the different resolution (Figure 2b). 
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Figure 2: Effect of Distortion Due To Unequal 
Resolutions of Input Space Dimensions and the 

Compensation by Component Selection 

 
Aim of Research 

   The aim of this work was not to compare different 
search algorithms in order to find the most efficient 
one to solve a set of test functions. Instead, the aim was 
to examine the effects of different step width selection 
schemes on the effectiveness of stochastic local search 
strategies. Therefore, the basic hill-climbing algorithm 
was used to find the minimum of two different test 



functions, a high dimensional one and a multi-modal 
one.  
 
TEST FUNCTIONS USED 

   For the simulations, two well established test 
functions were used, DeJong’s first test  
function (DeJong 1975) and Schwefel’s function  
(Schwefel 1981). Figure 3 shows a graphical 
representation of a two dimensional version of 
DeJong’s 1st function, whereas Figure 4 depicts a two 
dimensional version of Schwefel’s function.  
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Figure 3 – DeJong’s 1st Function (2D) 

   DeJong’s 1st function, also known as sphere model, 
has a minimum cost value of zero within the defined 
range [-5,+5] for each input dimension. For the 
experiments a 10 dimensional version was used. 
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Figure 4 –Schwefel’s Function (2D) 

   Schwefel’s function has also a minimum cost value 
of zero within the defined range [-500,+500] for each 
input dimension. In this research a two dimensional 
version was used. 
 
EQUIDISTANT VS. RANDOM LENGTH STEPS 

In this set of experiments, the effect of using a random 
step width instead of a fixed step length has been 
examined. For both test functions, the step width, i.e. 
either constant or random, was varied and 1000 
simulations per step width were carried out.  
 

DeJong’s 1st Function 

   For the 10 dimensional version of DeJong’s 1st 
function, 2000 iterations were allowed per run. Figure 
5 shows the results of the simulations. The dots 
represent the average costs achieved during the 
experiments and the error bars represent the standard 
deviation achieved. 
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Figure 5: Average Costs vs. Step Width for DeJong’s 
1st Test Function 

   It can be seen that the average costs achieved using 
the smax selection scheme where significant lower 
compared to the sconst selection scheme. On the other 
hand, Figure 6 shows that it took the smax selection 
scheme longer to converge. 
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Figure 6: Average Time in Iterations for Finding the 
Best Solution During a Search for DeJong’s Function 

   However, this is not a disadvantage, this only 
indicates that the sconst selection scheme simply failed to 
further improve the solutions found whereas the smax 

selection scheme achieved a constant improvement 
even towards the end of the search runs. 
 
Schwefel’s Function 

   For the two dimensional version of Schwefel’s 
function, 2000 iterations were allowed per run. Figure 
7 shows the results of the simulations. The dots 
represent the average costs achieved during the 
experiments and the error bars represent the standard 
deviation achieved. 
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Figure 7: Average Costs vs. Step Width for Schwfel’s 
Test Function 

   It can be seen from Figure 7 that small values for smax 

result in relatively high costs, similar to the costs 
achieved using the sconst selection scheme. But these 
costs dropped dramatically when smax reached 180 in 
this experiments, whereas the average costs achieved 
using sconst increased with increasing values for sconst.  
 

 0

 200

 400

 600

 800

 1000

 1200

 0  50  100  150  200  250  300  350  400  450  500

av
er

ag
e 

tim
e

step width s

smax
sconst

 

Figure 8: Average Time in Iterations for Finding the 
Best Solution During a Search for Schwefel’s Function 

   Figure 8 shows the average time (in iterations) that 
was needed to reach the optimum for both selection 
schemes.  Again, it can be seen that the smax scheme 
found its best solutions after approximately 1000 
iterations, in contrast to sconst, which converged 
significantly faster. 
 
Discussion 

   Figure 9-Figure 13 show steps in typical search runs 
using the different selection schemes to minimise 
Schwefel’s function. Each dot represents an accepted 
solution, i.e. the rejected solutions are not shown. The 
starting point for all experiments is on top of the local 
hill at about –200. Figure 9 and Figure 10 show the 
results for using a constant step width, Figure 11,  
Figure 12 and Figure 13 show the results for 
experiments using a maximum random step width. 
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Figure 9: Constant Step Width sc = 20 
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Figure 10: Constant Step Width sc = 200 

   As it can be seen from Figure 9, if sconst is chosen to 
be too small, the algorithm gets trapped in an adjacent 
local optimum. If sconst is large enough, it is capable of 
jumping over local optima (Figure 10), but because the 
steps are of constant length, the number of points, 
which can be reached from a certain position, is 
limited. For example, in Figure 10, it is not possible to 
jump from the last point (near +400) to a point with 
lower associated costs, because all these points are 
within the constant step width. 
 
   When using a random step length smax, the effect for 
choosing small values is similar to that for using a 
constant step width (Figure 11), but with increasing 
smax, the ability to reach points with a better cost value 
increases. In Figure 12 for example, the algorithm was 
able to jump out of the valley on the right hand side of 
the start point into the valley of the left hand side, and 
it was also able to decent into the valley on the left 
hand side. However, because the maximum step width 
was not large enough to jump into the right hand side 
of the search space, which contains the global 
minimum, the algorithm only exploited the local 
optimum. In  
Figure 13, the maximum step length is large enough to 
jump into the right hand side of the search space, but 
this time, because of the large steps that are possible, it 
jumps back into a local optimum.  
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Figure 11: Maximum Step Width smax = 20 
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Figure 12: Maximum Step Width smax = 200 
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Figure 13: Maximum Step Width smax = 1000 

   Conclusion 

   The results given above show, that, if the step width 
is chosen to be too small, both selection schemes will 
eventually get trapped in the nearest local optimum, 
whereas using a larger step width increases the ability 
to overcome local optima. However, for a constant step 
width it is more difficult to reach the global optimum, 
because of the limited number of possible search points 
that can be reached from a certain position.  
 

  This is overcome by using a maximum random step 
length, but this needs to be carefully selected: if it is 
chosen to be too large, the algorithm will lose its 
ability to exploit a potential region, which can also be 
seen in Figure 5, which documents the results for 
DeJong’s 1st function, which only has one optimum.  
 
   But if the step width is chosen to be too small, it is 
not guaranteed that the algorithm can jump over local 
optima in order to reach the region that contains the 
global optimum. Therefore, the careful selection of 
appropriate values for smax seems to be crucial for the 
success of the algorithm for a particular application. 
 
REDUCING SMAX OVER TIME 

   The findings above indicated that a large value for 
smax supports exploration of the search space, whereas 
small numbers for smax increase the exploitation 
capabilities of the search algorithm. It would be 
advantageous if an algorithm would explore the search 
space at the beginning of a search and exploit the most 
promising region in the later stages of the search.  
 
   Therefore, in the next set of simulations, three 
different scaling functions have been used to 
subsequently reduce smax during the run, starting with a 
relatively large start value. Equation (1) achieves a 
linear reduction, equations (2) and (3) reduce smax 
exponentially. Figure 14 shows a graphical 
representation of the three functions. 
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Where: 
 
i: iteration 
imax: maximum number of iterations  
s0: initial maximum step width 
smax(i): maximum step width at iteration I 
α: constant, determines the degree of 

non-linearity 
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Figure 14: Scaling Functions Used 

   Each scaling function was used 1000 times and the 
results are compared with the best results obtained 
using a non-scaled maximum step width (see Figure 7).  
 
Compar ison of Results 

   Table 1 shows the result of the experiments for the 
non-scaling algorithm and the three algorithms using 
scaling functions, in Table 2 the performance of the 
algorithms are compared with the standard non-scaling 
one.  

Table 1 – Results 

 
 

Constant L inear  Exp1 Exp2 

Average 
costs 

132.90 124.29 121.99 125.22 

Standard 
deviation 

83.38 85.17 87.98 86.13 

Average 
time 

1105.9 1984.3 1800.3 1981.9 

Standard 
deviation 

578.0 69.9 211.8 117.1 

 

Table 2 – Improvements by Algorithms 

 
 

Linear  Exp1 Exp2 

Average 
costs 

6.48% 8.21% 5.78% 

Standard 
deviation 

-2.15% -5.52% -3.30% 

Average 
time 

-79.43% -62.79% -79.21% 

Standard 
deviation 

87.91% 63.36% 79.74% 

 
   It can be seen that by using the scaling function 
EXP1 the average costs could be further reduced by up 
to 8.21%. The standard deviation of the average costs, 
on the other hand, increased by 5.52%. This, and the 
fact that the average time until the algorithm found the 
best solution increased by 62.79%, is probably an 

indication that the algorithm converges slower because 
of the – now reduced – speed with that the algorithm is 
traversing over the fitness landscape. 
 
CONCUSIONS 

   In this work it was shown that the definition of the 
neighbourhood is crucial to the success of the 
algorithm. Two different selection schemes are 
compared in this work: equidistant steps and random 
steps with an upper limit. It has been demonstrated that 
random steps with an upper limit outperform 
neighbourhood selection schemes with a constant step 
length.  
 
  It was also shown that using a scaling function to 
reduce the maximum step with over time could again 
increase the performance of the algorithm.  
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ABSTRACT 
This paper investigates the effects of learning strategy 

and probability of local search on the performance of 
hybrid genetic algorithms. It compares the performance of 
two genetic–local hybrids using different learning 
strategies and different probabilities of local search. Two 
test functions are used for the comparisons. The results 
show that the solution quality of hybrids is not only 
affected by the Lamarckian or Baldwinian learning 
strategy, but also by the probability of local search. This 
probability, together with the learning strategy, has a great 
impact on population size requirements. These 
requirements are also affected by the local search method, 
and the fitness landscape. Reducing the population size 
can lead to an increase in the algorithm convergence 
speed. 

INTRODUCTION 
The ability of genetic algorithms to capture a global 

view of the search space, when combined carefully with 
the fast convergence of local search methods (Turney 
1996), can often produce an algorithm that outperforms 
either one alone (Bobo and Goldberg 1997). Hybridizing a 
local search method provides the global genetic search 
algorithm with some local knowledge that can guide and 
may accelerate the search to the global optimum (Hart 
1994).

The usual motivation for hybridization in optimization 
practice is the achievement of increased efficiency 
(Goldberg and Vosser 1999). The efficiency of any hybrid 
depends on many factors, e.g. how the hybrid decides 
between global and local knowledge (Bobo and Goldberg 
1997), how it strikes a balance between the cost and value 
of local knowledge (Hart 1994), and how successfully 
local knowledge are utilized by the global genetic 
algorithm (Whitley et al. 1994). The efficiency of any 
hybrid can be measured by comparing its performance 
with that of the global genetic algorithm alone. Espinoza 
et al. (2001) have proposed an adaptive hybrid algorithm 
that can increase convergence speed to the global 
optimum. The same authors also show the effect of a local 
search method on reducing the population size of the 
algorithm compared with the population size of the 
standard genetic algorithm (Espinoza et al. 2003).  

In this paper, a further step is taken in this direction by 
investigating the effect of the learning strategy and 
probability of local search on the performance on both the 
adaptive hybrid algorithm and the standard staged hybrid. 
The effect of both these factors on the population size 
requirements, convergence speed and solution quality has 
been studied. 

LAMARCKIAN EVOLUTION AND BALDWIN 
EFFECT

One of the important issues of hybrid genetic 
algorithms is how the information gained during local 
search is used by the global algorithm. Either the 
Lamarckian or the Baldwinian approach can be used. In 
the Lamarckian approach the traits acquired during the 
learning process are passed from parents to their 
offspring. This means that both the genetic structure of an 
individual and its associated fitness value are modified to 
reflect the changes in phenotype structure as a result of 
performing local search (Whitley et al. 1994). The 
Baldwin Effect is somewhat Lamarckian in its results but 
using different mechanisms (Turney 1996) In the 
Baldwinian approach the learning process can help the 
individual to adapt to its environment and as a result to 
survive and gain more chance to pass on its traits to the 
next generation. In this case, only the improved fitness 
value is modified to reflect the effect of performing local 
search, thereby allowing individuals with the ability to 
learn to proliferate in the population.  

Although Lamarckian evolution has been universally 
rejected as a viable theory of genetic evolution in nature, 
using it as learning strategy in genetic algorithms can 
improve their convergence speed (Whitley et al. 1994). 
The Lamarckian strategy can disrupt schema processing 
of genetic algorithms in staged hybrid algorithms and in 
some cases this may lead to the premature convergence 
problem (Whitley et al. 1994). In many real-world 
applications, it is not possible to use the Lamarckian 
approach because the inverse mapping from phenotype to 
genotype is computationally intractable (Turney 1996). 
The Baldwinian approach, in spite of being characterized 
by slow convergence speed compared with that of 
Lamarckian (Whitley et al. 1994), has a smoothing effect 
on the search landscape and does not disrupt the global 
genetic search (Gruau and Whitley 1993).  

Utilizing either form of learning is more effective than 
the standard genetic algorithm approach without a local 



improvement procedure (Whitley et al. 1994). The
effectiveness of pure Lamarckian, pure Baldwinian or any
mixture of them is affected by the fitness landscape, the
representations, and local search method used (Whitley et 
al. 1994; Houck et al. 1997;Michalewicz and Nazhiyath
1995).

BALANCE BETWEEN COST AND VALUE OF 
LOCAL KNOWLEDGE

In any hybrid algorithm, a local search can be applied
either to every individual in the population or only few
individuals. Applying a local search to every individual in
the population can waste resources without providing any
more useful information than applying it to only a small
fraction of the population. The use of a large fraction of 
the population can limit exploring the search space by
allowing the genetic algorithm to evolve for a small
number of generations. A more selective use of local
search can improve the efficiency of hybrids (Hart 1994).
Deciding on the optimal fraction of the population that
should perform local search, and the basis on which these
individuals are chosen, has been investigated by Hart
(1994). The cost of local knowledge is measured by the
number of function evaluations performed by a local
search method to gain that knowledge and its value is 
measured by its effect on increasing the convergence
speed and/or solution quality of the algorithm. The
probability of local search can affect the minimum
population size of the hybrid which, in turn, can affect the
convergence speed of the algorithm. This effect should
not be ignored when deciding between different local
search probabilities.

POPULATION SIZE REQUIREMENTS
Efficient Population sizing is critical in genetic

algorithms for getting the most out of a fixed budget of
function evaluations. In (Harik et al. 1997) two factors
that influence convergence quality are considered to
estimate the population size of genetic algorithms. These
factors are the initial supply of building blocks and the
selection of the best building blocks over their
competitors. The gambler ruin model is used to derive the
following relation for population size of genetic
algorithms

d
m

N bb
k )1()ln(2 1

where k is the building-block order, which represents the 
minimum number of binary digits that have physical
significance to the solution of the problem.  is the
probability of failure, bb is the standard deviation of the
building blocks, d is the signal difference between the best
and second-best building blocks, and m is the maximum
number of building-blocks within a single string. The term

)1(m  represents the noise interference between
competing building-blocks. This term can be
approximated using the fitness function standard
deviation, fitness (Reed et al 2000).

The computational complexity of a genetic algorithm
is measured as the number of function evaluations that are
required to attain an optimal solution. The number of
function evaluations can be calculated by multiplying the
population size (N) by the number of generations required
for convergence (t). The number of generation required is
strongly affected by the relative rates at which genes
within the population converge. The lower and upper
bounds for the convergence rates for genetic algorithms
applications are functions of O( l) and O(l) for
tournament selections, where l is the string length
(Thierens et al. 1998). The building blocks of most
engineering problems converge at variable rates within the
population (Reed 2000). This phenomenon is known as 
domino convergence. The expected number of generations
(t) required under domino convergence for all locations to
be converged is given by the following equation.

lt odo 2min

Another phenomenon that is closely related to domino
convergence is “genetic drift” (Thierens et al. 1998). This
phenomenon occurs in a population when crossover and
mutation cause genes to fluctuate and converge to non-
optimal values in the absence of selection pressure.
Although the genes with reduced relevance to the solution
experience reduced selection pressure, they may converge
to non-optimal values under the crossover and mutation
operations. The expected number of generations for genes
to converge in the absence of selection within a randomly
generated initial population is given by the following
equation (Thierens et al. 1998):

Ntdrift 4.1

Domino convergence to optimal solution should occur
before genetic drift can occur. The following inequality
needs to be satisfied:

driftodo tt min

or, in terms of population size and string length,

lN 43.1

Since carefully designed hybrid genetic algorithms
often converge faster than standard genetic algorithms,
their convergence to the global optimum can occur even if
population size is not greater than 1.43l. The population
size for hybrid algorithm should satisfy the following
relation
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where thybrid is the number of generations required to for a
hybrid to converge.

The local search method affects the signal difference
between the best individual and the second best, and this
can either increase or decrease the population size. It can
also decrease the standard deviation of the population and
this leads to a decrease in the population size. 

ALGORITHMS AND TEST FUNCTIONS
Two hybrids with different mechanisms for deciding

between global and local search were used to gain some
insight into the effect of learning strategy and probability
of local search on the performance of hybrids. The
standard staged hybrid genetic algorithm (SSH) (Mathias
and Whitley 1994) and the adaptive staged hybrid genetic
algorithm (ASH) (Espinoza et al. 2001) have been tested
using two multimodal test functions.

Figure 1: Fitness Landscapes for the Test Functions

In the standard staged hybrid genetic algorithm (SSH), 
the local search step is defined by three basic parameters:
frequency of local search, probability of local search and 
number of local iterations. The local search frequency
measures how frequently local search is performed; the
probability of the local search represents the fraction of 
individuals in the population that undergo local search at
each local search iteration; and the number of local search
iterations represents the number of local search iterations
performed at each local search process.

The adaptive staged hybrid genetic algorithm (ASH),
uses feedback from the current state of the search process

to direct the algorithm to decide between global and local
methods (Espinoza et al. 2001). The algorithm works with
the same operators as SSH. It performs local search only 
if new regions of search space are being discovered, and 
local knowledge can help to guide the search. The
probability of the local search is controlled by a 
deterministic rule that keeps this probability less than a 
specific value. When local search no longer improves the
average fitness more than the most recent global search
iteration, the search goes back to the global search.

Two multimodal test functions, with multiple basins of
attraction, have been used in the current work. The first
function, F1, has conical basins of attraction. Its global
maximum is 4 and is located at (7.0,8.5) (Goldberg and
Vosser 1999; Espinoza et al. 2001). The second function,
F2, has elliptical basins of attraction. This function has a 
global optimum of 4 located at (7.0, 8.5) (Espinoza et al. 
2001). Figure 1 shows the fitness landscapes of F1 and F2.

The steepest descent method (Press et al.1993) was
used as a local searcher. The steepest descent algorithm 
uses the derivatives of the function to estimate the best
step size to climb to the local optimum from the current
position in the basin of attraction.

SIMULATIONS AND DISCUSSION
In order to evaluate the effect of learning strategy and

local search probability on the hybrids’ performance, a set
of experiments was performed. Both hybrids use the
simple elitist genetic algorithm with binary tournament
selection, single-point crossover, and simple mutation. For
all experiments, the probability of local search was 0.4
and the probability of mutation was 1/N where N is the 
population size (Reed et al. 2000). For SSH, the frequency
of local search was 3 and the number of local iterations
was 3. For ASH, the maximum number of local iterations
was 3, e was 0.2, and the local threshold value was 0.6.
Each variable was represented by 30-bit string with a total
of 60 bits for each chromosome. The stopping criterion for 
all experiments was that 80% of the population had
converged to the solution.

Effects on Convergence Speed
In the experiment to evaluate the effect of learning

strategy on convergence speed of hybrid algorithms, both
the adaptive and standard staged algorithms used a 
probability of local search of 0.1, and population sizes of
800 and 1200 for F1 and F2 (Espinoza 2001).The stopping
criterion was that 80% of the population converged within
0.000001 boundaries of the best ever found solution.

The results show, as expected, that increasing the
fraction of the population that evolves according to the
Lamarckian approach leads to an increase in the
convergence speed. This increase is not linear. For 



example, when applying ASH on F2, the speed of
convergence increases sharply as the learning approach
changes from pure Baldwinian (100% Baldwinian) to a
mixture of 80% Baldwinian and 20% Lamarckian. In this
interval the number of function evaluations decreases
from 85,000 to about 37,000, while it decreases to 25,000
evaluations for the pure Lamarckian approach. Figure 2
shows the effect of learning strategy on the convergence
speed of the adaptive staged hybrid. The effect of learning
strategy on the convergence speed of standard staged
hybrid and the adaptive staged hybrid are similar for both
test functions.
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Figure 2: Effect of Learning Strategy on Convergence
Speed

Effects on Solution Quality
The results of previous experiments show no clear

relation between learning strategy and solution quality.
This led us to consider how the local search probability
interacts with the learning strategy and how this
interaction affects the quality of solutions. An experiment
was carried out to consider the effect of local probability
on the solution quality for different population sizes (100,
400, 800, and 1200). The results of these experiments
show that as probability of local search increases, the
effect of learning strategy becomes apparent (figure 3).
The graphs in figure 4 show that, when the probability of
the local search is kept small, the quality of the solution is 
insignificantly affected by the learning strategy. As this
probability increases, the quality of the solutions degrades
with an increasing Lamarckian percentage in the learning
process. This means using small local search probabilities
for both algorithms, even with pure Lamarckian, can
produce high quality solutions because the disruption to 
schema processing caused by these small probabilities is
neglected and has no effect on global search process.

The results in Figure 4 show that a mixture of 20%
Lamarckian and 80% Baldwinian produces the most
stable solution quality for F2, regardless of the probability
of the local search. A mixture of 75% Baldwinian and

25% Lamarckian produces the most stable solution quality
for F1 (Figure 5) .The results from both hybrid algorithms
show that a pure Baldwinian approach does not always
produce the optimal solution quality and that the optimal
learning strategy depends on the probability of local
search.
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Figure 3: Effect of Learning Strategy and Search
Probability on Solution Quality
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Figure 4: Solution Qualities for F2

Effect on Population Size
The aim of this experiment was to show how the

probability of local search and learning strategy affect the
minimum size requirements for both hybrids. The results
were obtained by using bisection method. Starting with a
population size of 10, the population size is doubled until
the population converges to the desired solution quality.
After the solution quality is attained, the population size is 
set midway between the current size and the last
unsuccessful population size. This process is repeated
until the difference between population sizes is less than
or equal to 10. The stopping criterion was that 80% of the
population converged within 0.000001 boundaries of the



global optimum. The settings of other parameters were as
in the previous experiments.
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Figure 5: Solution Qualities for F1

0 10 20 30 40 50 60 70 80 90 100

102.1

102.2

102.3

102.4

102.5

102.6

102.7

102.8
The Effect of Learning Strategy and Po on the Population Size of F2

Lamarckian Percentage

P
op

ul
at

io
n 

S
iz

e

Figure 6: Effect of Learning Strategy and Search
Probability on Population Size 

The results of SSH and ASH on the second test
function are similar. Figure 6 shows that, as the
probability of local search increases, the population size 
decreases for a pure Lamarckian approach. On the other
hand, with a pure Baldwinian strategy, the population size 
increases as the probability of local search increases. For a 
pure Baldwinian strategy with local search probability of
more than 0.4, the population size exceeds that of a pure
genetic algorithm (minimum population size=640). The
results also show that the relationship between the local
search probability and the change in the population size 
depends on the learning strategy used. For example, using
a partial Lamarckian of 50% or more, an increase in the
local search probability results in a decrease in population
size. With a partial Lamarckian of less than 50%, an
increase in the local search probability leads to an increase
in the population size. For both hybrids, a decrease in
population size leads to an increase in the convergence 

speed. In general, increasing the Lamarckian percentage
decreases the population size and increases the
convergence speed. The experiments also show that the
solution quality of the pure Baldwinian approach is the
optimal and the solution quality is degraded as both the
Lamarckian percentage and the probability of local search
increase. The solution quality for impure Baldwinian
strategies, as shown in Figure 7, seems to be more
dependent on the probability of local search than on the
learning strategy.

The local search can decrease both the standard
deviation of the population and the signal difference
between the best and second-best solutions, since the
population size depends directly on the standard deviation
of the population and the signal difference. A decrease in 
the former decreases the population size and a decrease in
the latter increases the population size. 
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Figure 7: Effect of Lamarkian Proportion and Search
Probability on Solution Quality

The increase in the population size requirements for
the pure Baldwinian approach can be explained as
follows. In a pure Baldwinian, the local search needs
some help from evolution process to keep decreasing the
ratio of standard deviation to signal difference. Pure
Baldwinian can reduce this ratio at the end of the local
search. However, in the next global iteration, if the value
of local knowledge is insufficient to keep the global
genetic algorithm reducing this ratio, the algorithm will
lose some of its resources (i.e. local function evaluations)
without reducing that ratio. In this case, a high probability
of local search cannot lead to any reduction in the
population size since it increases the probability of losing
the algorithm’s resources. However, a low local search 
probability reduces the probability of lost resources while
increasing the probability of maintaining the reduction in



the above-mentioned ratio by the global genetic algorithm.
In addition to the probability of local search, the
effectiveness of pure Baldwinian in reducing the
population size depends on the value of local knowledge
and this depends on the method of local search and fitness
landscape.

On the other hand, the opportunity to keep the gained
reduction in this ratio is improved by using a partial
Lamarckian strategy. As the percentage of Lamarckian
increases, the probability of keeping this reduction
increases. An increase in the probability of local search 
increases the probability of reducing the ratio and 
reducing the population size. 
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Figure 8: Effect of Learning Strategy and Search
Probability on Population Size of F1

Figure 8 shows the results of running the same
experiment on the first test function. For a Lamarckian
percentage of 65% or more, an increase in the probability
of local search results in a reduction in the population
size. For other percentages, an increase in this probability
leads to an increase in the population size requirements.
The convergence speed depends on the population size; as 
the population size decreases the convergence speed
increases. Comparison of Figures 6 and 8 shows that the
switch point on the Lamarckian axis between increasing
and reducing the population size is shifted from about
50% for F2 to about 65% for F1. This is due to the
differences in the fitness landscape of both functions.
While the local search can provide more significant local
knowledge in F1 than in F2, an impure Lamarckian
approach requires a more partial Lamarckian to accelerate 
the genetic assimilation process.

Additionally, the effect of the local search method on
F1 is to enable any solution in a basin of attraction to
climb to the exact local optimum in a single step.
Consequently, increasing the probability of local search 
does not necessitate decreasing the signal difference

between the best and second-best solutions. It also makes
the selection process more difficult as the search process
progresses when using a pure Baldwinian approach. In
contrast, in F2 the local search method sends any point in
the basin of attraction to a point near local optima and not
to the local optimum itself. 

The local search method can provide more significant
local knowledge from the landscape of F1 than F2. This is 
why the reduction in the population size requirements of
F1, using a pure Lamarckian approach, is greater than that
of F2. This also makes the genetic assimilation process
more difficult for F1 using a pure Baldwin effect
compared with F2. The use of a partial Lamarckian can
accelerate the genetic assimilation process. The exact
value of the switch point depends on the value of the local
knowledge.

CONCLUSIONS AND FUTURE WORK
The simulations show that using a low probability of 

local search and using a pure Lamarckian learning
strategy can improve the convergence speed of the
algorithm without disrupting the schema processing of the
global genetic algorithms. They also show that, depending
on the learning strategy used, increasing the probability of
local search can decrease or increase the population size. 
As a result, the convergence speed is affected by the
probability of local search. The results show that there is a 
relation between the probability of local search and the
population size. 

These experiments have attempted to provide an
insight into how the probability of local search and 
learning strategy affect the population size requirements.
We now plan to study how the population size can affect
the optimal local search probability by developing a self-
adaptive hybrid algorithm that encodes the number of 
local iterations within the chromosomes themselves and to
study how their values propagate during the evolution
process.
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BSTRACT 

Systems become increasingly complex. Their 
decomposition into smaller units is the usual way to 
overcome the problem of complexity. This has 
historically led to the development of atomized 
structures consisting of a limited number of 
autonomous subsystems that decide about their own 
information input and output requirements, i.e. can 
be characterized by what is called an information 
closure. Autonomous subsystems can still be 
interrelated and embedded in larger systems, as 
autonomy and independence are not equivalent 
concepts. These ideas are  gaining very strong 
interest in both academia and industry, and the 
atomized approach to information flow modelling 
and evaluation is an idea whose time has certainly 
come. This presentation discusses some modelling 
and evaluation issues, and challenges existing in the 
exciting area of knowledge capture for  information 
flow managemen support for autonomous 
subsystems. 
 
I
 
NTRODUCTION 

Managing complex systems that function in 
changing and uncertain information-rich 
environments requires greater understanding and 
knowledge about the role of information in systems 
operation. To gain this understanding, an approach 
is needed that could be used to model and evaluate 
information flow in different situations. Such an 
approach is presented in this paper. 
 
    In fact, this paper goes well beyond the above in 
proposing an approach considering important 
practical issues of information flow, i.e. delays, 
incompleteness, imprecision and loss in value. The 
current practice of dealing with such issues are 
mostly when problems are detected and reactively. 
This situation may not be desirable and definitely be 
a major drawback for systems that more and more 
rely on the timeliness and quality of information for 
their operation. The proposed approach, in this 
respect, would greatly enhance the understanding of 

the various factors that influence the quality of 
information to the benefit of better decisions in 
adequate time, which in fact is the core of  the 
philosophy behind any information system 
development. 
 
    System decomposition into smaller units is the 
usual way to overcome the problem of complexity. 
This has historically led to the development of 
atomised structures consisting of a limited number 
of autonomous subsystems/agents that decide about 
their own information input and output 
requirements, i.e. can be characterised by what is 
called an information closure. Autonomous 
subsystems/agents can still be interrelated and 
embedded in larger systems, as autonomy and 
independence are not equivalent concepts. These 
ideas are recently gaining very strong interest in 
both academia and industry, and the atomised 
approach to systems modelling, design and 
development is an idea whose time has certainly 
come (Morimoto 2001, Tharumarajah 1999, 
Prakken 2000, O’Grady 19999). The issues 
discussed in this paper will focus on information 
flow for autonomous subsystems/agents. 
 
     In a real-world industrial context, autonomous 
subsystems/agents consist of groups of people 
and/or machines tied by the flow of information 
both within a given subsystem and between this 
subsystem and its external environment (Szczerbicki 
1996a). We will briefly present a modelling 
approach that could be used to evaluate such an 
information flow. The suggested approach allows 
for the evaluation of an information flow to be 
performed for different types of external and 
internal environments of a given system. The 
approach also accommodates the question of 
uncertain and imprecise information flow 
modelling. 
 
A NALYTICAL MODELLING APPROACH 

An autonomous subsystem/agent is usually 
functioning in the external environment which 
determines the decision-making process. Its 
knowledge could be described by the following: 
 



(i) characteristic of the external 
environment (relationship between 
variables describing the environment and 
its dynamics), 

(ii) characteristic of the internal 
environment, i.e. the relationship 
between the actions of the members of 
an agent, 

(iii) the range of information about variables 
describing external environment.   

    
   The formal representation of the above knowledge 
is presented in this Section. For the knowledge 
extraction purposes, a general approach is needed 
that captures the whole of the behaviour of an agent. 
Such an approach, based on correlation between 
information and energy, is very briefly outlined 
next. Certain features implemented in previous 
research presented in (Szczerbicki 2000, 2002a, 
2002b) are included for the sake of completeness.  
 
   Let A represent the set of possible actions which 
can be undertaken by the members of an agent, Z 
the set of corresponding consequences, and X 
random variables describing the actual state of the 
xternal environment. It can be assumed that: e

 
z=f(a,x)                               (1) 

 
as the particular consequence (z) depends usually on 
an action (a) undertaken in the particular state of the 
environment (x). On the other hand, the decision 
about particular action depends on information that 
is available about the state of the environment. If ß 
tands for the decision function, we have  s

 
a=ß(d)                                (2) 

 
where d represents information. 
 
   For general description of the function f(a,x) let us 
consider certain correlation between information, 
action, and energy. Its theory is relatively young, 
but is has already been pointed out that in certain 
situations energy can be replaced by information 
and vice versa (matsumoto 19999, Bogdan 2000). 
This replacement is of statistical character and 
according to it for certain amount of information, 
say C1, certain task can be performed using E1 
energy (Szczerbicki 1996a). Then, for a given C1 
there exists the best way (action Aopt) to fulfill the 
job, i.e. the action which uses E1 energy. Actions 
different than Aopt result in more energy 
consumption. The above concept was presented in 
detail in (Szczerbicki 1996a, 2003) and used to 
arrive at the best decision functions ßi . It can be 
shown that for n-person agent we have (Szczerbicki 

a, 2003): 1996 
ß (di)+ΣqE[ßj(dj)di=E(bidi)     (3) i         j≠i 

 

where i, j = 1, 2, ..., n. 
 
   Formalization of agent decision making process 
expressed by (3) is a tool necessary for modelling 
and evaluation of information flow in an 
autonomous system. Information flow connects 
agent members with the external environment 
described by random variables X. The connection is 
represented by information structure. This structure 
is modelled by matrix C in which cij=1 if the ith 
member has obtained (either by observation or 
communication) information about the jth variable 
X realization (if cij=0 he/she has not got it). The ith 
variable X realization can be observed only by the 
ith member of the agent. He/she can be informed 
about other realizations only when communication 
(information exchange) inside the agent is 
organized. The value of information structure 
defined above is given by the following 
Szczerbicki 2000): (

 
VC=min E[f(a, X) C0]-minE[f(a, X)C],         (4) 

 
where min E[f(a, X)C0] represents the utility of 
information structure C0 in which cij=0 for each i 
nd j. Using (3) the VC can be represented by: a

 
VC=E[bTß].                              (5) 

    
   With the modelling tools given by (3) and (5) one 
can easily extract knowledge about autonomous 
systems functioning in various decision situations. 
In Table 1 some samples of such a knowledge are 
specified for static environments [11]. This 
knowledge is easily  codified and can be used in 
control, command, and management of autonomous 
systems. Similar rules can be easily captured for 
decision situations involving dynamic environments 
(please see [11] for details). 
 

Table 1:  Production rules describing agents 
functioning in static environment 

_________________________________________ 
 
RULE 11 

IF  an external environment of an 
autonomous agent is static, 

AND  it is described by random variables, 
THEN  the value of an information structure 

that represents the flow of 
information between the agent and its 
environment depends on interaction 
between agent members, correlation 
between random variables, and their 
variance. 

 
RULE 12 

IF an external environment of an 
autonomous agent is static, 

AND it is described by a random variable, 



THEN the value of information about this 
variable realization is proportional to 
the value of its variance. 

 
RULE 13 

IF an external environment of an 
autonomous agent is static, 

AND it is described by random variables, 
THEN full information has the value that is 

always greater or equal to the value of 
any other information structure. 

 
RULE 14 

IF an external environment of an 
autonomous agent is static, 

AND there is no interaction in the internal 
environment, 

THEN it is enough to restrict the information 
flow only to observation; organizing 
an information exchange does not 
improve the value of a resulting 
information structure.  

 
RULE 15 

IF an external environment of an 
autonomous agent is static, 

AND  there is an interaction in the internal 
environment, 

AND the relationship between variables 
describing the external environment 
is of statistical character, 

THEN information structure should include 
observation and communication. 

 
RULE 16 

IF an external environment of an 
autonomous agent is static, 

AND the relationship between variables 
describing the external environment 
is given by function dependence, 

THEN communication between agent 
members does not affect the value of 
information structure; information 
flow should be restricted to 
observation. 

 
RULE 17 

IF an external environment of an 
autonomous agent is static, 

AND interaction in the internal 
environment is of substitute character, 

THEN positive correlation in the external 
environment is preferred. 

 
RULE 18 

IF an external environment of an 
autonomous agent is static, 

AND interaction in the internal 
environment is of complementary 
character, 

THEN negative correlation in the external 
environment is preferred. 

 
RULE 19 

IF an external environment of an 
autonomous agent is static, 

AND the relationship between variables 
describing the external environment 
is given by function dependence, 

AND  there is an interaction in the internal 
environment, 

THEN  it is easier to improve the value of 
information flow for small agents 
than for larger agents. 

 
RULE 20 

IF an external environment of an 
autonomous agent is static, 

AND the relationship between variables 
describing the external environment 
is of statistical character, 

AND  there is no interaction in the internal 
environment, 

THEN efficiency of an information flow 
increases with increasing n. 

 
RULE 21 

IF an external environment of an 
autonomous agent is static, 

AND the relationship between variables 
describing the external environment 
is of statistical character, 

AND  there is an interaction in the internal 
environment, 

AND there is no communication between 
agent members, 

THEN the increase in the value of 
information structure decreases with 
increasing n. 

 
RULE 22 

IF an external environment of an 
autonomous agent is static, 

AND the relationship between variables 
describing the external environment 
is of statistical character, 

AND  there is an interaction in the internal 
environment, 

AND there is  communication between 
agent members, 

THEN efficiency of an information flow 
increases with increasing n. 

  
RULE 23 

IF an external environment of an 
autonomous agent is static, 

AND  there is an interaction in the internal 
environment, 

THEN  the losses caused by incomplete 
information increase with decreasing 



correlation in the external 
environment.  

 
 
S
 

OFT MODELLING APPROACH 

A formal quantitative model as presented in the 
previous Section can be helpful in creation of 
knowledge connected with an information flow 
evaluation in autonomous systems.  Because of its 
complexity the model cannot be used for analysis 
and evaluation of an information flow in all possible 
decision situations. Qualitative modeling and 
reasoning, on the other hand, are areas of Artificial 
Intelligence (AI) that focus on reasoning about the 
behaviour of real life complex systems without 
relying on numbers.  In the development of an 
information structure for a given system, Qualitative 
Reasoning (QR) tools can play a role similar to that 
of traditional analysis based on the mathematical 
model. 
 
   Next, some non-quantitative tools are discussed 
for addressing the problem of knowledge acquisition 
for an autonomous subsystem/agent in various 
decision situations. 
 
C onnectionist systems 

Problem solving tasks, such as information structure 
development, may be considered pattern 
classification tasks. The system analyst learns 
mappings between input patterns, consisting of 
characteristics of system's external and internal 
environment, and output patterns, consisting of 
information structures to apply to these 
characteristics. Thus, neural networks (neural-based 
expert systems) offer a promising solution for 
automating the learning process of the analyst. 
 
   As we already know,  systems analyst, while 
developing an information structure for a given 
system, transforms certain characteristics of a 
system into recommendations concerning the flow 
of information. These characteristics represent the 
input for the system and their full description (for 
both static and dynamic environments)  includes 5 
parameters: correlation in the external environment 
(r), dynamics (t), interaction in the internal 
environment (q), delay (d), and type of the process 
describing the external environment (w).  Output 
consists of the following decisions 
(recommendations): (i) observation (or sensoring) 
should be present, and (ii) exchange of information 
should be present. An input portion together with an  
output portion of the data represents a training pair. 
The training pairs were used to train a 5-10-2 neural 
network (Szczerbicki 1996b). 
 
   The target values for each output node were 
normalised in such a way that the maximum target 

for each node received a value of 0.75 and the 
minimum target for each node received a value of 
0.25. The training values for each input node were 
identically normalised. The learning rate  and 
momentum term of 0.9 were used in the network. 
The network was trained using error back 
propagation procedure with a training tolerance of 
5%. The network was considered trained if, for all 
training pairs and output nodes, |(desired output - 
actual output)/(desired output)| < tolerance.  
    
   After training, additional characteristics of a 
system were generated for use by the network. Five 
sets of characteristics were submitted to the 
network. In response, the network suggested five 
information flow recommendations. In all cases the 
recommendations agree with the IF ... AND ... 
THEN rules presented in Table 1. 
 
D
 

ecision tree classifiers 

Decision tree classifiers are used successfully in 
many diverse areas. Their most important feature is 
the capability of capturing descriptive 
decisionmaking knowledge from the supplied data 
(Safavian and Landgrebe 1991). Decision tree can 
be generated from training sets. The procedure for 
such generation based on the set of objects (S), each 
belonging to one of the classes C1, C2, ..., Ck  is as 
follows (Quinlan 1990): 
 
Step 1. If all the objects in S belong to the 

same class, for example Ci, the 
decision tree for S consists of a 
leaf labelled with this class. 

 
Step 2. Otherwise, let T be some test with 

possible outcomes O1, O2, ..., On. 
Each object in S has one outcome 
for T so the test partitions S into 
subsets S1, S2, ... Sn where each 
object in Si has outcome Oi for T. 
T becomes the root of the decision 
tree and for each outcome Oi we 
build a subsidiary decision tree by 
invoking the same procedure 
recursively on the set Si.     

    
   The above procedure is applied to training sets. 
The training sets are delivered from the analysis 
based on the quantitative model presented earlier.  
   Suppose, for illustration purposes, that we are 
interested in decision making situations involving 
static environment only. For such cases the 
following rules can be delivered using decision tree 
classifiers (Szczerbicki 1996b): 
 
Rule 1 
IF an external environment of a system is 

static 
AND it is described by random variables 



AND there is no interaction in the internal 
environment 
THEN communication (exchange of information) 
between system elements is not necessary 
 
Rule 2 
IF an external environment of a system is 

static 
AND it is described by random variables 
AND there is  interaction in the internal 
environment  
AND  the relationship between variables 

describing  the external environment is of 
statistical character 

THEN exchange of information between system 
elements should be organised   
 
Rule 3 
IF an external environment of a system is 

static 
AND it is described by random variables 
AND there is  interaction in the internal 
environment  
AND  the relationship between variables 

describing the external environment is 
given by function dependence 

THEN exchange of information between system 
elements is not necessary 
 
   The use of decision trees is simple and as effective 
as the analysis based on a rigorous mathematical 
model (the production rules formulated above are  
the same as the rules based on quantitative 
modelling given in Table 1).   
 
S igned directed graphs 

A directed graph, or digraph, is a graph in which all 
edges are directed (Chartrand and Oellermann 
1993). A signed digraph is a digraph with either + or 
- associated with each edge. SDG nodes are chosen 
as variables relevant to or representative of the 
problem that is studied. There is an edge from 
variable A to variable B if a change in A has a 
significant direct effect on B. The sign of the edge is 
+ if an increase in A leads to an increase in B, and a 
decrease in A leads to a decrease in B. The sign is - 
if the effect is opposite; an increase in A leads to a 
decrease in B, and a decrease in A leads to an 
increase in B.    
            
   According to the mathematical model, information 
flow depends on the following state parameters: 
delay of information (d), amount of information (a), 
dynamics in the external environment (w), variance 
in the external environment (s), and interaction in 
the internal environment (q). The above parameters 
influence the loss in the value of information caused 
by delay (L1), the loss in the value of information 
caused by incompleteness (L2), and total loss (LV). 
Based on relationships and dependencies described 

by mathematical model, the SDG can be developed 
and then simplified. Two principles are used for the 
simplification process. The first one is the principle 
of removal of intermediate nodes and the other one 
is the simplification of positive feedback loop.  
 
   The following logic rules can be written for the 
model after simplification (Szczerbicki 2002b):  
 
SDG Rule 1: 
IF [d=+]  .and.  p[dLV] 
THEN it is a possible solution pattern for a positive 
change in d 
 
SDG Rule 2: 
IF [a=+]  .and.  n[aLV] 
THEN it is a possible solution pattern for a positive 
change in a 
 
SDG Rule 3: 
IF[w=+]  .and.  p[wLV] 
   .and.  p[wd] 
   .and.  p[dLV] 
THEN it is a possible solution pattern for a positive 
change in w   
 
   Using the above logic rules, the qualitative 
behaviour of the SDG model can be found. It is easy 
to notice that the corresponding qualitative states 
(consistent patterns) for the parameters of our 
interest are given as follows: 
 
(i) solution pattern for a positive change in d 
 
d a w LV 
+ 0 0 + 
 
(ii) solution pattern for a positive change in w 
 
d a w LV 
0 + 0 - 
 
(iii) solution pattern for a positive change in a 
 
d a w LV 
+ 0 + + 
 
   The above results of qualitative simulation are 
again the same as quantitative information flow 
modelling and evaluation. For example, they depict 
the adverse character of two contrary information 
attributes, i.e. delay and incompleteness. They also 
show clearly the effects of increasing dynamics in 
the external environment. More generally, the 
results show that as far as the analysis of overall 
directions of a system behaviour is concerned the 
simple qualitative model can be sufficient at a 
minimum level of complexity.   
 
 



C
 

ONCLUSION 

This paper tries to signal some of the emerging 
challenges and opportunities in the area of 
information flow modelling and simulation based on 
formal mathematical modelling platform. It also 
includes the preliminary results of some non-
quantitative procedures applied in the process of 
knowledge acquisition for information management. 
The procedures show the potential for use in 
reasoning and retrieval of knowledge describing the 
flow of information between a system and its 
external environment as well as within a system. It 
was shown that the techniques applied are able to 
provide general knowledge about system 
functioning in static and dynamic external 
environments. The techniques presented illustrate 
the ease and appropriateness of such methods for 
dealing with implicit knowledge and also provide a 
model for extension into other expert domains.  
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ABSTRACT 
 
An international company with significant automotive-
industry operations in the Detroit, Michigan, U.S.A. 
area wished to assess its current capacity to absorb a 
new influx of business from the Asian market.  
Discrete-event process simulation, a powerful tool for 
addressing such questions, proved its value in the hands 
of a team comprising students undertaking a senior-
level class project in simulation and their instructor.  
This collaboration with industry is consistent with the 
university’s traditions of furthering students’ 
educational objectives via practical experience while 
increasing the competitiveness of local industry via 
infusion of analytical methods and techniques. 
 
INTRODUCTION 
 
A large international company with extensive operations 
in the Detroit, Michigan, U.S.A. area is a first-tier 
supplier of vehicle seats to multiple automotive 
manufacturers.  Within the last year, this company has 
received an influx of new business from the Asian 
market.  The company operates large testing facilities to 
evaluate the durability of seat backs and seat cushions.  
Corporate management requested a simulation study to 
determine what additional facilities (employees, 
equipment, etc.), if any, would have to be added to the 
testing laboratory to accommodate the increased seat-
testing work.  Since discrete-event process simulation 
can assess the performance of any work-flow system 
under varying hypothesized loads, it emerged as a 
natural choice of technology for corporate engineers 
(e.g., the student enrolled in the simulation course) and 
managers to enjoy the benefits of generous lead time to 
address any problems a simulation model predicted the 
test facility would have under increased load.  Indeed, 
simulation has a long pedigree of successful results 
when used to address such questions, and some of its 
earliest and most unequivocal successes have been in 
manufacturing industries (Miller and Pegden 2000).  At 

the University of Michigan – Dearborn, student teams 
are routinely required to undertake course projects 
involving immediate practical application of the 
analytical techniques being learned, since such projects 
improve students’ understanding and retention of the 
techniques by demonstrating their contributions to a 
company’s or organization’s efficiency and 
competitiveness (Williams 2000). 
 
MODEL CONSTRUCTION, VERIFICATION, 
AND VALIDATION 
 
Since the simulation software used in the course 
(System Simulation 458, a senior-level class for 
industrial engineering majors and having calculus and 
statistics prerequisites) is Arena™ (Kelton, Sadowski, 
and Sturrock 2004), it was natural and convenient to use 
Arena™ for this project, because its standard constructs 
(such as Create, Dispose, Process, and Assign modules 
among which entities move, and Resources, scheduled 
by Shifts, which entities use to undertake various 
processes) readily sufficed to model the processes under 
study.  The Arena™ concept of a Station as a generic 
area where an entity undergoes conveniently 
categorized operations facilitated the construction of a 
model whose overall organization was readily 
understandable to client managers with little or no 
experience as clients of a simulation study.  
Furthermore, Arena™ provides an environment wherein 
development of the model and its two-dimensional 
animation routinely proceed concurrently (Bapat and 
Sturrock 2003). 
 
The base model was responsible for accurately 
representing current operations within robotic cells in 
the testing laboratory.  These robots are used to perform 
“ingress/egress” tests (the industry-specific name for 
tests concerning a motorist’s or passenger’s entrance 
into or exit from a vehicle) to determine the life cycle of 
seat cushions and/or seat backs.  As shown in Figures 1 
and 2 four pages hence, the robots “torture test” seats by 
moving a “butt form” or a “butt and back form” (these 
terms are the industry-specific names for molded plastic 
forms shaped like a typical human posterior) in and out 
of the seat repeatedly, representing seat wear caused by 
a person entering and leaving the seat numerous times.  



If a particular type or style of seat has never been tested 
before (2% of all entering seats), the program of testing 
motions must first be programmed into the robot 
assigned to the test.  On a staggered schedule, the robots 
are taken out of service one day per month for 
preventive maintenance and calibration.  The 
automotive manufacturer (customer for the seats within 
the supply chain) specifies whether the “butt form” or 
the “butt and back form” will be used.  The three 
significant current customers are divided between usage 
of the two forms; the prospective new business will 
specify use of the “butt and back form.”  At the 
conclusion of these tests, engineers measure the wear to 
the seat trim and note any structural failures occurring 
within the cushion frame or pan.  A seat found to have 
excessive wear and/or a suspected structural failure 
(25% of all seats) must undergo a jury review conducted 
by trim engineers from the customer involved. 
 
Actual construction of the base model was relatively 
straightforward, using fundamental modules of Arena™ 
such as those mentioned above.  For example, the 
Create modules on the left-hand side of Figure 3 (last 
page) represent work samples arriving from various 
current customers whose test requests involve the same 
equipment to be used for the expected new tests, plus 
expected samples from the new Asian customers.  After 
assignment (Assignment modules) of graphic icons and 
priorities, the samples are batched into groups of five, 
corresponding to standard scheduling policy of the 
robots.  Next, after assignment of cycle times from the 
client’s database, the work samples undergo 
preparation, including the work of obtaining required 
signatures.  Times needed for sample preparation were 
obtained from a previous 6-sigma (Harry and Schroeder 
2000) project; indeed, some client managers viewed this 
study as a natural extension of that project.  Next, the 
samples undergo testing; two percent of these samples 
(representing previously untested types of seats) 
required preparatory programming of the robot.  One-
quarter of the samples suffer extensive material wear 
and/or structural damage during the test; those samples 
must then receive a jury review performed by trim 
engineers.  Arena’s™ diamond-shaped Decide blocks 
randomly direct 2% of the samples to robot 
reprogramming or jury review.  All samples, after 
collection of performance metrics such as time-in-
system, then exit the model via the shipping dock, 
represented by a Dispose block. 
 
After this model construction, the simulation analysts 
then decided to run the Arena™ model on the 
presumption that five seats – the maximum possible – 
would be run through each of the two robotic cells 
during each test cycle, even though the current average 
production is less.  This decision accommodated the 
principal goal of the simulation:  to assess the ability of 
the current system to absorb the new business without 
expensive investment in new personnel and/or 
equipment.  For example, adding a robot would cost 

approximately $97,000; adding a programmer or test 
engineer, $60,000 annually or slightly more. 
 
The most significant problems in model construction 
were those of data collection.  Most data, such as 
percentage of new seat types, arrival rates of seats from 
various customers, and length of robotic test sequences, 
were routinely obtainable from managers and engineers.  
However, under current operational policy, line 
supervisors forbade direct observational data collection 
of the times spent by technicians moving seat samples 
from one test station to another.  To circumvent this 
problem, one of the analysts unearthed data used in a 
Six Sigma project the previous calendar year whose 
original objective was to explore ways of decreasing 
downtime among the robots.  Meanwhile, model 
construction continued expeditiously with data 
collection, a concurrency strongly advocated by 
(Johansson and Grünberg 2001) to reduce calendar 
project time elapsed – important here due to both the 
inevitable academic-calendar constraints and the 
eagerness of client management to receive guidance 
relative to potentially needed capital investments. 
 
Model verification and validation (Balci 1998) were 
achieved by various traditional methods, including 
traces and step-by-step observation of the animation, 
structured walkthroughs (Weinberg 1971) of the model 
and its data, extreme-value testing (typically blending 
with sensitivity analysis and involving the most 
uncertain input data values), and direct comparison of 
the base model output with observations in the test 
facility.  These last were accurate within 4% after 
verification and validation, incorporating correction of 
various problems, was deemed sufficient.  As a typical 
example of a problem needing attention, the original 
travel time to a holding area was specified as 
NORM(1.0, 0.25) (the Arena™ notation for a random 
variate normally distributed with mean 1.0 and standard 
deviation 0.25).  However, the standard deviation is 
dangerously large compared to the mean – in a large 
group of long replications, this sampled value may be 
expected to be negative fully 37 times in 106. 
 
RESULTS OF THE STUDY 
 
After verification and validation were completed 
relative to the current system, the simulation team and 
the client investigated the following scenarios: 

1. Add the anticipated new business to the 
system load without adding any resources. 

2. Add the anticipated new business and add 
an engineer to the second shift. 

3. Add the anticipated new business and add 
an eighth robot. 

4. Add the anticipated new business and add a 
programmer. 

Comparison of the last three scenarios with the first 
proved disappointing.  These comparisons were 
undertaken using a warm-up time of one month, a run 



time of one year, and ten replications to build 
confidence intervals, using the Student-t distribution, at 
the 95% level for performance metrics.  These 
confidence intervals bracketed either a performance 
metric for one scenario, or the difference between 
performance metric values for two scenarios.  As a 
precaution against non-normality severe enough to 
undermine use of the Student-t distribution, replication 
results were checked for normality using the 
Kolmogorov-Smirnov test (Law and Kelton 2000), 
which failed to reject the null hypothesis of normality at 
α = 0.10.  Additionally, since some significance levels 
for rejection of normality did approach 0.10, those 
confidence levels were recalculated using the 
distribution-free method of Tukey based on Wilcoxon’s 
signed rank test (Hollander and Wolfe 1999).  These 
confidence intervals were in excellent agreement with 
those calculated from the Student-t distribution.  Results 
of scenario #1 demonstrated that the system could 
handle the increased load in terms of throughput, but 
with longer time-in-system than hoped.  Relative to 
scenario #1, the remaining scenarios provided negligible 
increases in throughput.  Scenarios #2 and #4 provided 
slight reductions (about 5%) in time-in-system for 
current customers relative to scenario #1.  Scenario #3 
provided a moderate reduction (about 10%) in time-in-
system for current customers relative to scenario #1.  In 
each scenario, current customers’ work was assumed of 
higher priority than the new work.  However, 
management deemed none of these improvements 
sufficient cost justification for the (expensive) 
investment inherent in acquisition of another engineer, 
another robot, or another programmer, especially since 
predicted times-in-service for the new business were 
unduly long.  Additionally, sensitivity analysis 
demonstrated that even these modest improvements 
were strongly dependent on the presumed amount of 
new business to be provided by the new customer – and 
both the amount of new business and the rate of increase 
from current to expected load on the system (i.e., rate of 
introduction of the new business) were naturally 
uncertain in an economic sense.  Therefore, client 
management’s response to the results of the study was 
to reject the three proposed investments (and any 
possible additive combination thereof) in favor of 
developing contingency plans for outsourcing of work 
during periods of sufficiently heavy and/or unexpected 
customer demand.  A summary of the quantitative 
results is presented in Table 1 below, in which the new 
work is prioritized  
 
Scenario Throughput New Work Time in 

System 
Current 218 Not applicable 
New work 326 684 hours 
+Engineer 329 685 hours 
+8th robot 332 812 hours 
+Programmer 327 714 hours 

Table 1.  Summary of Scenario Comparisons 
 

Results in the third column of this table clearly warned 
management that adding a resource (an engineer, a 
robot, or a programmer) without careful attention to 
revamping service priority policies would indeed 
improve overall service and particularly service to 
current customers – but provide such slow service to the 
new business that it “might well not linger long.”  This 
warning was deemed one of the most valuable results of 
the study. 
 
SUMMARY AND CONCLUSIONS 
 
The most significant aftermaths of this project were the 
client’s desire to use this model (to be revised) further, 
treating it as a “living document,” and indeed to use 
simulation in a variety of new situations.  Significantly, 
this simulation study was the first ever undertaken by 
this client relative to the Ingress/Egress testing division 
of the business, notwithstanding that this work 
contributes about $700,000 annually to the 
corporation’s annual income.  Therefore, the project 
team wrote extensive documentation, both internal and 
external to the model itself, to facilitate its ongoing use 
and modification, and make simulation, as an analytical 
technique, more accessible to client engineers and 
managers, as advocated by (Seila, Ceric, and 
Tadikamalla 2003).  For example, the client plans to use 
the model to assess possible improvements achievable 
by changing the test batch size from its current value of 
five; the batch size might plausibly be dynamically 
determined by current system conditions instead of 
being fixed.  Client management has now embraced the 
philosophy “If at first you don’t succeed, you probably 
should have simulated it” (harrell, Ghosh, and Bowden 
2004). 
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Figure 1.  Robot, “Butt and Back Ford,” and Seat Under Test
Figure 2.  “Butt Form,” Close-Up 



 

 

Figure 3.  Screen Shot of Arena® Model
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ABSTRACT 
  
The exploding deployment of network enabled mobile 
devices, along with the expansion of networked services 
have created the need for users to easily manage these 
devices and services and also to coordinate with one 
another. Service Discovery Protocol (SDP) enables 
networked devices, applications, and services to seek out 
and find other complementary networked devices, 
applications, and services needed to properly complete 
specified tasks. A variety of Service Discovery Protocols 
have been proposed by the market and academia, 
including Jini, UPnP, SLP, Salutation and Bluetooth. For 
these protocols to co-exist, they should exhibit 
interoperability features. A number of bridging 
techniques have been proposed and implemented. Efforts 
have been on going to analyze these bridges from an 
architectural point of view. A most suitable means for 
such purpose is Architecture Descriptive Languages 
(ADLs). ADLs, like Rapide, enable the simulation of 
distributed systems such as Service Discovery Protocols. 
In this paper we propose a one directional bridging 
system (Jini-UPnP Bridge). To validate the proposed 
system, we model and simulate the bridge using Rapide 
ADL simulation and analysis toolset. We perform a 
number of simulation tests and use the Rapide Poset 
viewer to analyze the simulator’s output Poset tree of 
events. The bridge overhead, compared to a non-bridged 
native Jini service was found to be about 93.5%. The 
bridge performance was measured under both light and 
heavy network loads. Under light loads the bridge 
achieved 0.071% improvement, while its performance has 
degraded 0.034% under heavy load. The bridge 
performance was also measured when bridging multiple 
services. The results fall in reasonable ranges from 
1.00079s to 1.00143s for the overall bridging time. To 
further validate our model, we performed a set of 
experiments to test communication failures.  
 
INTRODUCTION 
 
The number of networked services is expected to increase 
enormously in the incoming era. Other than traditional 
services (e.g. printing, scanning and faxing), new 
networked-services for business purposes, such as 
network based computational systems, or light weight 

services, such as restaurant directories and translators, are 
becoming available and highly important. For an effective 
use of these services, users should have means for direct 
and easy access to these services. Service Discovery 
Protocol (SDP) presents an attractive solution for services 
discovery and coordination (Bettstetter and Renner 2000). 
 
One of the main factors of judging the efficiency of a 
given SDP is its ability to interoperate with other SDPs. 
Interoperability is a vital issue since it would enable 
services and clients with different service discovery 
protocols to communicate and interact with one another. 
Some of the SDPs use a proxy or bridge as a solution to 
enable services that don’t support their SDP to 
nevertheless have role in their federations.  
 
In this paper, we present a new approach for bridging 
between Jini and UPnP. We use architectural modeling to 
develop a Jini-UPnP Bridge. We validate our work by 
carrying out a series of simulation tests and experiments 
on the executable architectural model. Initially, we set a 
hypothetical topology of Jini and UPnP clients and 
services in addition to our proposed Jini-UPnP bridge.  
This setup is used to verify that the Jini-UPnP Bridge is 
capable of registering a UPnP Service that offers a 
JiniFactory, with the Jini Lookup service. The basic 
functionalities of The Jini-UPnP Bridge are tested and 
verified. We assess the performance of the Jini-UPnP 
Bridge through a number experiments including: 1- 
measuring the overhead of bridging a UPnP service 
versus direct registration of a Jini native service, 2- 
measuring the performance of the bridge under both light 
and heavy network loads, 3- deducing the performance of 
the bridge on bridging multiple UPnP JiniFactory 
services. Moreover, we performed the set of experiments 
conducted by Dabrowski and Mills in (Dabrowski and 
Mills 2001) to test the behavior of our hybrid-bridging 
environment in cases of communication failures.  We 
compared their results to ours to validate the correctness 
of our model (El-Karboutly 2002). 
 
This remainder of this paper is organized as follows: In 
Section 2, we describe the proposed Jini-UPnP bridging 
technique. First we give a high level design view and then 
we present some implementation details. Our tests and 
experimental work is discussed in Section 3. We 
conclude in Section 4. 
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THE PROPOSED Jini-UPnP BRIDGE 
 
One of the main factors of evaluating and judging any of 
the available SDP protocols is the extent to which it 
allows for interoperability. A bridge between UPnP and 
Jini has not been investigated before; though it has been 
mentioned as possibility in a number of references (IBM 
1999)  (Richard 2000)  (ADL 1997). 
  
Both Jini and UPnP introduce the concept of bridging a 
foreign network device as part of their specifications. Jini 
refers to it as a network proxy (Luckham 2001). While 
UPnP refers to it explicitly as a UPnP Bridge (Wang 
2003). In both SDPs, the bridging concept is based on 
introducing a foreign device to the SDP environment 
through the use of a representing entity that speaks on its 
behalf (a bridge).  
 
The choice of bridging Jini and UPnP is based upon the 
fact that both protocols, though similar at the core 
functionality level, have dissimilar points of strength. 
Both Jini and UPnP support the same set of basic SDP 
operation, including service advertisement and service 
discovery. They both support the concept of leasing for 
registered services and support eventing and notification 
mechanisms for updating service information. Jini a 
centric protocol, based on the presence of a central cache 
manager, is an example of three-party protocols, which 
cannot function without a Lookup Service. On the other 
hand, UPnP is decentralized and is more of a peer-to-peer 
communication model. Compared to Jini, UPnP is a 
lightweight protocol. This is due to the fact that Jini 
requires the presence of a JVM for all its entities. 
Bridging between Jini and UPnP will enable thin services 
that don’t have a JVM to announce their services to Jini 
clients. Jini’s most attractive feature is the ability of 
downloading services driver’s or proxy, which enables 
easy and direct usage of the service. 
 
Our work is built on the concept of a Jini network proxy 
described in Jini Device Architecture and is based on the 
efforts of Eric Guttman in (Guttman and Kempf 1999). A 
Jini-UPnP Bridge is an entity that enables services that 
support UPnP protocol to be reachable by Jini clients. For 
Jini clients, Jini-UPnP is a transparent layer that they are 
unaware of. The UPnP services that are advertised via the 
bridge are treated as native Jini services. 
    
The proposed Jini-UPnP Bridge is modeled as a special 
network node that can communicate with other network 
nodes in both Jini and UPnP protocols. It mainly acts as a 
Service User (i.e. Control Point) in UPnP environment 
and a Service Manager (Service) in Jini environment. It 
waits for announcements made by UPnP devices and 
services that are willing to advertise their presence to the 
Jini clients and acts as a representative, almost a mirror 
for them in the Jini environment.  
 
The first order of business of the proposed bridge is to 
prepare an appropriate entry for UPnP services, in the Jini 

Lookup Service. This involves primarily setting the 
appropriate attributes required and creating a service 
object as part of Jini service’s registration. 
  
UPnP services that are willing to advertise their presence 
to Jini clients are not required to have a JVM installed. 
They are mainly required to have a Jini driver Factory 
(Guttman and Kempf 1999). A Jini driver factory is a 
(*.jar) file that bares a manifest for the advertised service. 
A Java Archive File (*.jar) file is used to bundle multiple 
files into a single archive file. Typically a JAR file 
contains the class files and auxiliary resources associated 
with applications. 
 
The proposed  bridging process is done through the 
following steps: 
 
The Jini-UPnP bridge searches the UPnP reachable 
entities to find devices and services that have Jini driver 
Factory or waits till it receives announcements made by 
Jini driver Factory services.  
Once a Jini driver Factory service is found, the Jini-UPnP 
bridge obtains a complete description of the service 
including attributes, GUI URL and control URL. 
 
The URL of the Jini driver factory is composed by 
extending the control URL with a unique identifier. The 
Jini driver factory is downloaded using GET method over 
HTTP.  
 
The Jini-UPnP bridge performs attributes transformation 
from UPnP format to Jini format to prepare for service 
registration. Upon successfully translating the entire 
service attributes and obtaining the Jini driver factory, the 
Jini-UPnP bridge registers the discovered service with 
Jini Lookup Service. Using the Jini driver factory, the 
bridge creates a service object that is used for registration. 
Registration is done by sending a join request with all 
necessary attributes to Jini Lookup Service that adds the 
new service to its cache. 
  
Whenever a Jini client needs our bridging service, it 
contacts Jini Lookup Service and downloads the 
instantiated object that is used to drive the service. Like 
any typical Jini service, the Jini-UPnP bridge should be 
equipped with JVM to be able to participate in the Jini 
SDP.  
 
The first step in modeling our bridge is to set a hybrid 
Service Discovery environment, where different services 
and clients speak different service discovery protocols. 
This means that we would have n Jini services, m Jini 
clients, e Jini lookup services , p UPnP services  and q 
UPnP clients, where n,m,e,x,p,q are natural numbers > 0 
and by setting them we define our topology. This 
topology would be ADL modeled such that entities are 
able to perform normal service discovery operations with 
no conflicts. 
 

 



Having the two NIST Rapide models for Jini and UpnP 
(Dabrowski and Mills 2001)  , we merged the two models 
into one model with both Jini and UPnP interfaces and 
main modules in preparation to build our proposed 
bridge. The proposed Jini UPnP bridge is basically a 
network node that acts as a UPnP SM in UPnP 
environment and a Jini SU in Jini environment. It’s basic 
sub modules are the basic components of UPnP SM and 
Jini SU models, in addition to sub modules that perform 
bridging. 
 
The main sub modules of Jini-UPnP Bridge architecture 
are: 
 
UPnP Service User (UPnP SM):  is a modified 
implementation of the UPnP SM entity that also includes 
UPnP Local Cache Manager and the UPnP SU Filter. 
The UPnP Local Cache Manager  is modified such that 
it handles attribute translation from UPnP to Jini and also 
Jini driver factory download. 
 
Jini Service Manager (Jini SM) :  is a modified 
implementation of the Jini SU that communicates directly 
with the UPnP SM module of the bridge to receive 
bridged services. 
  
 In normal UPnP SU, the local cache Manager module is 
an interface for the internal cache of the SU. It handles 
UPnP discovered service records, notifications and 
events. In our bridged model it also handles the 
functionality of managing a cache for the Jini driver 
factory of the discovered Jini Driver Factory services. It 
implements the interface MANAGED_RESOURCE_JAR 
which exposes two methods: SUGetJar that requests 
downloading a jar file for a given Jini Factory service, 
and SMJarResponse which is the response to a SUGetJar 
request. MANAGED_RESOURCE_JAR is represented 
in Rapide ADL as follows: 
 
TYPE  MANAGED_RESOURCE_JAR IS INTERFACE 
ACTION 
  OUT  
      SUGetJar  
       (SU_ID, SM_ID : IP_Address;    -- Source SU, target 
SM 
        QueryIssueTime : TimeUnit;    -- time query issued 
        URLField : Integer);          -- This should be a URL 
or a  Device ID for  identification purposes 
  IN  
      SMJarResponse 
       (SM_ID, SU_ID : IP_Address;    -- Sending SM, 
Receiving SU 
        UniqueID     : Integer;       -- Unique Identifier for 
SD 
        Jar  : String;               -- a dummy string representing  
the  downloaded file 
        TimeStamp : TimeUnit); 
 END;  
 

Upon discovering the presence of a UPnP Service that 
provide a Jini Driver Factory, the Jini UPnP Bridge; first 
retrieves its complete description and downloads its jar 
file and then advertises its presence to the Jini Lookup 
Service. To perform the last functionality, Jini UPnP 
Bridge uses the interface ADVERTISE_SERVICE. 
ADVERTISE_SERVICE is responsible for propagating 
discovery of new service, change of a currently 
discovered service and deletion of a service to the JINI 
SM sub modules of the bridge. It is called by the Bridge 
Local Cache Manager sub module and implemented by 
the Jini Service Repository sub module. 
 
ADVERTISE_SERVICE interface is presented as 
follows in Rapide ADL: 
 
TYPE ADVERTISE_SERVICE IS INTERFACE 
ACTION 
OUT AddNewService(?Service_ID : Integer; -- ID of the 
service 
ServiceType,          -- service type /name 
ServiceAttributes,    -- service attributes  
ServiceAPI,          -- service Proxy and APIs 
ServiceGUI : String; -- service GUI 
NLeaseTime,  
NDuration : TimeUnit  
- lease duration),  
     ChangeServiceEv (?Service_ID : Integer; -- ID of the 
service 
    ServiceAttributes:String -– new service  
Attributes ), 
     DeleteServiceEv  (?Service_ID : Ind_Service_ID;  -- 
Service ID 
     ExpireOption : String     --Expire Option); 
    
END; --ADVERTISE_SERVICE 
 
A UPnP service that wishes to be used by Jini clients 
through our Jini UPnP bridge, should provide a Jini driver 
factory. The Jini UPnP Bridge issues an HTTP Get 
command to download the Jini driver factory file. A 
change was necessary to the UPnP SM Rapide Model for 
providing this functionality. The 
MANAGED_RESOURCE_JAR interface, introduced in 
the last section, is added to the UPnP Service Manager 
Model to be implemented by the UPnP SM_Repository 
sub module.  
 
The overall Rapide model for a hybrid SDP environment 
with Jini UPnP Bridge consists basically of six different 
types of network entities: Jini SM, Jini SU, Jini SCM, 
UPnP SU, UPNP SM and Jini UPnP Bridge. Each of 
these modules implements the basic functionally of UPnP 
and Jini SDP Protocols. The Jini UPnP Bridge modules 
implements protocols of Jini SM and UPnP SU in 
addition to bridging functionality.  
  
On the network level, the Jini-UPnP bridging 
environment consists of network nodes that are connected 
through communication links. Communication links are 

 



mainly TCP/IP and UDP connections that are used for 
multicasting and unicasting messages. These 
communication links are modeled in our Rapide ADL as 
separate entities representing different multicasting and 
unicasting functionality.  
 
The six network nodes:  Jini SM, Jini SU, Jini SCM, 
UPnP SU, UPNP SM and Jini UPnP Bridge consist of 
major functional components. These are shown on the 
Entity Major Functions layer or the third layer from top. 
For Example the Jini Service Manager entity consists of 
a Service Repository and SCM discovery modules.  
 
The lower level in the architecture shows the main 
functional subcomponents. These are the main 
components that carry out the main functionalities in the 
system. Some of these subcomponents are modeled as a 
Rapide interface and are implemented by different higher 
level models, while the rest are implemented as 
independent low level functionality modules. The main 
functional subcomponents of the SCM Discovery module, 
which is a basic module required in all Jini entities, is 
divided into three groups: Direct Discovery Protocol 
subcomponents, Aggressive Discovery subcomponents 
and Lazy Discovery subcomponents. Subcomponents that 
implement Lazy Discovery Protocol are: the 
Announcement Responder, which listens passively for 
announcements from entities that the SCM may wish to 
discover, the Announcer subcomponent, whose role is to 
send announcements to entities that may wish to discover 
the SCM to which it belongs, the SCM API Server, 
which provides service interfaces (APIs) to discovering 
entities after the initial response by the discovering entity 
to the SCM announcement and the Executive 
subcomponent whose main task is to control switching 
between aggressive, lazy and directed discovery. 
 
Jini-UPnP BRIDGE TESTING and 
PERFORMANCE MEASURES  
 
The next step after modeling the bridging between Jini 
and UPnP is to verify that the basic functionality of the 
bridge is correct through simulation tests. The Rapide 
toolset provides a set of compilation and runtime 
execution tools whose output is a simulation of the 
Rapide architectural model. The output of the simulation 
could be analyzed in various ways, including constraint 
checking, analysis for surprises and depiction of 
behavior. We chose to analyze the output of our 
simulation using the Partial Order Set (Poset) browser. 
Poset browser enables us to view how a given 
architectural design behaves. It represents casual event 
simulations in a DAG form, nodes representing events 
and directed arcs representing causality. 
  
In each of our tests, we first establish initial conditions by 
constructing a topology of Jini and UPnP basic entities in 
addition to the Jini-UPnP Bridge. The following tests 
have been conducted and proven successful: 1- testing to 
validate that initial discovery and advertisement activities 

in our hybrid environment of both Jini and UPnP entities, 
function correctly, 2- testing a complete scenario of 
bridging a Jini Service to examine the correctness of the 
bridging process, 3- testing that the proposed UPnP Jini 
Bridge successfully propagates changes that occur in the 
JiniFactory service to the SU Jini clients that have 
previously discover it, 4- testing to confirm that the 
JiniFactory service shutdown is propagated successfully 
to Jini SCM through Jini-UPnP Bridge. 
 
We have conducted five experiments to measure the 
performance of the proposed Jini-UPnP bridge. In the 
following we discuss and report only four of them, 
naming: 1- measuring the overhead of bridging a UPnP 
service verses direct registration of Jini native service, 2- 
measuring the performance of the bridge under both light 
and heavy network loads, 3- deducing the performance of 
the bridge on bridging multiple UPnP JiniFactory 
services. Moreover, we performed the experiments 
conducted by Dabrowski and Mills in (Dabrowski and 
Mills 2002) to test the behavior of our hybrid-bridging 
environment in cases of communication failures.  We 
compared their results to ours to validate the correctness 
of our model (El-Karboutly 2002).  
 
The usage of a bridge in a hybrid system implies the 
presence of an overhead in time and resources. We are 
interested in measuring the overhead of bridging a UPnP 
service compared to having that same service as a native 
Jini service. The overhead is measured in terms of time 
and the number of messages exchange.  
 
The following table shows the most relevant parameters 
and values for our experiment. 
 
Table 1 Jini-UPnP Rapide Model Input Parameters 
  
 Parameter Value 

Simulation overall 
time 

3600s General 
Parameters 

Node Startup 
Delay 

1-15 s uniform 

Polling interval 180s Behavior in both  
Jini and UPnP 
architectures 

Registration TTL 1800s 

Announcement 
terval in

1800s 

Msearch query 
interval 

120s 

 
UPnP specific 
behavior 

SU purges SD At TTL 
expiration 

Probe interval 5s (7 times) 
Announce interval  120s 

Jini specific 
behavior 

SM or SU purges 
SD 

After 540s 
with only 
REX 

Jini UPnP 
Bridge specific 
behavior 

Jar file size 11Kb 

 



UDP transmission 
elay d

10 µs constant 

TCP transmission 
delay 

10-100 µs 
uniform 

Transmission 
and processing 
delays 

Per item 
processing delay 

10 µs for 
cache items 
10 µs for other 
items 

 
First, we ran the Jini Rapide model with a topology of 
one Jini Service Cache Manager (SCM), two Jini Service 
Users (Jini SUs) and one Jini Service manager (Jini SM), 
where one of the Jini SUs requests a service of the same 
type as that offered by the Jini SM. We measure the time 
taken and the number of messages exchanged since the 
Jini SM starts up and until the Jini SU receives the 
service description. Next, we run our Jini-UPnP Bridged 
model with a topology of one Jini SCM, two Jini SU, one 
Jini SM, one Jini-UPnP Bridge, one UPnP SU and two 
UPnP SM. The time taken by a Jini SU to discover a 
requested UPnP service is measured. This time value is 
the sum of the time taken for Jini UPnP Bridge to 
discover the services; the time the bridge registers this 
service with the Jini SCM and the time the Jini SCM 
forwards the service description to the interested Jini SU. 
 
Measurements for Jini are done on two stages; first we 
measure the time taken for Jini SM to register with SCM 
and the number of messages needed. We assume that 
SCM discovery has already taken place. The time taken 
for this operation, as shown in the results is TIME 
TAKEN 1 = 0.064s , and the number of messages 
exchanged is four messages (NUM MSGs 1 :4). The 
second stage is where the SCM starts matching the newly 
added service description to the available SU requests. 
Two messages are exchanged for this operation to 
complete and the total time needed is TIME TAKEN 2 = 
0.00081s. Thus the total time for the whole operation 
starting with SM registration to SU discovery takes 
TOTAL TIME = 0.06481s on average. 
 
Bridging a UPnP SM service to be reachable for Jini SUs 
is done in three stages. First the Service SM is discovered 
by the Jini-UPnP bridge, then the bridge registers the 
service with Jini SCM. The time taken for a Jini-UPnP 
bridge to discovery and obtain the complete description 
of Jini Factory service is TIME TAKEN 1:1.00132s 
where five messages are exchanged in this operation. 
Secondly, the bridge registers the newly discovered 
service with the SCM by exchanging two messages in 
TIME TAKEN 2:.00022. The last stage is where the 
SCM matches the added service to the notification for 
services that SUs have registered with the SCM earlier. 
This operation exhausts about TIME TAKEN 3: 
0.00061s. The total time consumed in the process of 
bridging TOTAL TIME = 1.00215s 
 
Comparing the results for a native Jini service to that of 
bridging the service through Jini-UPnP Bridge, it is clear 

that the bridging process has an overhead of about 
0.93734s or a 93.5% overhead. 
 
Network Bandwidth is a main factor in the behavior of 
any distributed system. The performance of different 
entities in a SDP is very much affected by network delays 
as a main parameter. In our model for Jini-UPnP Bridge, 
we simulate network bandwidth by having network delay 
as one of the main model input parameters. Parameters 
are defined for unicast and multicast delays between any 
pair of nodes and also for the network as a whole. The 
following tests record the effect of varying network 
delays on the performance of UPnP-Jini Bridge. 
 
In the pervious experiment we were interested in 
measuring the overhead of bridging a service in terms of 
time and number of messages. We fixed the TCP/IP 
network delay to a typical network delay value of 10-100 
µs uniform. To measure the performance of the Jini-
UPnP Bridge in a light loaded network, we repeat the 
experiment done in the previous section with the same 
input parameters, yet changing the TCP/IP network delay 
to 10-30 µs uniform. The results would be compared to 
those obtain in the pervious section. We repeated the 
experiment ten times to compute the average overall time 
taken by the bridge.  
 
Compared to the results obtained in the previous 
experiment, the bridge performance increases about 0.071 
% with a less loaded network (i.e. higher bandwidth) of 
10-30 µs uniform delay. The results show an improved 
value for the time of registration with the bridge from 
1.00132 s in normal network to 1.000617 in a less loaded 
network. We are more interested in the last time value 
(Overall Time) since the time taken to download the Jini 
driver factory is a factor of it. The results are up to our 
expectations since an overall improvement in time delay 
is noticed. 
  
To measure the performance of Jini-UPnP Bridge in a 
congested network, we apply the same experiment with a 
higher network load with the same input parameters, yet 
changing the TCP/IP network delay to 80-100  µs 
uniform. The results would be compared to those obtain 
in case of typical network delays. We repeated the 
experiment ten times to compute the average overall time 
taken by the bridge.  
 
Compared to the results in normal network condition that 
are obtained in the previous experiment, the bridge 
performance degraded about 0.034 % with a congested 
network (i.e. low bandwidth) of 80-100  µs uniform 
delay. The result is as expected since the effect of having 
a low bandwidth is of direct effect on the time taken to 
transfer messages and to download Jini driver factory. 
The overhead in time is more obvious in the time taken 
for registration with the bridge, as downloading the Jini 
driver factory file is a factor in it. 
 

 



A UPnP client (UPnP SU), in a pure UPnP environment, 
is capable of discovering and communicating with 
multiple UPnP Services at the same time. Also, a Jini 
Service Manager (Jini SM) could advertise and register 
the availability of more than one service. Our UPnP-Jini 
Bridge is primarily composed of both a UPnP SU and Jini 
SM. Thus a UPnP-Jini Bridge is capable of bridging more 
than one UPnP service and registering it with the Jini 
SCM at the same time. We are interested in testing this 
capability of our modeled Jini-UPnP Bridge to bridge 
successfully multiple services at the same time and also 
to depict the effect of multi-service bridging on the 
Bridge performance. 
 
In the previous experiment, we’ve chosen a topology with 
one UPnP Service (UPnP SM) that offered a Jini Factory 
and is bridged using the UPnP Jini Bridge. In this 
experiment, we conduct a topology of five UPnP SMs to 
be bridged, one UPnP Jini Bridge, one UPnP Service 
User, one Jini SCM, two Jini SUs and one Jini SM. We 
assume the same input delays and parameters presented 
above. We record the time taken for a Jini SU to discover 
a requested UPnP service. This time value is the sum of 
the time taken for Jini UPnP Bridge to discover the 
services; the time the bridge registers this service with 
Jini SCM and the time the Jini SCM forwards the service 
description to the interested Jini SU. 
 
The results obtained are not uniform, yet they fall in a 
certain time range, for example the overall time taken by 
UPnP-Jini bridge to bridge a given service ranges 
between 1.00079 s and 1.00143 s. These results are 
expected since the behavior of the bridge is a function of 
the number of events it receives at the same time and the 
way it schedules the incoming events. The results fall in 
reasonable ranges and are close to the results obtained in 
case of bridging one service. These results are also 
dependent on the time each node starts announcing its 
service. Nodes that announce their services consecutively 
with a small time variant (e.g Nodes 2, 3), cause high 
frequency of events on the bridge, which results in 
degradation in the bridge performance and higher delay 
values. 
 
CONCLUSION  
 
The problem we addressed in this research is enabling 
thin servers and lightweight devices to offer their services 
to Jini clients through passive and indirect registration 
using our proposed Jini-UPnP Bridge. This problem has 
been addressed before by using SLP instead of Jini 
(Guttman and Kempf 1999), yet the bridging between Jini 
and UPnP has not been investigated before in SDP 
research literature.  
 
We modeled and simulated our solution using Rapide 
ADL toolkit. Modeling is an approach for designing 
quickly, efficiently and correctly. It allowed us to control 
the quality and performance. We’ve chosen Rapide ADL 
to benefit from the set of modeling and simulation tools it 

offers. We used architectural models of Jini and UPnP as 
a basis to create hybrid discovery environment including 
both Jini and UPnP and to design and model our proposed 
bridge.  For testing and simulating the bridge, we created 
a hypothetical topology of Jini and UPnP clients and 
services in addition to our proposed Jini-UPnP bridge. 
We simulated the topology to verify that the Jini-UPnP 
Bridge is capable of registering a UPnP Service that 
offers a JiniFactory, with the Jini Lookup service. The 
Jini-UPnP Bridge is tested for cases where the bridged 
service is updated or deleted. A number of performance 
experiments have been done on the bridge. 
 
REFERENCES 
 
ADL 1997, "Using Architecture Description Languages 
     (ADLs) to Improve Software Quality and Correctness 

in Dynamic Distributed Systems" 
http://www.itl.nist.gov/div897/ctg/adl/sdp_projectpage
.html 

Bettstetter, C. and  C. Renner,    2000, "A Comparison of 
Service Discovery Protocols and implementation of 
the Service Location Protocol", In Proceedings of 
EUNICE 2000, Sixth EUNICE Open European 
Summer School, Twente, Netherlands. 

Dabrowski, C. and K.  Mills, 2001, "Analyzing Properties  
and Behavior of Service Discovery Protocols using 
an   Architecture-based Approach", Proceedings of 
Working Conference on Complex and Dynamic 
Systems Architecture. 

Dabrowski, C. and  K. Mills,  2002 "Understanding Self-        
healing in Service-Discovery Systems," ACM 
Workshop on Self-Healing Systems, Charleston. 

El-Kharboutly, R. 2002, “Modeling Jini-UpnP Bridge 
 Using Rapide ADL”, M.Sc. thesis in Computer 
Science, The American University in Cairo. 

Guttman, E. and J. Kempf,  1999, “Automatic Discovery  
    of Thin Servers: SLP, Jini and the SLP-Jini Bridge,” 

Proc. 25th Ann. Conf. IEEE Industrial Electronics 
Soc. (IECON 99), IEEE, Press, Piscataway, N.J. 

IBM 1999, white paper, “Discovering Devices and 
  Services In Home Networks”. 

Luckham, D. 2001, “Rapide: A Language and Toolset for 
 Simulation of Distributed Systems by Partial Ordering 
of Events,” http://anna.stanford.edu/rapide . 

Richard, G. 2000, “Service Advertisement and  
Discovery: Enabling Universal Device Cooperation,” 
IEEE Internet Computing. 

Wang, O. 2003, “Interoperability of COM/DCOM objects 
 with CORBA objects by using DCOM/CORBA 
Bridge and their performance analysis”, 
http://www.engr.sjsu.edu/fatoohi/wang-
report/abstract.html 

 

 

http://www.itl.nist.gov/div897/ctg/adl/sdp_projectpage.html
http://www.itl.nist.gov/div897/ctg/adl/sdp_projectpage.html
http://www.itl.nist.gov/div897/ctg/adl/adl_files/Dabowski&Mills-WOSS2002final.pdf
http://www.itl.nist.gov/div897/ctg/adl/adl_files/Dabowski&Mills-WOSS2002final.pdf
http://anna.stanford.edu/rapide
http://www.engr.sjsu.edu/fatoohi/wang-report/abstract.html
http://www.engr.sjsu.edu/fatoohi/wang-report/abstract.html


MODELING SEAWATER DESALINATION USING WASTE 
INCINERATION ENERGY - FUNDAMENTAL MODEL 

 
Ken Udono and Renate Sitte 

School of Information Technology 
Faculty of Engineering and Information Technology 

Griffith University, Gold Coast Campus 
PMB 50 Gold Coast Mail Centre 
Queensland 9726, AUSTRALIA 
Email: k.udono@griffith.edu.au 

Email: r.sitte@griffith.edu.au 
 
 
 

KEYWORDS 
Waste, Energy, Modeling, Dynamic System, Seawater 
Desalination, Incineration 

 
ABSTRACT 
 
This paper models the potential use of waste-to-energy 
conversion of municipal solid waste to power seawater 
desalination, using a dynamic system approach with 
control theory as basic methodology. Australia has been 
hit by one of the worst droughts causing water shortage 
in many places, including the city of Gold Coast. As so 
many cities, this city is also faced with the handling of 
waste generated by its inhabitants. Currently most of the 
waste generated from the city goes into landfills despite 
that waste can be a source of cheap fuel to obtain power. 
The Gold Coast has been the fastest growing city in 
Australia for quite sometime and a long-term solution 
for both these issues is needed. In this paper, 
incinerating waste to obtain electricity to power 
desalination of seawater is investigated. The 
fundamental model is implemented with a modular 
hierarchical structure in Matlab/SimulinkTM and the 
result of the simulation is presented. 
 
INTRODUCTION 
 
This paper models the potential use of Municipal Solid 
Waste (MSW) incineration to power seawater 
desalination in order to overcome water shortage and 
waste landfill issues surrounding Gold Coast city in 
Australia. Australia has been hit by one of the worst 
drought ever resulting from climate changes such as El 
Niño, global warming, etc. The latest drought between 
2001 and 2003 was the worst in the recorded history of 
the Gold Coast city. A year after the drought, the city of 
Gold Coast is still under water restriction and the city 
council is forced to consider several solutions to 
alleviate the repeated shortage of fresh water. Despite of 
good rainfalls breaking the drought, the main supplier of 
water i.e. the Hinze dam is less than 50% of its capacity. 
A fast growing population of the city also adds 
additional strain to the city’s infrastructure in the long 
term. The Gold Coast city is the sixth largest city in 
Australia, which has a population of 425,418 (GCCC 
2003). The yearly population growth is estimated at 

about 13000 and predicted to reach 1.2 million by year 
2056 (GCCC 2003). An average daily water usage was 
of 156 million litres during 2003 with water restriction 
in place, however on a hot summer day, it can be as 
high as 300 million litres (GCCW 2003). By 2056, the 
daily water demand is estimated to increase up to 465 
million litres a day, which is over 2.5 times more than 
the current demand of 185 million litre (GCCC 2003). 
Therefore a long term solution to the water shortage is 
mandatory and so far has not been satisfactorily found.  
 
This paper investigates the introduction of desalination 
to produce fresh water from seawater, while powering 
the desalination plant by Waste-To-Energy (WTE) 
conversion of MSW. The model presented in the paper 
is the fundamental model that simulates how drought 
and desalinated water affect the water availability and 
how much of electricity can be potentially obtained 
from the incineration of the MSW. This study is 
motivated on waste incineration successfully being 
practiced in several parts of the world (Austria, Japan, 
Germany), for obtaining energy for different purposes. 
According to a report made by the city council (GCCC 
1997; GCCC 2002), 437,447 tonnes of solid waste was 
collected during 2000-2001. 87 % of waste collected 
have been buried in landfill and only 13% was 
recovered to be recycled, reused and avoided landfill. 
This has been despite of almost 70% of the waste 
generated being combustible and potentially a source of 
cheap fuel for obtaining energy. Seawater desalination 
is well proven and widely used method for fresh water 
production in regions where fresh water is scarce. Saudi 
Arabia is the largest producer of desalinated water and 
has 27 desalination plants (SAIS 2003). In Saudi 
Arabia, the desalinated water is distributed using 2,300 
miles of pipelines and fills 70% of drinking water 
demand in the country. With completion of additional 
plants, the country is able to produce 3028 million litres 
of fresh water per day from seawater desalination. 
Water desalination is an expensive production process, 
but it ensures continuation of fresh water supply in dry 
weather conditions. 
 
There are a number of WTE conversion techniques for 
generating energy from waste, in different stages, 
ranging from already-in-use to research and 



experimental level. Common techniques are thermal 
conversion including pyrolysis, gasification, and 
incineration and other types of processes such as landfill 
gas and ethanol production. Typically in an incineration 
method, the heat from combustion of MSW is used to 
raise steam in a boiler. It is then passed through a 
turbine generator to produce electricity (Baird 1993). 
There are several seawater techniques currently in use. 
Some of the major ones are distillation such as Multiple 
Effect Distillation (MED) and Multistage Flash 
Distillation (MSF) and membrane methods such as 
Reverse Osmosis (RO). In RO method, seawater is 
forced through the semipermeable membrane by 
mechanical pressure. It is more energy efficient than the 
distillation method, which uses thermal energy to 
evaporate the seawater. This is why RO is gaining 
popularity in recent years, however in oil rich countries 
like Saudi Arabia, where energy is not an issue, MSF is 
still the most often practiced method. 
 
The model presented in this paper is an adaptation and 
extension to the economic model that utilised a dynamic 
system approach with control theory presented by R. 
Sitte (Sitte 1998; Sitte 2001; Sitte 2002). This approach 
has been successfully applied into modelling green 
energy export as well as the El Niño effect on 
Australian economy. This methodology allows focusing 
on a higher level of resolution, without the loss of 
relevant sub-models, whenever required. This approach 
gives us the prospect of integrating all three, the water 
desalination, and the El Niño and green energy effect 
models. Our model uses simulation to examine how the 
desalination assists in the city’s water supply, while 
reducing the landfill. The model itself is implemented in 
Matlab/SimulinkTM as a dynamic model simulating the 
sequence of economic cycle as it is affected by climatic 
fluctuations. The overall goal is to investigate whether 
this can be successfully achieved in an Australian city, 
such as the Gold Coast City while incorporating future 
population growth, and deficiency of rainfall during 
drought conditions. The model can be adapted to 
simulate other cities, by simply changing the local 
parameters.  
 
FUNDAMENTAL MODEL 
 
This model follows a dynamic system approach with 
control theory as basic discipline, as opposed to the 
statistical approach that is traditionally used in 
economic modelling (Sitte 1998). The benefit is that the 
high level of resolution can be better maintained and the 
cause and effect dynamics are more visible than in a 
statistical model. The long-term behaviour of the system 
can be observed without being side tracked by minute 
detail. The aim of this model is to obtain a faster result 
with accuracy within 5%-10% error rate.  
 
The fundamental model has two major components: 
Water dynamics and Waste dynamics. The top level of 
the fundamental system implemented is shown in Figure 

1. In the water dynamics section, the flows between 
blocks represent the amount of water. The waste 
dynamics section models the power generation from 
WTE conversion and the power required for the 
desalination of seawater. The fresh water resulting from 
desalination in the waste dynamics section is added to 
the available water in the water dynamics section. This 
is the only coupling between the two components. 
 

 
Figure 1: Top Level Featuring Water and Waste Section 

 
The simulation is run for a monthly step size and the 
population is used to initiate the system. There are 
various types of data used in this model including water, 
energy, population, and amongst others. The data 
related Gold Coast City was taken from Gold Coast City 
Council (GCCC 2003) and the Australian Bureau of 
Statistic (ABS 2003). Local weather data such as 
average rainfall were collected from the Bureau of 
Meteorology (BOM 2003). The desalination process 
and incineration related data, which are mostly the 
result of years of operation experience, were taken from 
the literature. The following sections provide a brief 
description of each component. 
 

 
Figure 2: Water Dynamics Model 

 
Water dynamics model 
 
The water dynamics model (Figure 2) involves rainfall-
runoff model surrounding city’s major source of water, 
the Hinze dam, to determine the availability of water for 
the city. However the main focus of this research is on 
effects of the desalination powered by incineration, but 
not on building a superior rainfall-runoff model (water 
balance model). In this fundamental model, the black 
box modeling approach was chosen for the water 
balance model using rainfall data, dam level, catchment 
size etc, because of its simplicity. As only a limited 
amount of data is currently available, the conceptual 



models or physically based distributed model, which 
should be used only when available data is able to 
support it, cannot be used in this case (Ragab 1999). An 
inflow of the dam was approximated as a function of 
monthly rainfall onto a certain percentage of catchment 
areas of the dam (in this case 66%). An evaporation is 
removed and regarded as part of the outflow. To model 
the rainfall, data of monthly average rainfalls were 
taken from the Bureau of Meteorology (BOM 2003) and 
approximated using a best fit cubic polynomial, to be 
used as a typical monthly rainfall in the model.  
 
f(x) = 0.04989x3 - 0.6083x2  - 0.4653x + 23.71     (1) 
 
Equation (1) above is the polynomial approximation 
used in the model. The comparison of approximated and 
actual average rainfall is shown in Figure 3. 
 

 
Figure 3: An Approximated and Average Rainfall 

 
Waste dynamics model 
 
The waste dynamics model (Figure 4) analyses and 
determines the amount of power generated from 
incineration and the energy required for the desalination 
plant. The WTE conversion method investigated in this 
model is a mass burning method of MSW. A physical 
composition heating value estimation model by K. Amz 
and A. Ghrarah (Amz and Ghrarah 1991), was chosen to 
estimate the heating value of waste (Equation (2)). This 
model uses a weighted (in %) function of heating 
coefficients of the incinerable components of waste: 
food, paper and plastic. The relative accuracy of this 
model was demonstrated by Abu-Qudais and Abu-Qdais 
(Abu-Qudais and Abu-Qdais 2000). 
 
E (kj/kg) = (23(F + 3.6(PA)) + 160(PL)) * 2.324     (2) 
 
Where F, PA and PL are the proportion (%) in weight of 
food, paper and plastic respectively in the waste 
incinerated. This composition detail for the Gold Coast 
is unknown due to lack of recorded data. Instead, the 
waste composition from its neighbouring Brisbane city 
was chosen to be used because the waste composition 
the two cities would be similar (GCCC 1997). The 
waste compositions of Brisbane city as well as other 
cities are shown in Table 1 for comparison. Using 
Brisbane data, the heating value was estimated to be 
9134.16kj/kg in our model. 

Table 1: Waste Composition from Various Cities 

 
 

 
Figure 4: Waste Dynamics Model 

 
The electricity generation from incinerating MSW 
typically has an efficiency of 10%-15% lower than 
fossil combustion, which has a 30%-40% efficiency. To 
estimate the potential electricity generated from 
incineration of MSW, an average heating value required 
for producing 1kw of 20089kj from various literature 
sources was used in this model (Baird 1993; Kathirvale 
et al. 2003; Morris 1996; Otomoa et al. 1997). The 
amount of waste generated from the city is estimated 
using data from the council report in 2002 (GCCC 
2002), which is 1.1 tonnes per person per year. At this 
stage we use the assumption that the entire combustible 
waste included in the heating value estimation (77% of 
total waste generated) is incinerated for power 
generation in regardless of processing capacity of the 
incineration plant. We do this to examine how waste can 
power desalination and find the potential of desalination 
powered by waste incineration. 
 
We also calculate the estimated electricity required for 
desalinating seawater in the waste dynamics model. 
Theoretically 0.86kWh of energy is required for 
conversion of 1m3 of seawater to freshwater 
(DESWARE 2003). However, the actual power 
consumption figure can be much higher, up to 20 times 
more depending on method used. As for our 
fundamental model, no particular desalination method 
was chosen in this estimation, but an average power 
consumption of common desalination methods 
(10.2kwh/ m3) was used to find the electricity required 
for desalinating seawater (DESWARE 2003). This is 
because further investigation is required to find the best 
suitable desalination method for our case using power 
from incinerating MSW. There are at least two possible 
options for implementing desalination powered by 
waste incineration. Such options are for example 
locating desalination plant and incineration plant side by 



side to use heat directly from incineration plant for 
distillation desalination process or alternatively locating 
them remotely to use the electricity generated from the 
incineration plant for a non-thermal desalination 
method. At this time our immediate interest is to 
investigate how much of desalination process can be 
powered from incinerating the MSW in general term. 
 
SIMULATION EXPERIMENTS AND RESULTS 
 
This section explains the calibration of the model 
conducted prior to examining the effect of each element 
on water availability. Several experimental simulations 
and their results are then discussed by investigating the 
effects of each chosen parameter for a period of 10 
years. 
 
Model Calibration 
 
The purpose of the calibration is to obtain stable 
conditions represented by a flat (or horizontal wiggle) 
curve of the dam level (%) over a medium time span (in 
this case for 10 years). This is done by fine-tuning 
parameters and some of the approximated values in the 
water dynamics component. The calibration was done 
using the average rainfall with and without population 
growth. The initial population was set to 425,418 (year 
2001 figure). The calibrations were repeated four times 
for different initial dam levels: 25%, 50 %, 75% and 
100% for a span of 120 months (10 years). Figure 5 
shows the dam level output from the calibration using 
an average rainfall without population growth.  
 

 
Figure 5: Calibration Results Using Average Rainfall 

 
With this calibration setting, it maintained a relatively 
flat horizontal wiggle after reaching full capacity. The 
wiggle is caused due to variation in the seasonal rainfall 
on the Gold Coast. Typically winter weather conditions 
are much drier, causing a definite drop of dam level by 
about 7% during winter. With an initial level of 100%, it 
never drops down below 100% until the winter month 
of July. When the initial dam level was decreased to 
75%, it took several months to restore its full capacity. 
If the initial level was further dropped to 50% and then 
25%, the number of months taken to reach full capacity 
increased to 12 months and 14 months respectively. 
 

Same calibrations were also repeated with projected 
population growth. Overall, this calibration provided 
almost identical result to the first calibration without 
population growth. This indicated that effect of 
population growth on overall water availability in this 
simulation duration (10 years) is fairly low, however the 
effect can become greater for longer term. The only 
obvious difference between these two simulations was 
higher amplitude of the wave, which is gradually 
becoming greater, during wintertime. The higher 
consumption of water from increased population results 
this increase of amplitude. Overall these calibrations 
gave satisfactory result of a slightly oscillating but 
generally stable dam capacity level as expected. 
 
We verified the short-term behaviour of the water 
dynamics model, using recorded data of the Hinze dam 
level and the rainfall during latest drought between 
February 2001 and October 2003. Figure 6 shows a 
comparison of our simulated dam level and the actual 
dam level recorded. 
 

 
Figure 6: Dam Level Result Using Latest Drought Data  

 
As it can be seen, our model tends to overestimate the 
dam level, particularly in second half of the graph. This 
is because due to the long drought condition during 
2001-2002, the catchment area had dried out and the 
rainfall during early 2003 was ineffective. The rainfall 
was absorbed into the ground before it reached the dam 
instead of flowing into the dam. However our black box 
model approximates inflow into dam directly using 
rainfall without reflecting geographic characteristic or 
weather conditions of the catchment. This results 
overestimation of inflow in the case of rainfall after a 
long period of dry weather condition. Despite of this, 
the overall error percentage was found to be about 10% 
although highest error percentage being 50%. At this 
time, this error rate is acceptable because a vast amount 
of data is still missing and other modeling methods are 
also being considered.  
 
Drought effects on water availability 
 
Following the calibration, in order to examine the 
effects of each chosen parameter on dam level for a 
period of 10 years, we performed a set of systematic 
simulations. The first set of experiment was to 
investigate the effect of drought on the dam level and 



the recovery of the dam level from various lengths of 
drought. To replicate drier weather during drought, the 
average rainfall was reduced by 50%. This is justified 
because in the drought year of 2002, the rainfall was 
about 50% of its normal average. The drought was set to 
start at beginning of the third year of the simulation with 
three different lengths of drought: 1 year, 2 years and 3 
years. Figure 7 shows the result of these drought 
simulations. 
 

 
Figure 7: Drought Effects on Dam Level 

 
In all cases, the dam was able to recover from drought 
within the simulation period. In the case of 1 year 
drought, it took 4 months to reach full capacity after the 
end of the drought. For the case of 2 years drought, 14 
months were needed to reach full capacity. In the case 
of 3 years drought, 25 months of recovery were required. 
The lowest dam levels reached in each case were 
68.98%, 40.08% and 10.06% at the last month of 
drought year respectively. From this simulation, it can 
be seen that with a drought of 3 years or more there is 
already a danger of running out of fresh water. 
Considering that we actually have now less than average 
rainfall after two years of severe drought, these 
simulations appear realistic. 
 
Desalination effects on water availability 
 
The purpose of the next two simulations is to examine 
the influence of a desalination facility on the availability 
of water. For convenience we measure this availability 
again on the dam level, although transporting the water 
from sea level up to the dam might not be very realistic, 
but these are issues beyond the purpose of our research. 
Three different capacity sizes of desalination plants, 
10,000m3/d, 20,000m3/d and 40,000m3/d were simulated 
in this experiment. Figure 8 shows the comparison of 
the dam level using rainfall data between February 2001 
and October 2003 with three different desalination 
plants as well as without any desalination plant. In the 
case of no desalination as previously shown in Figure 6, 
it reached lowest dam level of 29.56%, but with 
introduction of desalination, it improved to 33.6%, 
37.6% and 45.4% using 10,000 m3/d, 20,000 m3/d and 
40,000m3/d of desalinated water respectively. An 
average improvement of the dam level from 
desalination was found to be 2.73% per 10,000m3/d 
throughout the simulation period. 

 
Figure 8: Effects of Desalination During Latest Drought 

 
Figure 9 shows results of the dam level simulation 
during 3 years drought with same desalination capacity 
setting. This simulation was conducted to examine how 
desalinated water improves water availability during 3 
years drought, which was previously shown in Figure 7. 
During the 3 years drought without desalination, it 
reached the lowest dam level of 10.06%. With inclusion 
of desalinated water, it was improved to 16.20%, 
22.34% and 34.62% respectively. An average dam level 
improvement per 10,000m3/d during the drought period 
was 2.82%. 
 

 
Figure 9: Effects of Desalination on Drought of 3 Years 

 
Electricity generation and requirements 
 
Figure 10 shows the comparison of electricity generated 
from incinerating MSW and electricity required for 
desalinating 20,000m3/d of seawater from waste 
dynamics model. The result is from an early stage of our 
model development for initial comparison. It showed 
that it is possible to generate twice as much as 
electricity required for desalination process from 
incineration initially. At the end of the simulation, it 
simulated three times more electricity than electricity 
required for desalination due to increased MSW 
generated from population growth. However this may 
not be realistic, because while there might be sufficient 
waste the incineration facility may not have capability 
of processing all of MSW from the city. Moreover, the 
amount of energy required for desalination can be 
potentially reduced or possibly increased when the most 
suitable desalination method is determined at later stage 
of the research. 
 



 
Figure 10: Generated Versus Required Electricity 

CONCLUSION 
 
This paper presented our fundamental model for 
modelling seawater desalination powered by waste 
incineration using a dynamic system approach, with 
underlying control theory. The fundamental model was 
built in Matlab/SimulinkTM. This version of our model 
was implemented following investigation of 
desalination and incineration technologies described in 
the literature and the collection of Gold Coast city data 
including population, weather, water and waste. The 
water dynamics model was calibrated to current 
conditions and several experiments were conducted 
using a 10 years period. The water dynamics model 
incorporated population growth and subsequent water 
demand increase. Our model was found to overestimate 
the dam level of the Hinze dam due to the 
approximation method of inflow (rainfall/runoff) under 
the current absence of an accurate estimate of the 
catchment area. However, in the verification process 
using data between 2001 and 2003, the average error 
was found to be about 10%. The effects of additional 
water from desalination on the dam level during a 
drought were also observed using recorded data as well 
as long drought conditions. The initial results from the 
waste dynamics model revealed that more than twice of 
electricity required to desalinate 20,000m3/d of water 
could be obtained from waste incineration. Future work 
for the advanced model includes integration of El Niño 
effect and the economical impact, as well as alternative 
renewable energy. 
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ABTRACT
The paper presents an approach to create a 
training simulation system for emergency 
rehearsal in case of flooding at Hat Yai 
municipality, Thailand. The simulation system 
applies the concept of demand and supply as 
well as distributed interactive simulation using 
High Level Architect Framework.

INTRODUCTION

In many areas, flooding is a natural disaster 
that causes enormous damage both physically 
and economically. It has been the cause of 
catastrophes in the past and at the present. No 
community areas are absolutely free or safe 
from flooding. There are still flood problems 
occurred in many countries including 
Thailand. It is also not practical to evacuate 
communities or industrial sites out of the 
locations in order to avoid the flooding 
problems when the flooding does not really 
occur every day. Therefore, human beings 
need to learn to prepare, prevent and deal with 
flooding situations.
There are many ways to prevent or reduce 
damage caused by flooding, for example; on 
engineering issues such as building dams, 
installing water pumps, surveying risky areas; 
and on social issues such as giving knowledge 
of self care in flooding situations and 
rehearsing aid units or related organisations. In 
this paper, we present work on preventing and 
reducing damage to communities after 
flooding occurred, focusing on virtual 
rehearsals of related aid units.

BACKGROUND

High Level Architecture(HLA)
HLA is a software architecture that allows 
creating distributed simulation. The HLA has 

been adopted by the United States Department 
of Defense (DoD). In September 2000, the 
HLA was approved as a open standard by 
IEEE and in mid 2002, the HLA framework 
has been adopted to full commercial 
application.
In HLA, a simulation node called a federate. 
By using OMT (Object Model Template), HLA 
can integrate many individuals models or 
federates to form a complex system that called 
a federation. Federates can communicate with 
one another through Runtime infrastructure 
(RTI) that is the HLA middleware. The RTI 
software allows federates to cooperate 
together, to synchronize federate events and to 
form a federation as shown in Figure 1. 
Information of every federate must be sent to 
RTI first. Then, RTI will send the information 
to the destination or desired federates by the 
mechanism of publication and subscription.

Figure 1. Federate/RTI Interface

Publication and subscription mechanism is 
analogous to newsgroups because the 
publishing federate or producer of information 
must define a means of describing data it is 
producing and the subscribing federate or 
receiver must define a means of describing the 
data it is interested in receiving in form of 
OMT. (Wyne 1999, Kuhl et al 1999, Fujimoto 
et al 2000, IEEE STD 1516)

Federate
1

Federate
2

RTI

Discover (Area, instance)
Update (handle, Patient,5) Reflect (instance, position,5)

handle := Register (Area)
Publish (Area, Patient) Subscribe (Area, position)



Physical system
This work concerns a case study of Hat Yai 
municipality in Thailand where there were two 
recent big floods considered a century case 
occurred successively in only about a decade 
(1988 and 2000). Hat Yai municipality with 
the area of thirty one square kilometers is 
located in the Intertropical Convergence Zone. 
80% of the area is a flat basin. There are two 
canals called Uhtapao and Toey. The flood 
type is a flash flood that once the soil is 
saturate with water, water can be collected and 
floods the municipality rapidly in a few hours. 
It normally happens after several days of heavy 
rain.
The structure of Hat Yai municipality in aiding 
flooding situations is shown in Figure 2 and 
consists of the followings.

Figure 2. Physical System.

1) Director centre (Main Station) and 
coordinating centres (Base Stations)
2) Three types of work units contacting with 
the inhabitants including parking centre, 
shelter centre and healthcare centre.
3) Specially organised centre for coordinating 
between other centres and the inhabitants such 
as flood preventing unit, public relation unit, 
welfare unit, rescue unit, first aid unit, 
evacuation unit, security or guarding unit, 
healthcare unit, aid unit, restoring unit and 
donation unit.
4) Four areas of inhabitants and thirty local 
communities. (http://www.hatyaicity.go.th/)

SIMULATION SYSTEM

From the physical system mentioned above, 
we modified it by adding and removing some 
details in order to create a simplified 
simulation system that can integrate the 
components together in a better way. 
Therefore, the simulation model consists of the 
following.

1) Three simulation models including the 
control models that concerns general control of 
simulated situations at all communities 
together, the main station model or the director 
centre that acts as the main part for 
commanding helps and aids for all areas, and 
base station model or coordinating centres for 
the four areas of inhabitants that helps and aids 
inhabitants in the area in charge and cooperate 
with the control model or the main station.
2) Three kinds of work units as appeared in 
the physical system including parking centre, 
shelter centre and healthcare centre. These are 
under supervision of its base station.
3) Simplified other units including repairing
unit, transportation unit, rescue/guarding unit,
first aid unit, evacuation unit, aid unit,
restoring unit and resource finding unit.
4) Four areas of inhabitants and thirty local 
communities as appeared in the physical 
system.
The overall of the simulation system is shown 
in Figure 3. The hierarchy of the simulation 
models is shown in Figure 4.

RTI

Work Station
Work Unit
Area Unit
Main Station
Base Station

Main Station Federate

Base Station Federate 1 Base Station Federate 2

Base Station Federate 4Base Station Federate 3

Control Federate

Figure 3. Federation Overview

The control model works as a simulation 
executive and involves all simulation models. 
It randomises situations occurring in the 
simulation as a whole. The controller or the 
user who works on the control model can 
add/schedule events at run-time. The main 
station is also needed in a federation to 
coordinate works done by the four base 
stations. However, at a time, there can be at 
least one base station or more, for more 
flexibility in increasing or decreasing the 
number of participating base stations according 
to the simulation.
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Table 1. Interactions in the federation.
Main
Station

Base
Station

Work
Station

Work
Unit

Local
Unit

Control
Model

S S S S PS

Main
Station
Model

PS S S PS S

Base
Station
Model

S PS PS PS S

P: Publication S: Subscription

Figure 4. Class Hierarchy

Table 1 shows the interactions in the 
simulation models in terms of publication and 
subscription. About exchanging information, 
the simulation models also have the following 
relationships.
1) The main station directly connects to the 

control model.
2) Each base station connects to the main 

station.

Therefore, the main station work as an agent or 
a middle person in connecting each base 
station to the control model. There is no direct 
connection from a base station to another base 
station, as happened in the real organisation, 
due to authority in distributing work and 
resources.

RESOURCE MANAGEMENT

Resources exchanged in the simulation can be 
divided into four different types; human 
resources or workers, consumable resources, 
equipment and vehicles. Entities in the 
consumable group are to be deleted after being 
used or consumed, and require replacement. 
The resource management for this group is 
such that the requiring centre or unit asks for 
resources from other centres.
1) In case of the stock for the inhabitants, an 
automatically decreasing stock has been made 
for simulating real simulations. The stock of 
consumable resources decreases continuously 
when it still floods and the inhabitants are 
stuck in the place. It will soon increase when 
the level of water decreases that means the 
inhabitants can collect the resources 
themselves. From the experience of the Hat 
Yai municipality, the stuck inhabitants need to 
live by themselves in order to survive during 
the first 2 days in case that the life support can 
not get through the location. This implies that 
they are required to collect their own life 
support resources such as food and drug before 
flooding and after. Equation 1 calculates food 
decrease at a flooded area.

X = (A* AS/PN)*FR       (1)

When X   is collected food
A   is a coefficient
AS is the size of the affected area
PN is the number of inhabitants in the 

area
FR is a food-consuming ratio that has 

been set of a constant at the begining of 
flooding simulation and automatically 
decreases as time advances. When there is 
no flood anymore, it will then increase.

Note These parameters are adaptable. The 
food-consuming ratio is added because 
different areas can have different consuming 
rates.
2) The decrease of consumable resources in 
the simulated centres or units is caused by 
distributing resources to community areas, 
transferring resources to other centres or units 
and local consumption. However, the change 
of resources in the consumable group does not 
occur in case of dry food for distribution. From 
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our observation, cooked food has a relationship 
with raw ingredients and the amount of water 
used for cooking. To simplify the model, we 
do not consider seasonal ingredients and oil. 
Therefore, Equation 2 is used for calculating 
food transforming.

Ax = By + Cz             (2)

When x is the amount of processed food
y is the dry food
z is water
A, B, C are adaptable coefficients

EMERGENCY SERVICES IN FLOODING 
SIMULATION

The service simulation is considered in terms 
of demand and supply. The simulation is 
driven in two patterns. First, it is stepped by 
simulation time which is a normal working 
simulation. Second, it is driven by events 
happening during the simulation. The first case 
concerns with all centres and the latter 
concerns with changes in each community 
while it is flooding.

Demands for aids
Time advance in the simulation typically sets 
demands according to the increasing demands 
of the inhabitants, and leads to more damage at 
the areas. This can be put into the calculation 
of local demands in Equation 3.

 D = D + ((A*People)+(B*Patient))*(C*T)  (3)

When D is the demand from local people that 
can be divided into demands of food, 
dry food, water, drug, life vests and 
life bags. The specific demands lead 
to different coefficients in the 
equation.

A, B, C are adaptable coefficients.
People is the number of inhabitants at 

the considered area.
Patient is the number of patients at the 

location.
T is the period that the location has not 

been visited, calculated from the last 
time that this location receives help.

Demands of local people increase when time 
steps. In other words, when time advances and 
the community has not yet received supplies 
responded to the demand, the demand will 
increase, too.

Demands for restoring the area
Flood damage increases exponentially 
according to the flood height and the height of 
buildings (Berning et al 2001). Therefore, we 

take this conclusion to calculate the demands 
for restoring the affected area as shown in 
Equation 4.

Z = Z + (X*(AS/PN))*(Y*(FH-AH))     (4)

When Z is the demand for restoring the area 
that can be divided into solving the 
fuss, restoring building, demolishing 
ruin, and cleaning.

X, Y are coefficients that are adjustable 
according to the type of demands

PN is the number of inhabitants in the 
considered area

AS is the size of the considered area.
FH is the average flood height 

comparing to the sea level.
AH is the average height of the area 

considered.
Apart for computing the demands, computing 
the resource usage time is also another key 
issue. Some resources are available or to be 
used within a period of time due to some 
reasons such as expired date in case of food or 
availability  in case of equipment .
Event driven simulation is adopted in the 
supplier site. The users need to control the 
main station and the base stations in order to 
response to the demands from the affected 
areas and to manage the resources at the centre 
and local units involved. If the resources are in 
sufficient, the users need to find resources 
from other sources. Demands can be randomed 
by the simulation or fed by the users at the 
controller. In addition, when a demand reach a 
threshold, it can cause some events to happen. 
The number or amount of resources when 
reduced below the threshold can trigger some 
events to happen, too.

LOOK AND FEEL

Situation reports in the simulation are both text 
and graph based. Figure 5 and 6 show 
examples of dialog views and simulation 
reports. In case of text based reports, user can 
trace the dialog display to check each event 
occurred during the simulation or the changes 
to the resources. The tracing commands can be 
saved into log files. The users can also set 
current parameters of the simulation.
After finishing the virtual rehearsal, the 
application will summarise the number of 
resources left and used, demands, damage, 
patients and death bodies found at each unit.



Figure 5. Dialog Views during the Simulation

Figure 6. Example of Simulation Reports

CONCLUSION AND FUTURE WORK

This s imulation concerns s imulating 
emergency rehearsal in flooding situations in 
the case study of flooding in Hat Yai 
municipality, Thailand. The distributed 
interactive simulation focuses on preparing the 
work units involved, including staff and 
interest people, to deal with real situations. The 
simulation applies the concept of demand and 
supply. The simulation is simulated into three 
parts according to the structure of the physical 
system being simulated. First, the control 
model acts as a simulation controller that 
controls the overview of the simulation as a 

whole. This model concentrates on demands 
for serving people and demand for restoring 
the area. Each community has different 
demands for resources. Second, simulation 
model of the director centre called main station 
and the coordinator centres called base 
stations. These models concerns suppliers that 
manage existing resources and find additional 
resources to serve the demands of their 
communities. Third, the simulation is driven 
by both time stepping and events. When a 
simulations ends, summary of resources usage 
at each centre and unit, and demands from 
each community will be made.
Currently, this work is still on progress. More 
details are still required to serve real 
organisations.
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Abstract

In this paper we focus on formal concepts for an
integrated modeling of complex systems. We take
our examples from the field of sociotechnical sys-
tems where we state a great need for model-based
reasoning regarding questions of system safety and
the definition of long-term management policies. We
lay our special focus on systemic capabilities related
to context adaptive behavior with special considera-
tion of cognitive parameters. We are convinced that
the systemic ability of context adaptivity is insuffi-
ciently understood and is of increasing importance
in sociotechnical systems as well as in advanced per-
vasive applications. We think that a model-based
approach is well-suited for the improvement of con-
text awareness in complex systems.

Keywords: Requirements Engineering and Spec-
ification, Frameworks, Software Architecture.

1 Introduction

Modern systems engineering is more and more con-
fronted with a new quality of contextual embedding.
For the specification of systemic behavior a grow-
ing number of environmental parameters have to be
taken into account. We conceive these parameters
as systemic aspects and use ontologies to achieve a
modular way to manage the related knowledge.

Sociotechnical systems as well as advanced appli-
cations like ubiquitous services have to reside in com-
plex contexts and to deal with unforeseen situations.
In addition they are strongly interwoven with nu-
merous parameters determined by the external envi-
ronment. One example for these context dependen-
cies is the new impact that human factors have in
these kinds of systems. Future ubiquitous services in
combination with multimodal interfaces will result in
a dependency between user and service whose com-
plexity is unknown up to now. Advanced services
will have to possess the capability of context aware-
ness in order to adapt their behavior to unexpected
situations. Especially they will have to be able to
make assumptions concerning the identity of users,

their goals and their knowledge.

This prominent role of context adaptivity is a well
known fact in sociotechnical systems. Hybrid teams
of humans and devices have to adapt to adverse
environmental conditions and have to select those
strategies which are optimal in the given situation.
Although these systems are of a considerable ro-
bustness there is an intensive need for a better un-
derstanding of these capabilities which are hard to
grasp by formal methods. Due to the complexity
of these systems their analysis and understanding
is very difficult. But on the other hand for vari-
ous reasons (safety, efficiency, organizational learn-
ing, change management) there is a strong need for
a greater transparency of the related processes.

In our approach we suggest a visual notation for
the modeling of complex sociotechnical systems as
well as context-adaptive systems in general. Start-
ing from software architecture and the experiences
of requirements engineering [11] we provide concepts
which are well suited for the description of specific
context adaptive features. Especially the aspects
of human cognition and organizational relations are
traditionally hard to grasp by formal notations.

We claim that a visual modeling notation signif-
icantly increases system transparency, support in-
terdisciplinary system analysis, and is well-suited to
support measurements of further education. In addi-
tion we argue that domain-specific high level abstrac-
tions in general are a strong medium for the design
of context aware applications. In the future we plan
to provide automated tools for the support of system
management.

After some general considerations (section 2) we
describe the critical features of sociotechnical sys-
tems in section 3. After presenting the basics of our
approach (section 4) we introduce some extensions
for a cognitive process modeling which is oriented to-
wards the agents capabilities (sections 5 and 6). Af-
ter demonstrating how to define specific connectors
(section 7) we discuss context-adaptive behavior and
give some examples for our treatment (section 8).



2 Complexity and Safety

Complex sociotechnical systems have evolved to
control high risk technologies by teams of highly
qualified specialists. These systems can be defined
as complex safety-critical systems where teams of hu-
man operators cooperate with ensembles of technical
units and devices. Usually, the resulting processes
are significantly more complex than in systems con-
sisting solely of technological components because
they have to be context aware to a high degree. Ex-
amples for this kind of systems are atomic power
plants, medical operation theaters and air traffic con-
trol.

This new class of system complexity and its related
risks have established new requirements for system
design and system safety. This is documented by the
sad history of catastrophes from Three Miles Island
(1979) to Überlingen (2002). The analysis of such
complex systems has proven too multi-faceted for the
traditional single-disciplinary approach.

A model-based interdisciplinary system analysis is
a promising strategy against what Leveson calls in-
tellectual unmanageability of high risk systems [6].
The increasing complexity and tight coupling in con-
temporary high risk systems make a safe and efficient
management difficult if not impossible. The main
source of failure in complex systems is not human
error or an erroneous component, but the complex
interactions between components which is not un-
derstood to a sufficient degree [12]. To increase the
level of understanding we choose an model-based ap-
proach which is open for results of interdisciplinary
research.

In addition we argue that the results of our re-
search and high-level concepts for the various aspects
of contextual modeling can be counted as a contribu-
tion to an integrated design of very complex systems
(i.e. pervasive context-aware services).

3 Sociotechnic Challenges

Of course, the methods of system modeling are not
new. Especially in software engineering concepts and
methods were synthesized to handle the challenges of
complexity in development processes. We also heav-
ily rely on the results of systems engineering [14].
The concepts and methods from requirements engi-
neering provide the basic means to manage informal
and semiformal knowledge about the target system.

We observed some specific features of sociotech-
nical systems which can be conceived as challenges
for traditional modeling concepts. We claim that
the traditional modeling concepts and formal meth-
ods as known from software engineering have to be
adapted and extended for the specific properties of
sociotechnical systems. Speaking generally, just the

merits of formal specification concepts as exactness
and well-definedness sometimes prove as shortcom-
ings in the context of sociotechnical systems. It is
a generic feature of these processes that they have
to deal with vague data, uncertainty and incomplete
specifications. Modeling concepts have to adapt to
these specific vagueness which can be conceived as
important system quality. Paradoxically speaking,
too much exactness would lead to less adequate or
even wrong specifications.

3.1 Uncertainty

Sociotechnical systems tend to reduce the load of
information processing by using vague concepts. So
human experts normally don’t use exact mathemati-
cal numbers but vague expressions from natural lan-
guages. We claim that the resulting vagueness is an
important precondition for the systems’ robustness
and safety since it makes their specification less sen-
sitive to contextual changes.

In addition, human actors have to deal with in-
complete specifications. In many situation relevant
information is not accessible for the human actors.
Due to situational time pressure they have to make
uncertain decisions based on incomplete information.
In our approach we use fuzzy sets and fuzzy logic to
specify uncertain information and vague relations [5].

3.2 Adaptive Behavior

One important feature of sociotechnical systems is
their structural dynamism. The internal structure
of systems like the medical operation theatre can
be rapidly changing from one phase of the process
to another according to environmental changes. For
the description of this structural dynamism powerful
concepts from dynamic architectures [10] are neces-
sary. We handle this problem by introducing trans-
formation rules (cf. section 8).

By specifying transformation rules we define the
possibilities of configurations to evolve under certain
context conditions. Hence, transformation rules de-
scribe the adaptive behavior of complex sociotechni-
cal systems in describing the way these systems react
to environmental changes by structural mutation.

Sociotechnical systems like the medical opera-
tion theatre have distinctive qualities regarding their
adaptive capabilities. Thus, their ability to recover
in the face of adverse environmental conditions or un-
expected events is clearly larger compared to the be-
havior of traditional component-based systems. Re-
garding this adaptivity a deeper understanding of so-
ciotechnical processes can contribute to the robust-
ness and flexibility of advanced software-based sys-
tems.



3.3 Subjective Evidence

Domain experts tend to disagree about the facts in
their field. Sometimes they are not completely sure
about the state of affairs. We use fuzzy concepts for
the representation of different degrees of subjective
evidence or relevance. This enables us to distinguish
between different degrees of cognitive adaptation to
a given context (section 6).

4 Basic Concepts

We provide concepts for the structural description
of complex systems as shown in Figure 1. We provide
a visual notation for each of these concepts which
allows for an expressive scenario-based modeling. In
addition we define a notation for reasoning about
systemic features. Our goal is to provide modeling
concepts which are meaningful in terms of domain
semantics and well-suited for formal reasoning.

For the sake of formal reasoning we base our ap-
proach on methods from ontological modeling [7, 3].
Thus, in this section we define a basic ontology for
the structural description of complex systems. We
are leaving aside all issues which are related to be-
havioral or temporal specification.

4.1 Agents

We conceive agents as the basic computational el-
ements of every complex systems. Agents interact
which each other in order to process requests from
their environment.

Definition 1 (Agents) An agent 〈name, I, S〉 con-
sists of a symbolic name (denoting his identity), a set
of interfaces I and a state S.

In a description logic example for an agent we first
express the hierarchical place of the concept. Then
in addition we describe its internal structure as a
conjunction of interfaces and features.

Anesthesist v
(AND Agent

(AND IA1 IA2)

(AND (≤ 3 acc.⊥)
(≤ 1 vis.⊥)
(expertise {low, medium, high})
(motivation {low, medium, high})))

As an example for the visual representation of an
agent cf. Figure 5.

4.2 Interfaces

Agents supply their services to their environment
by publishing interfaces. Using interfaces agents can

be assigned to certain tasks or engage in relations
to each other. We describe interfaces as algebraic
signatures.

Definition 2 (Agent Signature) An agent signa-
ture is a quadruple 〈Σ, I, O,A〉 where Σ is a data sig-
nature 〈S,Op〉 in the algebraic sense, O is the set of
output attributes (the agent variables), I is the set
of external attributes that the agent has to read from
it’s environment and A is a set of action names.

On the semantic level an interface is represented
by a conjunction of features.

IA1 v (AND (acc {highPitch, lowPitch})
(lman {take, give}))

In a graph based notation we denote interfaces as
little squares.

4.3 Linguistic Variables

In this paper we use a simplified version of lin-
guistic variables [5]. Linguistic variables are the es-
sential carriers of data in integrated systems engi-
neering. According to the terminology of description
logic they can be conceived as roles which are named
relations between an agent and a domain.

Thus, as we will demonstrate in examples, it is
possible to model the acoustic sense of a human ac-
tor by a feature called acc which defines a relation
between an agent and a domain. We frequently use
enumeration types as domains for features.

4.4 Connectors

In complex systems the understanding of agent in-
teractions is a central issue. For the articulation of a
system’s interaction structure we adopt the concept
of connector from software architecture [16, 9].

In the context of an ontological approach a connec-
tor has to be conceived as a special concept related
to interaction.

Definition 3 (Connector) A connector
〈name,R〉 consists of a name and a set of roles.

Similar to agents connectors publish interfaces.
They do so to express their requirements concern-
ing services which have to be supplied by the speci-
fied agents. This is why we sometimes speak of roles
when referring to a connectors interfaces.

In our visual notation we use ovals to represent
connectors (cf. Figure 8). Concerning a notation
which provides better reasoning support connectors
are very similar to agents.



4.5 Configurations

Agents constitute configurations by interacting us-
ing connectors. Connectors express their require-
ments by publishing interfaces while agents describe
their capabilities by publishing interfaces. When a
specific selection of an agent’s capabilities satisfies a
part of the connectors requirements we say that the
concerned interfaces are matching.

The typical usage of this concept of matching in-
terfaces can be illustrated by the following example.
Since we use connectors for the representation of sys-
temic tasks, interfaces are frequently used for the
specification of requirements for the fulfillment of a
given task. For each task interface an agent has to be
found which supports this interface. The process of
this finding usually is called negotiation [2]. For the
sake of reasoning about matching interfaces we con-
ceive interfaces as concepts in the sense of ontological
modeling. We claim that two interfaces match if the
concept representing the required interface subsumes
the provided interface. In terms of model-theoretic
semantics we claim that each instance of the pro-
vided interface has to be an instance of the required
interface. To reason about subsumption tableau algo-
rithms can be used which are common in description
logics [3].

In our graphical notation we connect matching in-
terfaces using a link, which is expressed by a solid
line (cf. Figure 8).

4.6 Conceptual Framework

In Figure 1 we show our conceptual framework in
a UML-like visual notation. We use the term con-
ceptual framework in order to avoid the term meta-
meta-model.

As we show in Figure 1 we conceive every con-
cept as a subconcept of Entity which we express by
hollow arrows. Some of the concepts are related by
has-relations (aggregations) which are expressed by
solid arrows. Aggregations may be annotated by car-
dinality constraints.

5 Availability

Frequently, it is not enough to know that an agent
can provide a certain service (as represented by an
interface). Moreover, it is necessary to check if the
required services are available in the given situation.
Consequently we need concepts to reason about an
agent’s temporary workload. In order to do this we
have to reason about the actual state of an agent.

Conceiving the current state of a given agent as
a conceptual model we state that the required ser-
vices which are represented as an additional model
are available iff the combination of that model with

the new concept is consistent. Of course, with re-
spect to the availability of services the consistency of
cardinality constraints (as supported by SHIQ-DL)
are of special importance. Again, tableau algorithms
can be used to check consistency.

6 Mental Models

In our approach we provide a cognitive perspective
which takes into account the actors’ subjective mo-
tivations and their influence on the global system’s
behavior. As we already argued we conceive human
factors and cognitive representations as essential con-
textual features which are crucial for the behavior of
sociotechnic systems as well as for advanced perva-
sive applications. For this sake we use the concept
of mental models, which describes an actor’s internal
representation of his environment.

In our approach a mental model consists of three
fuzzy sets (adopting ideas from agent-oriented mod-
eling [17]):

• The agent’s intentions (I): usually a decision
aims at a certain goal. That means that the
agent tries to achieve a certain system state
by selecting between alternative behavioral op-
tions.

• The agent’s beliefs (B): a decision is highly in-
fluenced by the agent’s belief concerning the sys-
tem’s actual state and its further behavior.

• The agent’s desires (preferences) (D): usually
the agent has a subjective preference for a cer-
tain behavioral option which may or may not
interfere with the real situation.

We claim that for a proper understanding of the
system’s behavior it is necessary to take these fac-
tors into account. These factors may influence hu-
man behavior to a high degree and thus determine
global system behavior. Moreover subjective factors
are subject to a large scale of organizational mea-
sures like further education and simulator training.

We represent this internal information using fuzzy
sets. This gives us the possibility to represent the
subjective relevance of a proposition by the member-
ship relation µ.

We notate fuzzy sets by using calligraphic font.
The function of the three fuzzy sets in figure 2 con-
sists in the mental representation of the relevant con-
textual features [4].

We use a mental model to reason about the adap-
tation of an actor in a given situation. We define
adaptation as a relation between a Context and an
actor. As relevant features of a context we conceive
the situational goal (which has to be a strong mem-
ber of the actors intentions) , the behavioral alterna-
tives (which have to be reflected in the actor’s belief),
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and the relevant context conditions (which the actor
has to know).

We use fuzzy rules to define a relation between
these situational features and actor’s mental rep-
resentations. In general, we claim that an actor’s
contextual adaptation is good if he has an intensive
representation of the relevant features. We use an
AND/OR-table to reason about different configura-
tions and their consequences for the quality of adap-
tation. Thus in the first column of Figure 2 we de-
scribe a situation where the actor’s adaptation is high
because he has strong internal representations of the
situational goal and the contextual conditions. In
the second row we describe the case that (occasion-
ally) the actor has the adequate preferences. In the
rightmost column however we claim that in all other
cases the actors adaptation is medium or low (using
the ? as wildcard).

For organizational purposes there are some inter-
esting features of contexts. Thus, the cardinality of
set A describes the free room of an agent’s decision.
If it is small this has inhibiting effects on his motiva-
tion. If it is too great the agent may be overstrained.
Moreover, another important feature of a given con-
text consist in the possibility of differentiation of be-

havioral alternatives.

7 Sociotechnical Connectors

Agents are well-furnished with capabilities to pro-
cess specific tasks on their own. In complex dis-
tributed systems however they have to coordinate
their behavior with other agents. Human agents (and
in our approach other agents, too) coordinate their
activities with each other by the mutual manipula-
tion of their cognitive states. For this sake they rely
on interaction and organizational mechanisms of co-
ordination.

We conceive connectors as behavioral specification
about the behavior of agents. An important relation
between agents is Communication (cf. Figure 3). For
the definition of this connector again we have to use
formulas about the mental models of agents.

We integrate in our specification some claims
about the mental models of the actors (as known
from speech act theory [15]).

• Perlocution: a result of a communication pro-
cess is that the message’s recipient believes in
the content of the message.

• Illocution: for a communication act it is a nec-
essary condition that it belongs to the actor’s
goals to induce the receiver’s conviction that the
proposition m holds.

Other parts of the specification we describe the re-
lation between certain parameters of communication
(the expertise of the actors) and some global sys-
tem properties (safety, performance). For example
we claim that only highly trained experts can com-
municate using signals and reach good safety and
performance values (cf. column 1 of figure 3).

We conceive organizational relationships are mech-
anisms that help to compensate weak situational
adaptation. While communication is an obvious way
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for agents to manipulate their mental states there
are more subtle mechanisms that have their effect in
sociotechnical systems. One of them is hierarchy [8].

As we show in Figure 4 we conceive hierarchy as
a mechanisms which asserts that human operators
follow the goals of their superiors.

8 Adaptive Behavior

Processes in general as well as sociotechnical pro-
cesses are structured in tasks. Task are logical units
of systemic processes. In sociotechnical systems how-
ever (as well as in the case of pervasive services) the
way a given task is processed may vary in depen-
dence to context conditions. This is a strong adap-
tive feature of sociotechnical systems: they choose
the behavioral alternative which is best regarding the
conditions of the actual situations.

For the description of these adaptive features we
introduce two levels of abstraction. On the top level
we define abstract tasks which specify the goals which
have to be reached without consideration of context
conditions. On the bottom level we define context
specific specializations of tasks. In this respect we
obviously use ideas taken from model-driven archi-

tecture[18].
We use configurations to specify the initial state

which is necessary for the processing of a task. Con-
figurations describe the agents which are necessary
to process a given task and the way these agents have
to interact. We use configuration for the description
of abstract as well as of context specific tasks.

To describe the adaptivity of complex behavior we
specify transformation rules which describe which
task specializations are selected in which situations.
Triggered by context conditions a certain rule is se-
lected and transforms an abstract configuration into
a context specific one. The foundations of this ap-
proach are described in [10].

8.1 Example: Coordination

The operators in complex sociotechnical system
use technical devices or units to fulfill complex tasks
or control complex processes. In order to manage
this they have to coordinate their activities. From
this point of view coordination is conceived as a
compensatory system reaction given adverse environ-
mental conditions.

We separate the aspect of coordination from what
we call the abstract task, which is defined in terms
of the system’s primary goal. We discriminate two
kinds of coordinative tasks:

• Transfer tasks define the need to transfer re-
sources or devices to the place where they are
needed. In the operational theatre for example
the nurses are heavily involved in passing medi-
cal instruments.

• Communication tasks define the need for some
agents to coordinate their activities by using
signs or speech. For instance sometimes the
anesthesist has to tell the nurse to pass him an
instrument.



In our approach we provide a mechanism to map
abstract tasks to context specific tasks. In the exam-
ple of laryngoscopy implicit coordinative tasks are
woven into the specification of the abstract task by
a specific transformation rule.

Using this kind of rule-based specification allows
us to catch the context-sensitivity of systemic proce-
dures. Which type of procedure is used by the actors
in a specific situation is highly dependent on the pa-
rameters of the context. One example for such pa-
rameters is the expertise of the actors: highly trained
experts tend to coordinate their activities using sig-
nals, while novices normally use convention-based
speech acts [15].

In figure 5 we show an example for the description
of the coordination aspects of a task. The trigger
for the firing of this rule is the precondition that the
nurse is the owner of the laryngoscope. This is an ad-
verse context condition since in the specification of
the task (not shown in the pictures) it is prescribed
that the anesthesist should be the owner of the de-
vice.

A special rule describes the selection of interaction
type according to the expertise of the actors. The
type variable µ is instantiated with type Signal if the
actors’ expertise are high. This rule is very similar
to configuration rules in feature modeling [1].

8.2 Example: Observing

In the medical operation theatre during an opera-
tion the anesthesist has to control the patient’s state
and the course of anesthesia. Consequently we de-
fine as an abstract task that the anesthesist has to
observe the patient. For this sake both, the patient
and the anesthesist have to be members of the initial
configuration. And they have to be connected by an
observation connector.

In Figure 6 for example we use this configuration
as a the start configuration of a transformation rule.
(For the sake of this presentation we are leaving aside
the role of interfaces.) In our first rule we state that
the abstract task of observation may be mapped to
the context-specific configuration on the right hand
side of the rule. In some contexts the anesthesist may
delegate the responsibility for the patient’s observa-
tion to the nurse and communicate with her about
the patient’s actual state. A precondition for the ap-
plication of this rule is that the nurse has an adequate
qualification.

Another typical way to process the abstract task of
patient observation consists in the usage of a mon-
itoring device which controls the characteristic pa-
rameters of the patient’s state. The corresponding
rule is frequently applicated in situations where the
patient’s state is already stabilized. In many cases
anesthesists with low or medium expertise level tend
to rely on the monitoring display rather than on their
own observations.

Anesthesist

Observation

Monitoring

Observation

vis

λ

Patient

Figure 8: Parametric Configuration

By using simple relations for the sensual capabili-
ties of human agent’s we are able to reason about the
consequences of task assignments. We are specifying
some sensual constraints for human agents.

HumanActor v Agent

HumanActor v (AND (acc ⊥)
(lman ⊥)
(vis ⊥))

Assignment(x) =

#(Interfaces.linked ∩ Interface 3 x)

Assignment(acc)≤ 3

Assignment(vis)≤ 1

Assignment(lman)≤ 1

We represent senso-motoric capabilities as feature
variables of agents. The assignment of such a ca-
pability is defined by the cardinality of the set of
an agent’s linked interfaces where the corresponding
feature is contained. We claim that for the visual ca-
pability of an agent only unary assignments are pos-
sible, while the acoustic sense may be used in more
than one assignments.

For our example we can conclude that an acous-
tic observation leaves more flexibility for an actor
than a visual engagement. Consequently the con-
figuration in Figure 8 is only legal with λ = acc.
The binding of variable λ with vis would violate the
assignment constraints. Thus an anesthesist is not
able to check another patient when he is occupied
with the visual observation of the monitoring device.
On the other hand when it is sufficient to control the
acoustic alarm tones he can move to another room
to assist his colleagues.

9 Human Error

Since we have a special interest for human error
we reason about errors using fuzzy fault trees. Using
fault trees we can reason about different types of hu-
man errors using propositions about mental models.
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As shown in figure 9 we distinguish between three
cases of human error which are grouped in two sec-
tions (following [13]):

• Execution-based errors (slips) occur when the
subjective preferences of an actor are not
adapted to the context (goals and beliefs may
be fitting).

• Knowledge-based errors (mistakes) may occur
when the beliefs of an actor are not adapted to
the given context. For example a nurse may
have the right goals but may not act right be-
cause she doesn’t see the need to act. Another
error-case occurs when an actor’s goals do not
fit well into the given context.

10 Conclusion

In this paper we provided a visual notation for the
context adaptive behavior of complex systems. We
started with structural description, dynamic archi-
tectures, and rules for reasoning about adaptive sys-
tem properties. We then took a cognitive perspective
by introducing the concepts of mental model to re-
flect cognitive parameters which are highly relevant
for systemic behavior.

Using our transformation based approach we em-
ploy our notation for the analysis of sociotechnic

adaptivity with special consideration of cognitive
context conditions. We claim that the results of this
analysis are useful for the design and management of
context aware systems in general.
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ABSTRACT

802.11e is the new extension to the family of 802.11 
standards which tries to provide QoS support to data 
services over the wireless LAN. However, it does not 
provide any mechanism to differentiate users which 
becomes a bottleneck for providing differentiated 
services to users from all sections of the society. In this 
paper, we study the 802.11e MAC protocol and suggest 
some enhancements to the current standard that will be 
able to provide QoS depending on the class a user 
belongs to in addition to the traffic category used by the 
user/station. Our algorithm takes into consideration the 
class of a user and the traffic category before any 
resource assignment is made. The algorithm has the 
scope for various tradeoffs that can be provided 
depending on the importance of the objective function:
bandwidth utilization or prioritization of station’s ability 
to transmit. Simulations were conducted to validate our 
algorithms and test their efficiency.  

INTRODUCTION

The need for computing on the move has generated a 
need for wireless LAN market, with WLANs becoming 
more and more omni-resent. The mostly commercialized 
WLAN products available today are based on the IEEE 
802.11 standard which has become the most prevailing 
technology for indoor broadband access for mobile 
devices. Alongside, the widespread use of networking 
multimedia applications has brought more requirements 
to the network and the service providers creating the 
need for end-to-end quality of service (QoS). The IEEE 
802.11 working group is defining a new supplement to 
the 802.11 MAC called 802.11e which aims at providing 
toll-quality voice and video services over WLANs [2]. 
However, 802.11e does not have the option to allow the 
service providers to differentiate users based on their 
priority or subscription plans, and hence all users are 
still treated equally. 

Classifying users into different classes and trying to 
retain them are becoming important strategies for the 
service providers. Most service providers have started 
offering differentiated services to users through their 
pricing plan for voice communication. The users are 
segmented and offered different values for their 
services. As the providers start introducing their wireless 
data services, most likely they will offer similar plans 
for the data services. In this context, the design of 
resource control should be based on the mutual benefits 
of the carriers and users. However, the big question is: 
what is the quality of wireless data services due to the 
new impediments created in the wireless networks? 
Traditionally, today's wireless voice network does not 
differentiate the QoS among the customers and their 
voice applications. In other words, the way the wireless 
network resources are shared between the different voice 
customers today, does not reflect any bias to the 
customer's preference or customer's subscription status. 
The problem lies in the fact that similar design 
philosophies cannot be used or extended for wireless 
data networks. 

   In our opinion, the concept of differentiated quality of 
service among customers of various classes will be an 
important parameter in the wireless data networks and 
services. The objective here is to create different classes 
of customers based on the selected service packages and 
provide distinction between the QoS levels like delay or 
throughput among these classes. In other words, the 
network must support different customers with different 
contracts with varying QoS or service level agreement
(SLA). This motivated the work in this paper.  

   The rest of the paper is organized as follows. In 
section 2, we discuss the concept of traffic categories 
used in 802.11e along with the different timers used for 
channel access. In section 3, we introduce the concept of 
user classes and discuss possible scenarios that might 
arise. Section 4 presents the algorithms to tackle the 
different scenarios. The simulation is presented in 
section 5 and conclusions are drawn in the last section.  



EDCF: ENHANCED DISTRIBUTIVE 
COORDINATION FUNCTION 

The distributed coordinated function (DCF) is the basis
for the 802.11 protocol. An enhanced DCF called EDCF
[3] has been proposed for 802.11e which provides QoS 
based on traffic categories (TC) [3]. 802.11e also
introduces a concept of QoS-supporting basic service set
(QBSS) [3]. QBSS is a BSS that includes the stations
that are 802.11e complaint and can support QoS based 
services. These stations operating in the 802.11e mode
are known as enhanced stations.

802.11e allows up to eight traffic categories which are
used to differentiate among different traffic and hence 
priority can be assigned [3]. The traffic category with 
higher priority will have more probability to access the
medium than the traffic category with lower priority [3].
This feature to support traffic priority was missing in the
legacy 802.11. Also the DCF inter frame spacing, called
DIFS, has been replaced by Arbitration inter frame
space (AIFS) in 802.11e [3]. AIFS is different for each 
traffic category, and depends on the priority of traffic
category. The traffic category with the highest priority
has the lowest AIFS period and as the priority decreases
the AIFS period increases as shown in Figure 1. AIFS 
value is at least equal to DIFS (i.e., =34
µs) period for 802.11e to be backward compatible with
the legacy 802.11 [2]-[3]. Each traffic category has its
own backoff instance which also depends on the priority
of the traffic category. EDCF stations waits for a period
of AIFS when the medium is idle before starting their
backoff function. The contention window (CW) never 
exceeds the parameter CW

DIFSAIFS

max [TC], which is the
maximum possible value for CW [2]-[3]. The minimum
value depends on the traffic category and can take
values between 0 and 255, thus CWmin[TC]=0-255 [2]-
[3].
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Figure 1: AIFS Classification for Different TC 

A station always waits for its AIFS period before it
starts transmitting. However, it does not mean that a 
station can always transmit when the backoff counter
reaches zero because the medium can become busy. In
that case, the backoff counter is frozen till the next time

medium is free. The station resumes decrementing
backoff counter again when the medium become free. If
more than one traffic category’s backoff counter
becomes 0 at the same time, it results in a virtual
collision [3]. Virtual collisions are avoided by letting the
traffic category with the highest priority to transmit. One
of the biggest differences between legacy DCF and
802.11e is that in legacy 802.11 the backoff counter is
decremented by 1 after the first time slot of DIFS period,
while in 802.11e the backoff counter is decremented by
1 from the last time slot of AIFS period [3]. This makes
a big difference in the time when a node chooses a
backoff instance. Legacy 802.11 increases the range of
backoff value by twice after each unsuccessful 
transmission but in 802.11e the new backoff value is
calculated using a parameter called PF (Persistence 
Factor) which takes different values (1 through 16) for 
different TC. Thus [3],

1-PF)1)[TC]((oldCW[TC]newCW .

TC1 TC2 TC3 TC4 TC5 TC6 TC7 TC8

Class 1

TC1 TC2 TC3 TC4 TC5 TC6 TC7 TC8

Class 2

TC1 TC2 TC3 TC4 TC5 TC6 TC7 TC8

Class 3

Figure 2: User Class and Traffic Categories

CLASS BASED QoS 

802.11e does provide QoS by introducing traffic
categories. Since all the traffic categories can potentially 
be used by every users/stations, there is no scope to
differentiate among users. Let us assume that there are
multiple classes of users all using the eight traffic 
categories. Figure 2 shows only 3 classes, namely Class
1, Class 2 and Class 3. We propose that the user classes
be taking into consideration while deciding the time for
a station to transmit. Normally, the total time that each 
station has to wait before trying to transmit is AIFS plus
the contention window. We suggest that both the AIFS 
and the CW be made dependent on the class of the user
and traffic category. Thus, for a station i to transmit, the
time to transmit (TTi ) is given by

          TTi = AIFS [Classi] [TCi] + CW [Classi] [TCi].



Possible Scenarios

Before we propose our algorithms, let us introduce the
possible scenarios that might arise due to the
introduction of these multiple classes. The algorithm
used to calculate the time for a station to attempt a
transmission, must allow different variations in the
priority based on class and the data traffic category used
by the station. We consider that Class 1 has the highest
priority and Class N has the lowest. In other words, the
priority schedule is as follows:

Class 1 > Class 2 > Class 3 > ..…> Class N 

Scenario 1: This is a trivial scenario where though there
are multiple classes; there is no priority differentiation
amongst the classes. The priority of a station to transmit
is only differentiated by using the traffic category, which
is essentially the same as supported by the current
802.11e.  Figure 3 shows how the different classes are
treated at par.

TC1 TC2 TC3 TC4 TC5 TC6 TC7 TC8Class 1

TC1 TC2 TC3 TC4 TC5 TC6 TC7 TC8Class 2

TC1 TC2 TC3 TC4 TC5 TC6 TC7 TC8Class 3

Figure 3: SCENARIO  1 

Scenario 2: In this scenario, a higher class has the 
priority to transmit irrespective of the traffic category as 
shown in Figure 4.
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Figure 4: SCENARIO 2 

Scenario 3 (General Scenario): In this scenario, only
the corresponding traffic category with higher class has
a priority over corresponding traffic category in lower
class. However, there is a possibility that the priority
difference to vary. For example the priority of TC1 and 
TC2 in class 1 may have priority over the TC1 and TC2
of class 2 or priority of TC1, TC2 and TC3 in class 1 has 
priority over the TC1, TC2 and TC3 of class 2 and this
relationship continue throughout all the classes and 

traffic categories. Figure 5 shows this difference as j.
j represents the number of traffic categories for a class 

that have priority over corresponding traffic categories
in lower priority class. 
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Figure 5: SCENARIO 3, WHEN j =2 

PROPOSED ALGORITHMS 

We first deal with the first two scenarios before we
discuss the general scenario. The generalized algorithm
for scenario 3 will encompass all the other scenarios just
by changing the value of j.

Algorithm for Scenario 1 

This scenario is similar to the one supported by the
present 802.11e. In this scenario all users have same
priority (only one class exists) but the difference in
priority is among the traffic categories [3]. This case can
be supported by allowing different AIFS and CW for
different TC’s priority. If TC1 has highest priority then it 
can be scheduled as:

jiif][TCAIFS]AIFS[TC ji

As the CWmax is constant for a particular TC, therefore
the mean value for the CW will be less for a traffic 
category with higher priority [3]. Therefore, time to
transmit will be

]CW[TC]AIFS[TCTT iii

Thus from the relationship between AIFS[TCi] and 
CW[TCi] we can say that

jiif][TCTT][TCTT ji .



Algorithm for Scenario 2 

In this scenario all traffic categories of a particular class
will have more priority over traffic categories of all
other classes of lower priority than that class. To achieve 
this relationship, first it is important to find out the time
each station has to wait to transmit data depending on its 
class and traffic category. 

[TC]CW[Class]AIFSTT iii

In this scenario, AIFS of the station is dependent on
the class and CW is dependent on traffic category, thus
time to transmit is dependent on both class and traffic
category. CW [TC] can be found as it is suggested in
802.11e. To achieve the priority as described above, the
relationship between ith and i+1th class is: 

ni1i TCCWAIFSAIFS

CW[TCn] is the maximum value of contention window
produced by all the traffic categories. Thus, all traffic 
categories of a higher priority class will have more
priority than all the traffic categories of a lower priority
class.

Let P and Q represent the class of a user and the traffic 
category of the station respectively. Highest priority
implies P=0 and highest traffic category implies Q=0.
As priority decreases for both class and traffic category
the value of P and Q increases by 1. Let us denote the
time to transmit for a user belonging to class P and with
traffic category Q by TT [P] [Q]. This scenario will 
maintain the following relationships:

1QPTTQPTT

Q1PTTQPTT

   The value for Q is n for TT[P][Q] and 0 for 
TT[P+1][Q]. In spite of these priorities, there is no way
to eliminate the possibility of collisions, as this
algorithm is basically collision avoidance and not
collision elimination. So the algorithm should also 
include the penalty for unsuccessful transmission. When
the number of unsuccessful transmissions reaches 
certain threshold, time to transmit by a station shall be
increased as a penalty. Since this is a class based 
service, even after unsuccessful transmission, it may be 
preferable to have fewer penalties for a station with
higher priority. The downside of having lower penalties
for station with higher priority is that it might delay the
transmission of data or starve the lower priority stations.
So to avoid the delay, we do not penalize a station with
higher priority until a certain number of retransmissions,
say Threshold. Thus, if the number of retransmissions is
below Threshold the value of time to transmit remains
unaffected. If the number of retransmission is higher
than Threshold the time to transmit is increased by an

Increment Factor (IF). Increment factor depends on
whether the algorithm needs to be fair to all users or it
needs to be favorable to the stations with higher priority,
and is always greater than 1. Therefore the algorithm
can be defined as follows.

if  ( )Thresholdsionretransmisno.of

egoryTrafficcatclassi CWAIFSTT

else

)CWAIFS(IFTT egoryTrafficcatclassi

Algorithm for Scenario 3 (General Scenario) 

With the special scenarios discussed, we are in position
to discuss the algorithm which will handle any scenario.
Both classes and traffic category are interdependent, 
while deciding time to transmit. As use the same
definition for P and Q. The time to transmit for user
from class P having traffic category Q is represented by
TT[P][Q]. The general relationships can be described
as:

1]TT[P][QTT[P][Q]

1][Q]TT[PTT[P][Q]

1]1][Q-TT[PTT[P][Q]

   Recall, j represents the number of traffic categories 
for a class that have priority over corresponding traffic
categories in the next lower class. In general, j can take 
values from 1 through n, where n is the number of traffic
categories. For example, when j=2, the 2 consecutive 
traffic categories have priority over the same traffic 
categories in the next lower class. While the same two
traffic categories of that lower priority class have higher
priority over same traffic categories for the classes that
have lower priority than itself. In general form of
equation in the form of j the relationship can be
expressed as:

1][Q]TT[P1]-jTT[P][Q

j]1][Q-TT[PTT[P][Q]

j]1][Q-TT[P1]jTT[P][Q

   The above inequalities explain the j relationship with
the classes and traffic category. Let us now calculate the 
contention window. If Q is the priority value of traffic
category, r is the priority value of class, and Dj = j.
Initially the value of D is equal to Dj, D is reset to Dj
once it reaches 0, p keeps track of TC, i represent the 
class category for which the algorithm is calculating
CWmax and j represents the traffic category for which 
function is calculating CWmax.
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   MF is the Main Factor, where MF >1, defined as the 
difference in CW’max value among the traffic categories
which are j apart within the same class. Greater value 
of MF will increase the CW’max value. The value of MF 
is a tradeoff between the bandwidth utility and providing
higher probability to transmit to those stations that have
higher priority. The higher value of MF will make sure
that station with higher priority may have more
probability to access medium but its bandwidth 
utilization may be very bad if the higher priority stations
are not transmitting often. This will happen because
even though the medium is free the lower priority
stations have to wait for longer time before they can try
to transmit as their time to transmit will be large. Value
of CWmax depends on class and traffic category and is
related to CW’max  as

maxmax CW'RFCW

where RF is reducing factor to reduce the value of
CWmax as sometimes the function may produce high
values depending on the trade-off. Thus, 

[P][Q]CWAIFSTT[P][Q] max

AIFS can be kept at minimum in this case and that is 
equal to DIFS=34 µs. Value of AIFS will remain same
for all values of class and traffic category. The algorithm
will produce different values of CWmax depending on 
class, traffic category and j. The value of CWmax
produced by above function are as desired by the
algorithm. Thus TT[P][Q] relation will be stored as 
desired by class, traffic category and j.

SIMULATION MODEL AND RESULTS 

We simulated our proposed algorithm with varying
parameters. We considered 5 classes of users, 8 traffic
categories, MF=1, RF=1and j=2. From Figure 6 we see 
that the desired relationship is maintained by the
function. Since j=2, the value of CWmax for class 1 
traffic category 1 & class 1 traffic category 2 should be 
less than Class 2 traffic category 1 & class 2 traffic 

category. Also the value of CWmax for class 1 traffic 
category 3 should be greater than class 2 traffic category
1 & class 2 traffic category 2. 

Figure 6: VALUES OF CWmax; j=2, MF=1

   Also, in case of j=3 the required relationship is
maintained as can be seen from Figure 7. Value of some
class and traffic category is chosen to be near each other
as to avoid bandwidth loss if there is no transmission
from a high priority station.

Figure 7: VALUES OF CWmax; j=3,  MF=1

The effect of a different value of MF can be seen in
Figure 8, where MF was set to 2. The values of class 1 
traffic category 3 & class 1 traffic category 4 were 24 
and 25 respectively in case of MF=1. But for MF=2
these values were 34 and 35 respectively. This shows 
that increase in MF will increase the value of CWmax
value for every class and traffic category across the 
system. Using above shown algorithm the relationship
as desired in Scenario 2 can be achieved by putting

j=8.



Figure 8: VALUES OF CWmax; j=2,  MF=2

Mean of CWmax

The value of CWmax maintains the relationship as
desired. Since CWmax gives the maximum value, a 
station can choose between 0 and CWmax. The mean for 
uniform distribution will be CWmax/2 for all the different 
value of CWmax depending on class and traffic category.
In some cases there is a possibility that the mean may be
too close for some values, in that case the probability of
collision might increase. To reduce this collision
probability instead of choosing random values between 
0 and CWmax, a new function can be defined as a 
function of the user class, which will choose a random
value between X and CWmax. X will be dependent on the
class of the station. In that case the mean for uniform
distribution will be (X+CWmax)/2. X can be formally
defined as

j1)-(PX

This way the mean value of CW can be changed. 

Starvation

Algorithm for calculating CWmax may initially give an
impression that it might produce starvation for the
stations that have lower class and traffic priority. But in
reality this is not the case since the algorithm is 
distributive and once a station chooses a value for 
CWmax, it does not reset CWmax in any case except 
collision. A new value is chosen for CWmax in case of a 
collision irrespective of station’s priority. At any given
instance of time a station with a higher priority will be
given lower value of CWmax than lower priority station
but once the value is chosen for any station it is not reset
even if a higher priority station tries to claim the
medium at some later instance of time. The value TTi of 
lower priority station decreases every time it found the
medium to be idle for more than AIFS period and thus

once its back off counter reaches 0 it will be allowed to
transmit irrespective of whether a station with higher
priority is waiting to transmit and this simple but
distributive approach will save stations with lower
priorities from starvation.

Retransmissions

802.11e suggests that after an unsuccessful transmission,
a new contention window using persistence factor (PF) 
be calculated. It is suggested that the value of CW be
increased as follows: 

1-PF)*1)]((oldCW[TC[TC]newCW

In the solution presented for the class based QoS instead 
of increasing the value of the contention window after
each unsuccessful transmission, we suggest that the
value of CW is increased only after a certain number
( Threshold)of retransmission is reached.  This way a 
station will not be penalized after each unsuccessful 
retransmission but will be penalized only after it 
consistently results in unsuccessful retransmissions.
Also the value of the Persistence Factor will depend
both on the class and the traffic category. To make sure 
that a station which has many consecutive unsuccessful
retransmissions failure is not penalized heavily, we
propose another variable, max, which counts the number
of times the value of CW has changed consecutively
before making a successful transmission. Once that
reaches a certain threshold value, maxthreshold, the value
of CW is not increased any more but kept at the last 
increased value which makes sure that no station suffers
from starvation.

if (no.of retransmission < Threshold)

newCW=OldCW

if(no. of retransmission Threshold)

and if ( max< maxthreshold)

1-PF)1)]((oldCW[TC[TC]newCW
else

newCW=OldCW

   The added benefit of using max and maxthreshold is that
these values can also be user class and traffic category 
dependent and thus different values can be assigned to
different stations depending on the class and data’s
traffic category. If the values of PF change depending
only on the traffic category the slope of the graph for
each class will almost remain same as shown in Figure
10.



Number of Retransmission

C
W

m
ax

Class 1 Traffic Category 1

Class 2 Traffic Category 1
Class 3 Traffic Category 1

Class 4 Traffic Category 1
Class 5 Traffic Category 1

Figure 9: CWMAX: PF IS DEPENDENT ON TC

If the value of PF is dependent on class and traffic
category, the value of CWmax will have greater slope for
lower priority class compared to the higher priority class
as shown in Figure 10. 
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CONCLUSIONS

In this paper, we proposed algorithms for class based
QoS for 802.11e based WLAN services.  Different
aspects of algorithm can be tuned by controlling
parameters like MF and RF to achieve the desired level
of system performance. We considered different
scenarios including the generalized one. Algorithms are 
distributive, simple and give flexibility for trade-offs
depending on the demand for bandwidth or increasing
probability to transmit for higher priority class. The
benefit of using above suggested algorithm is that it
provides alternate and more flexible way of providing
QoS. Simulation results demonstrate that our proposed
algorithms do provide the differentiation among
different user classes.
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ABSTRACT 

Easy Java Simulations (Ejs) is a freeware, open source, 
Java-based tool intended to create interactive dynamic 
simulations. The use of Ejs, together with 
Matlab/Simulink and Modelica/Dymola allow us to 
combine the best features of each tool. Ejs capability for 
building interactive user-interfaces composed of 
graphical elements, whose properties are linked to the 
model variables. Matlab/Simulink capability for 
modeling of automatic control systems and for model 
analysis. Modelica capability for physical modeling, and 
finally Dymola capability for simulating hybrid-DAE 
models. The combined application of these tools to the 
implementation of interactive simulations is discussed 
in this manuscript, and a novel modeling methodology 
adequate for interactive simulation is proposed. It takes 
advantage of the modeling and simulation capabilities 
of Modelica and Dymola. The proposed methodology is 
successfully applied to a case study: the interactive 
simulation of the quadruple-tank process. 
 
INTRODUCTION 

Interactive simulation provides a flexible and user-
friendly method to define the experiments performed on 
the model. During the interactive simulation run, the 
user can change the value of the model inputs, 
parameters and state variables, perceiving instantly how 
these changes affect to the model dynamic. As a 
consequence, interactive simulation facilitates 
developing and enhancing the understanding of the 
model behavior. This capability is especially useful 
when the model is being used for educational purposes. 
 
Easy Java Simulations (Ejs) is a freeware, open source, 
Java-based tool intended to create interactive dynamic 
simulations (Esquembre, 2004; http://fem.um.es/Ejs/). 
Ejs was originally designed to be used by students for 

interactive learning, under the supervision of educators 
with a low programming level. As a consequence, 
simplicity was a requirement. Ejs guides the user in the 
process of creating interactive simulations. This process 
includes the definition of the model and the view. 
 
Ejs implements its own procedure to define the model: a 
simple structure that the user needs to complete in order 
to specify the model variables and equations. In 
addition, Ejs version 3.2 supports the option of 
describing and simulating the model using 
Matlab/Simulink: (1) Matlab code and calls to any 
Matlab function (either built-in or defined in an M-file) 
can be used at any point in the Ejs model; and (2) the 
Ejs model can be partially or completely developed 
using Simulink block diagrams.  
 
The view is the user-to-model interface of Ejs 
interactive simulations. It is intended to: (1) provide a 
visual representation of the model relevant properties 
and dynamic behavior; and (2) facilitate the user’s 
interactive actions on the model. Ejs includes a set of 
ready-to-use visual elements, that the modeler can use 
to compose a sophisticated view in a simple, drag-and-
drop way. The properties of the view elements can be 
linked to the model variables, producing a bi-directional 
flow of information between the view and the model. 
Any change of a model variable value is automatically 
displayed by the view. Reciprocally, any user 
interaction with the view automatically modifies the 
value of the corresponding model variable. 
 
Once the modeler has defined the model and the view of 
the interactive simulation, Ejs generates the Java source 
code of the simulation program, compiles the program, 
packs the resulting object files into a compressed file, 
and generates HTML pages containing the narrative and 
the simulation as an applet. The user can readily run the 
simulation and/or publish it on the Internet. 
 
Working together with Matlab/Simulink significantly 
improves the Ejs capabilities for model description and 
numerical solution. However, Simulink modeling 
paradigm (i.e., graphical block-diagram modeling) 



exhibits some limitations (Astrom et al. 1998). It 
requires explicit state models (ODE) and that the blocks 
have a unidirectional data flow from inputs to outputs. 
These restrictions strongly condition the modeling task, 
which requires a considerable effort from the modeller. 
 
Object-oriented modeling languages facilitate the 
physical modeling paradigm (Astrom et al. 1998), an 
attractive alternative to the block diagram modeling. 
They support a declarative (non-causal) description of 
the model, which permits better reuse of the models. 
The modeling knowledge is represented in terms of 
hybrid-DAE models: differential, algebraic and discrete 
equations that may change by being triggered by events.  
As a consequence, the use of object-oriented modeling 
languages reduces considerably the modeling effort. In 
order to achieve this goal, the use of Modelica/Dymola 
together with Ejs and Matlab/Simulink is proposed in 
this manuscript, in addition to a novel modeling 
methodology intended for interactive simulation. This 
methodology is successfully applied to a case study: the 
interactive simulation of the quadruple-tank process. 
 
COMBINED USE OF EJS, MATLAB/SIMULINK 
AND MODELICA/DYMOLA 

Dymola 5.0 interface to Matlab 5.3 / Simulink 3.0 can 
be found in Simulink’s library browser: DymolaBlock 
block (Dynasim 2002). This block is an interface to the 
C-code generated by Dymola for the Modelica model. 
This C-code contains the numerical algorithms required 
to simulate the Modelica model, which is formulated in 
terms of differential-algebraic equations (DAE) and 
discrete-time equations. DymolaBlock block solution is 
synchronized with the solution of the other blocks: 
Simulink integrates DymolaBlock blocks together with 
the other blocks. 
 
Double-clicking on the DymolaBlock block opens a 
form where the name and file of the Modelica model 
name are specified. In order to embed the Modelica 
model within a Simulink block, the computational 
causality of the Modelica model interface needs to be 
explicitly set. The input variables are supposed to be 
calculated from other blocks, while the output variables 
are calculated from the Modelica model. DymolaBlock 
block can be connected to other Simulink blocks and 
also to other DymolaBlock blocks. 
 
Ejs 3.2 supports the option of describing and simulating 
some parts of the model (or the complete model) using 
Matlab/Simulink. Ejs synchronizes the numerical 
solution of the model part described using Ejs procedure 
and the part described in terms of Simulink blocks. In 
order to simulate the Ejs part of the model, Ejs 
implements a set of built-in ODE solvers, and it allows 
the modeler to program and use his own numerical 
algorithms. Matlab code is calculated in the Matlab 
workspace. Simulink part of the model is simulated by 
Matlab/Simulink, using Simulink’s numerical 
algorithms. 

MODELING FOR INTERACTIVE SIMULATION 
USING MODELICA LANGUAGE 

A novel modeling methodology intended for interactive 
simulation is proposed. It takes advantage of the 
modeling and simulation capabilities of Modelica and 
Dymola. The proposed methodology takes into account 
the common characteristics of the models intended for 
interactive simulation. As a result of the user 
interaction, these models need to support instantaneous 
(discontinuous) changes in the state, and in the value of 
the input variables and parameters. In addition, several 
choices of the state variables need to be simultaneously 
supported, in order to provide alternative ways of 
describing the state changes.  
 
The model shown in Fig. 1 will be used to illustrate the 
discussion. The voltage applied to the pump (v) is an 
input variable. The cross-sections of the tank (A) and the 
outlet hole (a), the pump parameter (k) and the 
gravitational acceleration (g) are time-independent 
properties of the physical system. 
 
 
 
 
 
 
 
 

V: liquid volume 
h: liquid level 
a: hole cross-section 
A: tank cross-section 
F, Fin: liquid flow 
g: grav. acceleration 
v: pump input voltage 
k: pump parameter 

Figure 1: Model of a Process 
 
Interactive Changes on the Model State 

Two input variables to the DymolaBlock block are used 
to model the interactive changes in the state: Istate[:] 
and CKstate (see Fig. 2). The array Istate contains the 
values used to reinitialize the model state. The signal 
CKstate is used to trigger the state re-initialization 
event. The state re-initialization is performed using a 
built-in Modelica operator: reinit(x,expr). It re-
initializes an state variable (x) with the value obtained 
of evaluating an expression (expr), at an event instant. 
The output-variable array of the DymolaBlock block 
(O[:]) contains the variables representing the actual 
value of the state, in addition to the other variables 
linked to the view elements. Ejs uses the value of this 
output array (O[:]) to refresh the simulation view. When 
the user changes the value of one or several state 
variables, Ejs writes the new state in Istate array and 
changes the value of CKstate (from one to zero or from 
zero to one) in order to trigger the re-initialization event. 
 
 
 
 
 
 
 
 

Figure 2: Interactive Change of the State 
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Different choices of the model state-variables are 
possible. For instance, possible choices in the model of 
Fig. 1 include: { }1e h= , { }2e V=  and { }3e F= ; where 

ie  represents one particular choice of the state 

variables. If the user wants to change interactively the 
level value (h), the appropriate choice is { }1e h= . 

Likewise, if the user wants to change V, then the right 
choice is 2e ; and if he wants to change F, then 3e . The 

model should support the following feature: every time 
the user needs to change the state value, he decides to 
represent it in terms of a change in either the volume or 
the height or the flow. Different choices are possible 
during a given interactive simulation run. 
 
In general, an interactive model is required to support 
changes in its state value that correspond with different 
choices of the state variables. An approach to fulfill this 
requirement is the following. Modeling the interactive 
model as composed of several instantiations of the 
physical model, each one with a different choice of the 
state variables. Modelica capability for state selection 
control allows the implementation of this approach 
conveniently. In addition, the interactive model needs to 
describe the information flow among these different 
instantiations of the physical model. These topics will 
be discussed later. 
 
Changes on the Interactive Parameters 

Time-independent properties of the system are usually 
represented by model parameters. However, sometimes 
one of the interactive-simulation goals is studying the 
dependence between the model dynamic behavior and 
the value of these properties. In this case, the property 
value can be instantaneously changed by the user’s 
action, remaining constant between consecutive 
interactive changes. These variables of the interactive 
model are called interactive parameters. DymolaBlock 
block inputs should include the variables required to 
describe the changes in the interactive-parameter values. 
 
Changes in the value of interactive parameters can have 
different effects depending on the state variable choice. 
Consider an instantaneous change in the cross-section 
(A) of the model in Fig. 1 (for instance, the user 
interactively changes A from 21 cm  to 23 cm ). If the 
state variable is the volume (V), then the change in A  
produces an instantaneous change in the value of the 
liquid height (h) and flow (F), while the liquid volume 
remains constant. On the contrary, if the state variable is 
the height or the flow, these magnitude values do not 
change as the result of an instantaneous change in A . In 
this case, the volume does change. 
 
In general, interactive models need to support 
instantaneous changes in the value of the interactive 
parameters, for different choices of the state variables. 
This requirement can be accomplished by using the 
adequate physical-model instantiation (that with the 

required state selection) for executing the instantaneous 
change in the parameter value and for solving the re-
start problem. Next, these calculated values are used to 
re-initialize the other physical-model instantiations. This 
action guarantees that all physical-model instantiations 
describe the same trajectory. 
 
State Selection Control 

Modelica 2.0 supports the user’s control on the state 
variables selection, via the stateSelect attribute of Real 
variables (Otter and Olsson 2002). This attribute values 
include “never” (the variable will never be selected as 
state variable) and “always” (the variable will always be 
used as a state). This Modelica feature allows 
controlling the model state selection by means of a 
Boolean array. State selection of the model in Fig.1 can 
be accomplished as shown below, by means of the 
Boolean vector isState. For instance, if isState is set to 
the value {false,true,false} when instantiating the 
physical-model, then the volume is selected as a state 
variable. 
 
model tank 
  Real h (stateSelect = if hIsState  
     then StateSelect.always else StateSelect.never); 
  Real volume (stateSelect = if volumeIsState  
     then StateSelect.always else StateSelect.never); 
  ... 
end tank; 
 
model pipe 
  Real F (stateSelect = if FIsState  
     then StateSelect.always else StateSelect.never); 
... 
end pipe; 
 
partial model physicalModel 
  parameter Boolean[3] isState; 
  tank tank1 ( hIsState = isState[1],  
               volumeIsState = isState[2] ); 
  pipe pipe1 ( FIsState = isState[3] ); 
... 
end physicalModel; 

 
Conceptual Foundations of State Selection Control 

Dymola 5.1 (Mattsson et al. 2000; Dynasim 2002) 
supports this Modelica capability: the user’s control on 
the state-variable selection. The continuous part of a 
Modelica model is mapped to a DAE of the form 

( ), , , t =1 1 2f x x x 0& , where ( )t1x  are variables appearing 

differentiated, and ( )t2x  are pure algebraic variables. 

Conceptually, once the state-variables (i.e., ( )tSx ) have 

been selected, Dymola transforms automatically this 
DAE into the state space form: 
 

( )
( )

,

,

t

t

=

=
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x f x

x f x
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The tank model shown in Fig. 1 will be used to illustrate 
the conceptual foundations of this transformation. 
According to the model description in Fig. 1: { }V=1x . 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Schematic Description of the Proposed Modeling Methodology for Interactive Simulation 
 
In order to reformulate the model as shown in Equation 
(1), with { }h=Sx , a dummy variable α  and an 

equation ( h α=& ) are included in the model (H. 
Elmqvist: personal communication, 1995). These 

changes do not modify the model: the equation h α=&  is 
used to calculate α . The index of the extended model is 
greater than one (Brenan et al. 1996). The model index 
can be reduced to one or zero by applying the Pantelides 
algorithm (Pantelides 1998) and by including the 
differentiated equations in the model (Mattsson and 
Soderlind 1992). Then, the dummy derivatives are 
defined so that the user’s state selection is fulfilled. The 
result of these manipulations is shown below, where the 
variable to evaluate from each equation is written within 
square brackets. 
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Interactive Parameters and Input Variables 

This method to formulate the model according to a 
given state selection can require differentiating an 
interactive parameter or an input variable. In the 
previous example, the time-derivative of the tank cross-
section needs to be calculated. If the interactive 
parameter A is defined as an input variable, then an 
error is produced: Dymola cannot differentiate an input 
variable. 

A valid approach consists in defining the interactive 
parameters as constant state-variables (i.e., with zero 
time-derivative). The interactive changes in the value of 
these parameters are implemented by re-initializing their 
values. An analogous reasoning is applicable to the 
input variables of the physical model, and an analogous 
solution is implemented. Four input variables to the 
DymolaBlock block are used to model the changes in 
the value of the interactive parameters and input 
variables: two signal arrays (Iparam[:], Ivar[:]) 
containing the new values, and two signals (CKparam 
and CKvar) for triggering the re-initialization events. 
 
Modeling Methodology for Interactive Simulation 

Summarizing the previous discussion, the proposed 
methodology consists in the following steps: 
1. Object-oriented modeling of the physical system: 

model physicalModel. The Boolean vector isState 
controls the state selection (see Fig. 3a). 

2. Define the model setParamVar (see Fig. 3b). It 
inherits physicalModel and contains the when-
clauses to change the value of the interactive 
parameters (p[:]) and input variables (v[:]). 

3. Define as many models (stateSelection1, 
stateSelection2, ...) as different state-variable 
choices needed ( 1e , 2e , ...). Each of these models 

inherits setParamVar (isState array is set to the 
value adequate in each case) and contains a when-
clause to change the value of the corresponding 
state-variable array (see Fig. 3c). 

4. Define the model interactiveModel, composed of 
all the models defined in the previous step 
(stateSelection1, ..., stateSelectionN). The value of 
the input array Enabled[1:N] is set by Ejs, and it 
selects which output is connected to the output 
signal (O[:]).  

c)

StateSelection1

Iparam[:]

Ivar[:]
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Figure 4: Simulink Model of the Quadruple-Tank Process and its Control System 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: View of the Quadruple-Tank System 
 
The obtained Modelica model is schematically 
represented in Fig. 3d. It is suitable to be embedded in a 
DymolaBlock block and connected to Ejs for interactive 
simulation. 
 
CASE STUDY: INTERACTIVE SIMULATION OF 
THE QUADRUPLE-TANK PROCESS 

The interactive simulation of the quadruple-tank process 
has been implemented (see Fig. 5), by the combined use 

of Ejs, Matlab/Simulink and Modelica/Dymola. This 
process has been used to illustrate different aspects of 
the multi-variable control theory (Johansson 2000; 
Dormido and Esquembre 2003): the goal is to control 
the level of the lower two tanks with two pumps. Two 
different control strategies have been implemented in 
this case study: manual control and decentralized PID. 
Switching between these control strategies can take 
place during the simulation run. The parameters of the 
PID controllers can be changed interactively. 



The simulation supports interactive changes in the tank 
physical parameters: cross-section, shape and cross-
section of the outlet hole. Tank cross-section and shape 
changes can take place under one of two alternative 
conditions: the liquid volume inside the tank is kept 
constant or the liquid height is kept constant. In 
addition, the simulation supports interactive changes in 
the amount of liquid stored inside the tanks. These 
changes can be defined in terms of the liquid height or 
the liquid volume. 
 
The physical model of the quadruple-tank process has 
been implemented in Modelica language. It is analogous 
to the model shown in Fig. 1. Mass balance and 
Bernoulli’s law are applied to model the tanks and the 
flows. The process model (DymolaBlock block) and the 
control system are shown in Fig. 4. The automatic 
control system consists in two PID blocks followed by 
saturators. Depending on a variable that control a 
switch, the pump voltage values sent to Dymolablock 
are the ones obtained by PID controllers or the ones 
introduced by the user. 
 
The simulation view is shown in Fig. 5. The main 
window (on the left side of Fig. 5) contains the 
schematic diagram of the process (above) and the 
control buttons (below). Both of them allow the user to 
experiment with the model. The liquid levels, the tank 
cross-sections and the level setpoints represented in the 
schematic diagram are linked to the respective model 
variables: their values can be interactively changed by 
dragging with the mouse. The sliders placed under the 
schematic diagram allow changing interactively the PID 
parameters and the cross-sections of the outlet holes. 
The control buttons allow choosing the state variables 
(liquid volumes or heights). They also open and close 
graphic plots of the liquid levels, volumes and flows, 
and plots of the voltages applied to the pumps. Some of 
these plots are displayed on the right side of Fig. 5. 
 
CONCLUSIONS 

The feasibility of combining Ejs, Matlab/Simulink and 
Modelica/Dymola for implementing interactive 
simulations has been discussed. This approach takes 
advantage of Ejs capability for building interactive user-
interfaces, Matlab/Simulink capability for modeling of 
automatic control systems, Modelica capability for 
physical modeling, and Dymola capability for 
simulating hybrid-DAE models. In addition, a novel 
modeling methodology adequate for interactive 
simulation has been proposed, and it has been 
successfully applied to a case study: the interactive 
simulation of the quadruple-tank process. 
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ABSTRACT

Local algorithms for obtaining a pivot ordering for sparse
symmetric coefficient matrices are reviewed together
with their mathematical background and appropriate data
structures. Recently proposed heuristics as well as im-
provements to them are discussed, and their performance,
mainly in terms of the resulting number of factorization
operations, is compared with that of the Minimum De-
gree and the Minimum Local Fill algorithms. It is demon-
strated that a combination of Markowitz’ algorithm with
these symmetric methods applied to the unsymmetric ma-
trices arising in circuit simulation is capable of accelerat-
ing the simulation significantly.

1. INTRODUCTION

Simulating an electrical circuit requires the solution of
numerous linear equations of the form

Ax = b, (1)

where A is a real or complex n × n matrix [Chua et al.,
1987, Feldmann et al., 1992, Nagel, 1975]. Solving (1)
is also necessary in other types of analyses, such as DC-
and small signal analysis, and the efficiency by which this
is done determines the quality of simulation tools as a
whole to a great extent.

In many professional simulation tools, including TI-
TAN [Feldmann et al., 1992], (1) is solved directly
without pivoting for numerical accuracy [Hajj et al.,
1981, Tan, 1986, Nagel, 1975], despite the fact that A is
unsymmetric and indefinite. (To investigate the merits of
that approach is beyond the scope of this paper.) In fact,
one assumes that it is numerically feasible to solve

(PAPT )y = Pb (2)

by Gaussian elimination for any n×n permutation matrix
P and then set x = P T y. That is, the diagonal entries
may be chosen as pivots, in any order [Hajj et al., 1981,
Nagel, 1975].

Usually, A is very large and extremely sparse, i.e., only
few of its entries are nonzero. However, new nonzeros are
introduced during the elimination phase:

The coefficient matrix PAP T is successively overwrit-
ten by the matrix L + U − idn, where

LU = PAP T (3)

and L and U are factors of PAP T , L is unit lower trian-
gular, U is upper triangular, and idn is the n × n iden-
tity matrix [Chua and Lin, 1975, Golub and Van Loan,
1993, Nagel, 1975].

In general, the matrix L+U − idn may have nonzeros
at positions where the coefficient matrix PAP T has ze-
ros. Those newly created nonzeros are called fill-ins, and
their total is called fill [Duff et al., 1986, George and Liu,
1989].

As the coefficient matrices of all linear equations to
solve usually have the same zero-nonzero pattern, the
same permutation matrix P may be used throughout the
simulation [Nagel, 1975, Chua and Lin, 1975]. With the
amount of fill created, the computational complexity of
solving equation (1) heavily depends on P . Thus, a de-
liberate choice of P is extremely important for the overall
performance of circuit simulation software.

Unfortunately, minimizing the fill appears to be harder
than solving the linear equations at hand without taking
advantage of their sparsity [Yannakakis, 1981]. There-
fore, various heuristics have been proposed, which aim at
acceptable low fill rather than minimum fill [Duff et al.,
1986]. Among them, there are what is called local al-
gorithms, which mimic Gaussian elimination based on
the zero-nonzero pattern of the coefficient matrix alone,
where it is assumed that nonzeros do not accidentally can-
cel out.

Those local methods always choose a pivot that min-
imizes some scoring function and thereby determine an
overall pivoting order.

MARKOWITZ was the first to propose heuristics for
fill-in minimization in Gaussian elimination [Markowitz,
1957]. In his Minimum Local Fill (MF) algorithm, the
score of a diagonal entry is the number of fill-ins that
would be created in the next elimination step if that en-



try was chosen as the next pivot. The following scoring
function was also proposed in [Markowitz, 1957]:

Let ci and ri be the number of off-diagonal nonzeros in
the ith column and row, respectively, of the zero-nonzero
pattern that has been obtained from the preceding elimi-
nations. The product ciri is called the Markowitz prod-
uct and is an upper bound on the number of fill-ins in-
troduced when the ith variable in the current scheme is
eliminated next using the ith equation. To chose a pivot
with minimum Markowitz product has become known as
Markowitz’ algorithm.

If A is structurally symmetric, i.e., Ai,j 6= 0 iff Aj,i 6=
0, Markowitz’ algorithm is called Minimum Degree (MD)
algorithm [George and Liu, 1989].

The computational cost of the MF algorithm may be
two orders of magnitude higher than that of a version of
the MD algorithm [Ng and Raghavan, 1999], which is a
serious drawback. In addition, it has been found espe-
cially in circuit simulation that the MF algorithm saves at
most 5% in factorization operations compared with other
algorithms [Nagel, 1975].

Only recently, it has been found that the MF algo-
rithm as well as newly proposed variants of both the MF
and MD algorithms yield significantly better orderings
than the MD algorithm on certain test suites of symmet-
ric matrices [Cavers, 1989, Lustig et al., 1992, Mészáros,
1998, Rothberg and Eisenstat, 1998, Ng and Raghavan,
1999]. The running times of some of those algorithms
are just in the order of those of the MD algorithm [Cavers,
1989, Mészáros, 1998, Rothberg and Eisenstat, 1998, Ng
and Raghavan, 1999].

The savings in fill of those variants heavily depend
on the field of application and increase with increasing
problem size [Cavers, 1989], but, unfortunately, exten-
sive tests and comparisons of those variants on matrices
derived from circuits of a size representing today’s simu-
lation tasks are still missing.

A first step towards efficient algorithms for high-
quality ordering of sparse, unsymmetric matrices in cir-
cuit simulation was presented in [Reißig and Klimpel,
2001] and tested in [Reißig, 2001]:

Initially, diagonal entries with Markowitz product zero
are chosen as pivots, as many as possible. The corre-
sponding elimination steps do not create any fill, hence
the zero-nonzero pattern obtained after those steps is that
of a submatrix Ã obtained from A by removing the pivot
rows and columns. Now, a symmetric ordering method
is applied to |Ã|+ |Ã|T , thereby completing the pivoting
order for A. That way, much of the unsymmetry of A is
removed by the initial steps of Markowitz’ algorithm so
that Ã will be symmetric or nearly so.

It was shown in [Reißig, 2001] that the orderings
obtained from recently proposed ordering heuristics for
symmetric matrices combined with the above method
from [Reißig and Klimpel, 2001,Reißig, 2001] require up
to 31% fewer factorization operations than those obtained
from the Minimum Degree algorithm, in some cases at
virtually no extra computational cost, when applied to

symmetrized Jacobians of modified nodal equations.
The purpose of this paper is to demonstrate that, in

terms of the resulting number of factorization operations,
the method from [Reißig and Klimpel, 2001] outperforms
the MD and Markowitz’ algorithms even if applied di-
rectly to the unsymmetric matrices that arise in circuit
simulation. In fact, our tests on a test suite of 15 matrices
extracted from the circuit simulator TITAN of Infineon
Technologies shows that the method we propose is capa-
ble of saving up to 72% (38% on average) of factorization
operations if compared to Markowitz’ algorithm.

The remaining of this paper is structured as follows. In
section 2, we review PARTER’s interpretation of Gaussian
elimination in terms of graphs [Parter, 1961] and the data
structure underlying local symmetric ordering methods.
These concepts have already been the basis for the defini-
tion of recently proposed ordering heuristics in [Reißig,
2001]. For the convenience of the reader, we compile
them in Section 3.

In Section 4, we compare the performance of the MD
and MF algorithms and the algorithms from Section 3
on a test set of 15 unsymmetric Jacobians of modified
nodal equations extracted from the circuit simulator TI-
TAN [Feldmann et al., 1992] of Infineon Technologies.

2. DATA STRUCTURE OF LOCAL SYMMETRIC
ORDERING METHODS

Throughout this section, A is a structurally symmetric
n × n matrix, i.e., Ai,j 6= 0 iff Aj,i 6= 0, for all i and
j, 1 ≤ i, j ≤ n.

2.1. Gaussian elimination in terms of graphs

A graph is an ordered pair (V,E) of a finite set V of
nodes and a set E of branches, E ⊆

{
{v, w} ⊆ V | v 6=

w
}

.
Two nodes v, w ∈ V are adjacent in the graph G,

G = (V,E), if {v, w} ∈ E. For w ∈ V and W ⊆ V ,
adjG(w) and adjG(W ) denote the adjacent set of w and
W , respectively, i.e.,

adjG(w) =
{
u ∈ V | {u,w} ∈ E

}
,

adjG(W ) =
⋃

u∈W

adjG(u) \ W.

For X ∈ V ∪ P(V ), we denote the degree of X in G by
degG(X),

degG(X) = | adjG(X)|,

where | · | denotes cardinality, and P(V ) is the power set
of V .

A node v ∈ V and an branch e ∈ E are incident if
v ∈ e.

The graph of A, denoted G(A), is the graph (V,E)
defined by

V = {1, . . . , n},

E =
{
{i, j} | Ai,j 6= 0, i 6= j

}
.



The elimination graph Gv is obtained by eliminating
v ∈ V from G = (V,E), i.e., by removing v and its
incident branches from G, and connecting all nodes pre-
viously adjacent to v [Parter, 1961], thereby creating a set
fillG(v) of new branches or fill-ins.

Choosing pivots down the diagonal in PAP T for some
n × n permutation matrix P corresponds to selecting
nodes of G(A) in the order π(1), π(2), . . . , π(n) for some
bijection π : V → V , which we call the pivoting order.
Thus, local ordering algorithms are equivalent to the se-
lection of nodes as follows:

Input: Graph G = (V,E), scoring function s.
Step 1: S := ∅.
Step 2: Pick v ∈ V \ S with s(v,G) =

min
w∈V \S

s(w,G).

Step 3: S := S ∪ {v}, π(|S|) := v, G := Gv .
Step 4: If S 6= V , goto Step 2.
Output: Pivoting order π.

In particular, if the input graph G equals G(A), the
above algorithm is the MD and the MF algorithm for
s(v,G) = degG(v) and s(v,G) = |fillG(v)|, respec-
tively.

2.2. Clique representations of elimination graphs

A clique is a graph in which any two distinct nodes are
adjacent. The node set of a clique will also be called a
clique.

A set C ⊆ P(V ) is called a clique representation of
the graph G = (V,E) if E =

{
{v, w} ⊆ C | C ∈ C, v 6=

w
}

. In other words, clique representations of G(A) cor-
respond to coverings of the nonzeros of A by full sym-
metric minors. Note also that E is a (trivial) clique rep-
resentation of G.

If C is a clique representation of G and v ∈ V , then the
set C′,

C′ = {C ∈ C | v /∈ C} ∪ {adjG(v)} (4)

is a clique representation of Gv .

2.3. Indistinguishable nodes

The nodes v, w ∈ V are indistinguishable [George and
Liu, 1989], v ∼

G
w, if

adjG(v) ∪ {v} = adjG(w) ∪ {w}. (5)

If v ∼
G

w, then degG(v) = degG(w) and fillG(v) =

fillG(w). Moreover, for any reasonable scoring function,
it should suffice to determine the score of one of v and w
only. Hence, we may maintain the quotient graph G/∼

G

rather than G itself, where G/∼
G

= (V/∼
G

, E′) and

E′ =
{
{[v]∼

G

, [w]∼
G

} | {v, w} ∈ E, [v]∼
G

6= [w]∼
G

}
.

3. IMPROVED SCORING FUNCTIONS

Let G be the current elimination graph, G = (V,E), ∼ be
the equivalence relation of indistinguishable nodes, and
let C be a clique representation of G/∼. For simplicity,
we denote the class [v]∼ by [v].

For each node [v] of G/∼, let κ[v] be the list of cliques
containing [v]. Let c[v] be the number of cliques in that
list that have been created by eliminating nodes and as-
sume that those created cliques are located at the begin-
ning of the list.

We define scoring functions in terms of G/∼. For
W ⊆ V/∼, we define

‖W‖ =
∑

[w]∈W

|[w]|.

3.1. Bounds on the local fill

The scoring function of the MD algorithm represents an
upper bound on the number of fill-ins introduced by elim-
inating a node from G, since

ξ : x 7→ (x2 − x)/2

is monotonic on the set of nonnegative integers and
|fillG(v)| ≤ ξ(degG(v)) for all v ∈ V .

That bound may be improved since some of the
ξ(degG(v)) potential fill-in branches in Gv are branches
of G that are easy to identify:

First, if v is indistinguishable from w in G, v 6= w,
then eliminating v from G does not create any new
branches adjacent to w in Gv . Hence, the external degree
degG([v]) of v represents an upper bound on |fillG(v)|,

|fillG(v)| ≤ ξ(degG([v])). (6)

Taking the external degree as scoring function usually
produces less overall fill than taking the degree [George
and Liu, 1989].

Further, if C ∈ C is a clique, then the elimination of
[v] from G cannot create any new branch {[u], [w]} ⊆ C.
Even if only those cliques are considered that contain [v],
the bound in (6) may be improved in several ways:

The Approximate Minimum Local Fill (AMF) algo-
rithm of ROTHBERG and EISENSTAT uses the upper
bound sAMF0

,

sAMF0
([v]) =

ξ(degG([v])) −

{
0 if c[v] = 0

ξ(‖κ[v](1) \ {[v]}‖) otherwise

as its scoring function, thereby taking into account
the most recently eliminated clique only [Rothberg and
Eisenstat, 1998]. We will denote that scoring function
that takes in account the largest, rather than the most re-
cently created, clique, by sAMF1

.
NG and RAGHAVAN propose to consider all cliques in

κ[v] rather than just one [Ng and Raghavan, 1999].



3.2. Looking ahead

While local ordering algorithms usually consider the fill
introduced in the next elimination step only, the concept
of indistinguishability provides a simple means to look
some steps ahead:
Since the total number of fill-ins created when all nodes
in [v] are eliminated from G immediately upon each
other is just |fillG(v)|, ROTHBERG and EISENSTAT con-
sider dividing fill bounds by |[v]| [Rothberg and Eisen-
stat, 1998]. Their (Approximate) Minimum Mean Local
Fill ((A)MMF) heuristics are based on the scoring func-
tions sMMF α and sAMMF α

0
,

sMMF α([v]) = |fillG(v)|/|[v]|α,

sAMMF α

0
([v]) = sAMF0

([v])/|[v]|α

with α = 1. According to [Rothberg and Eisenstat,
1998], a version with α = 1/2 “produced slightly bet-
ter results”.

We denote by sAMMF α

1
that scoring function that re-

sults from application of the above trick to sAMF1
.

3.3. Further variants

Among the various improvements of the MD and MF al-
gorithms that we do not discuss in this paper are the tie
breaking techniques of [Cavers, 1989, Mészáros, 1998],
the Modified Multiple Minimum Degree (MMMD) algo-
rithm of [Ng and Raghavan, 1999], and the correction
terms of [Rothberg and Eisenstat, 1998, Ng and Ragha-
van, 1999].

4. COMPUTATIONAL RESULTS

In addition to the techniques described in Section 2, our
implementation of the MD and MF algorithms as well
as their variants described in Section 3 includes further
techniques, such as element absorption, incomplete score
update, and multiple elimination, see [George and Liu,
1989].

The code was compiled with the cc compiler (Work-
shop Compilers 4.2 30 Oct 1996 C 4.2) using the op-
tions “-fast -fsimple=2 -xtarget=ultra -xarch=v8ultra“ un-
der SunOS Release 5.7 and run on one of the CPUs
(sparcv9+vis, 400 MHz clock rate, 4 MB cache, 17.4
SPECint95, 25.7 SPECfp95) of a SUN Enterprise E4500
workstation with 6 Gbytes of memory.

We chose the implementation of Markowitz’ algorithm
of the circuit simulator TITAN [Feldmann et al., 1992],
version 6.1a, as our reference algorithm.

Our primary measure for comparing ordering algo-
rithms is the number

n∑

i=1

ci(1 + ri) (7)

of factorization operations determined by the pivoting or-
ders obtained, which represents divisions and multipli-
cations, where ci and ri are the number of off-diagonal
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Matrix n0

103

m0

103 in % in % in % o o o o

bag 144 995 93 7.3 0 3.5 · 10
7

0.95 0.81 0.68

cor 123 892 74 26 0 1.8 · 10
6

0.87 0.87 0.87

eng 5 42 80 20 0 1.1 · 10
6

0.96 0.97 0.88

jac 1 22 83 17 0 1.0 · 10
6

1.12 1.28 0.92

m8 11 237 83 17 0 3.9 · 10
7

0.77 0.56 0.43

m14 16 418 84 16 0 7.1 · 10
7

0.79 0.64 0.55

m24 26 710 86 13 0 4.1 · 10
8

0.94 0.72 0.49

m40 156 2039 88 12 0 4.2 · 10
9

0.81 0.61 0.48

sei 4 292 96 3.7 0 2.5 · 10
8

0.61 0.34 0.28

buc 10 78 58 51 17 8.4 · 10
5

0.92 0.86 0.69

gue 89 549 69 32 2.3 1.6 · 10
7

0.82 0.88 0.43

te 60 398 64 36 0.032 7.6 · 10
5

1.00 1.01 0.99

tei 175 1206 67 33 0.0099 4.7 · 10
6

1.08 1.04 0.86

xch 11 84 57 52 17 8.3 · 10
5

1.02 0.82 0.73

X 16 170 67 40 11 2.8 · 10
6

0.86 0.76 0.63

geometric mean 0.89 0.78 0.62

Table 1: Circuit matrices and performance of Markowitz’
algorithm and its combination with the MMD, AMMF1/2

1

and MMF1/2 algorithms defined in section 3.2. n0, m0,
and u0 denote the number of rows, nonzeros, and struc-
turally unsymmetric nonzeros, respectively. m1 and u1

denote the number of nonzeros and structurally unsym-
metric nonzeros, respectively, in the matrices remain-
ing after the initial steps of Markowitz’ algorithm. o
denotes the number of factorization operations (7), for
the combinations divided by the corresponding value for
Markowitz’ algorithm. The values in the row “geometric
mean” are geometric means of the ratios reported in the
respective column. The values of n0 and m0 are rounded
to multiples of 1000, all ratios are rounded to a precision
of 10−2, and the remaining quantities are rounded to two
decimal digits.

nonzeros in column and row i of the factors L and U ,
respectively, of PAP T , and P is the permutation matrix
corresponding to the pivoting order.

Our test suite of input data consists of 15 matrices
extracted from the circuit simulator TITAN of Infineon
Technologies. These matrices are listed under the names
“bag” through “X” in Tab. 1.

It is well known that ordering heuristics are sensitive
to permutations of the rows and columns of the input ma-
trices. Therefore, for the combinations of Markowitz’ al-
gorithm with symmetric ordering methods to the prob-
lems “bag” through “sei” listed in Tab. 1, we report the
arithmetic mean of the number of factorization opera-
tions over 11 runs as in the previous paragraph. For
Markowitz’ algorithm, and for the problems buc through
X of Tab. 1, we report the result of one run only.

From the problem data presented in Tab. 1, we see that
the initial steps of Markowitz’ algorithm only slightly re-
duce the dimension of the problem, but remove 4%−43%



of the nonzeros. Moreover, while 3.7% − 52% of the
nonzeros of the original matrices are structurally unsym-
metric, those initial steps remove most or all of them. In
particular, the remaining matrices for the problems “bag”
through “sei” are symmetric, and only about 0.01% −
17% of the nonzeros of the other remaining matrices are
structurally unsymmetric.

For problems leading to symmetric remaining matri-
ces, it is obvious that the advantages of the symmetric
ordering methods investigated over the basic MD heuris-
tic carry over to the combination of those methods with
Markowitz’ algorithm. The results presented in Tab. 1
show that these advantages carry over to the combination
even if the remaining matrices are structurally unsymmet-
ric.

After all, the combination of Markowitz’ algorithm
with the MMD, AMMF1/2

1 , and MMF1/2 algorithms
leads to 11%, 22%, and 38% fewer factorization op-
erations than Markowitz’ algorithm alone, although for
some of the problems from Tab. 1, MARKOWITZ’ al-
gorithm yields better orderings than both MMD and
AMMF1/2

1 .
Furthermore, it is evident that the running time of

the above combination with the MMD algorithm should
never exceed that of an analogous but unsymmetric im-
plementation of Markowitz’ algorithm. In fact, the code
of Markowitz’ algorithm we used was always much
slower than its combination with both the MMD and the
AMMF1/2

1 heuristic.
In general, permuting coefficient matrices to block tri-

angular form [Duff et al., 1986], of which removal of
pivots with zero Markowitz product – the technique we
applied – is a first step, followed by ordering and fac-
toring the diagonal blocks can speed up the solution of
linear equations even further. However, we found that the
effect of that improvement is insignificant if applied to
circuit matrices: For the circuit problems bag through sei
from Tab. 1, removal of pivots with zero Markowitz prod-
uct leads to irreducible matrices in all cases except m40.
For those problems from Tab. 1 that lead to reducible
matrices, the dimension and the number of nonzeros, re-
spectively, of the largest diagonal block would always be
greater or equal to 97.6% and 98.7%, respectively, of the
corresponding numbers for the whole matrix. Further-
more, the number of structurally unsymmetric nonzeros
would be reduced in two cases only and by approximately
0.1%.

A final decision on which of those heuristics is best
would not only depend on the kind of circuits to be sim-
ulated, but also on the computer architecture and the spe-
cific numerical factorization algorithm used [Lustig et al.,
1992] and is beyond the scope of this paper. However, let
us show by an example that the savings in factorization
operations of the MMF1/2 over the AMMF1/2

1 heuristic
may very well reduce the overall simulation time:

The largest CPU time for the MMF1/2 algorithm was
2h43min, achieved for the “m40” example for which ap-

plication of the AMMF1/2
1 algorithm took only 47sec..

However, a transient simulation of that example with
TITAN [Feldmann et al., 1992], version 6.1a, using
the pivot ordering obtained from Markowitz’ algorithm,
spent over 138h on factorizations, so that the savings of
the MMF1/2 algorithm in factorization operations of 21%

relative to the AMMF1/2
1 heuristic should outweigh the

larger CPU time of the former.

5. CONCLUSIONS

We have reviewed recently proposed local symmetric
ordering methods, i.e., methods for obtaining pivot or-
derings for sparse symmetric matrices, as well as some
straightforward improvements to them. We have shown
that for the purpose of circuit simulation, a combination
of Markowitz’ algorithm with symmetric ordering meth-
ods yields pivot orderings significantly better than those
obtained from Markowitz’ algorithm alone, in some cases
at virtually no extra computational cost and that that com-
bination is capable of accelerating circuit simulation sig-
nificantly.

We could not make a final decision on what ordering
algorithm is best. That decision would not only depend
on the kind of circuits to be simulated, but also on the
computer architecture and the specific numerical factor-
ization algorithm used and is beyond the scope of this
paper.

However, we think that a further improvement of
the running times of those symmetric methods that are
based on exact local fill counts, for example, through a
combination of multiple elimination with the fill updat-
ing method of WING and HUANG [Wing and Huang,
1975, Vlach and Singhal, 1983], would make them su-
perior to any other local ordering method known today
when combined with Markowitz’ algorithm as described
in [Reißig and Klimpel, 2001] and applied in this paper.
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ABSTRACT

In this paper we describe the design and implementa-
tion oflibcppsim, a general-purpose, process-oriented
simulation library written in C++.libcppsim provides
a set of classes for implementing simulation processes,
scheduling primitives, random variate generation and out-
put data analysis functions. The main simulation entity
provided by the library is the simulation process; the ba-
sic process scheduling primitives are modeled upon those
provided by SIMULA ’s simulation class. The modular
object-oriented design oflibcppsim allows users to
extend its functionalities with minimal effort. In order
to improve efficiency, simulation processes are not im-
plemented as operating system threads; instead, we use
coroutine objects which implements a cooperative quasi-
parallel process environment. A portable implementation
of coroutines is provided in order to allowlibcppsim
to be used on different platforms.

1 INTRODUCTION

Simulation is a general modeling technique which can be
used for analyzing systems which can not be described
and evaluated analytically. Many tools and languages
have been developed in order to facilitate the implementa-
tion of simulation models. SIMULA [Dahl and Nygaard,
1966] has been one of the first successful general-purpose
programming languages providing special features tar-
geted at simulation implementation purposes. SIMULA

provides a set of basic facilities for describing a simula-
tion model as a set of cooperating simulation processes
executing in a quasi-parallel system. These facilities al-
low the description of many typical simulation models,
and could also be used as building blocks for more so-
phisticated applications; DEMOS [Birtwistle, 1979] was
one of the alternative simulation systems developed in
SIMULA .

Traditional general-purpose programming languages
can be used for implementing simulation programs as
well. Support for simulation facilities is usually pro-

vided as libraries which can be linked to user’s applica-
tions. Examples of simulation libraries based on general-
purpose languages include CSIM19 [Schwetman, 2001]
and C-Sim [Hlavìeka et al., 1999] (based on the C
language), C++Sim [Little and McCue, 1993], OM-
NET++ [Varga, 2001] and DESP-C++ [Darmont, 2000]
(based on the C++ language) and JavaSim [Little, Little]
(written in Java). More sophisticated and user-friendly
simulation tools have also been developed to make the
implementation of simulation models easier for non-
programmers. Such simulation environments are usu-
ally limited to particular models, such as those based on
Queuing Networks or Petri Nets; they provide users with
visual editors for graphically building the model.

Simulation languages and libraries can be based on
an event-oriented or process-oriented paradigm. Event-
oriented simulation models are described in term of the
events which can change the system’s state. A process-
oriented simulation model is represented as a collection
of concurrently executing simulation processes, each one
with its own thread of execution. A simulation process is
made of two parts: a set of local variables, and a sequence
of actions to execute.

It should be noted that many existing simulation lan-
guages and tools suffer either a long learning time, poor
performances, or can only be used for special-purpose
models as they lack generality. Simulation libraries based
on the event-oriented paradigm, while usually easier to
learn, are not suited for models with a high number of dif-
ferent event types, as the resulting simulation programs
would be very difficult to understand and debug. On
the other hand, implementing the process-oriented sim-
ulation paradigm on the top of a conventional, general-
purpose programming language can be difficult due to
limitations (the main being the lack of support for corou-
tines) of the host language. Nevertheless, using a stan-
dard programming language is desirable because model-
ers are more likely to be already acquainted with it and
do not require to learn some new idiom.

In this paper we describelibcppsim, a process-
oriented, discrete simulation library written in C++.
Our goal is to provide a simulation library based on a
widely used and efficient object-oriented programming
language. Object-orientation has long been recognized
to be very useful for modeling complex systems; it is



not a surprise that SIMULA was one of the first object-
oriented programming languages.libcppsim imple-
ments a limited set of simulation primitives which can be
learned quickly and can be immediately used for imple-
menting simulation models. The provided general frame-
work can be extended if necessary with more complex,
high-level functionalities.

Efficiency was one of our main concerns. For that rea-
son the pseudo-parallel simulation process system is not
based on the threading model of the underlying Operating
System (OS). Threads are not handled efficiently in ev-
ery OS, as thread switching may incur in the same over-
head as process switching. Moreover, complex simula-
tion models made of tens or thousands of simulation pro-
cesses would probably overflow the resources (process or
thread table size) of many operating systems. We address
this problem by implementing thecoroutine primitive as
a C++ class. Coroutines implements a simple, user-level
cooperative multitasking environment; while this lacks
the features of multitasking, it is exactly what is needed
to implement process-oriented simulations.

This paper is organized as follows. Section 2 de-
scribes how coroutines and simulation processes are im-
plemented inlibcppsim, and the process scheduling
facilities are illustrated in Section 3. Random variate gen-
eration is described in Section 4 and output data analysis
in Section 5. In Section 6 we show a usage example of
the library, and conclusions are reported in Section 7.

2 SIMULATION PROCESSES

Coroutines [Marlin, 1980] are a programming construct
which can be useful for implementing process-oriented
simulation languages and libraries. Coroutines are blocks
of code with associated state. A coroutine can suspend
itself by calling another coroutine; however, unlike tra-
ditional subroutine call in which the caller is suspended
until the callee terminates, coroutines may be reactivated
in any order.

SIMULA has coroutines as a built-in facility; unfortu-
nately, the C and C++ programming languages, which are
widely used and for which efficient compilers are avail-
able, do not provide coroutines natively.

In C/C++, each function is associated to a data struc-
ture calledactivation record which is stored in the run-
time (LIFO) stack. The activation record contains infor-
mations about the state of the routine, such as the value of
local variables and the return address used to resume the
execution after a function call. When a function call oc-
curs, a new activation record is created and put on the top
of the stack. All variables locally defined by the called
routine are stored on the newly created activation record.
When a routine terminates, its activation record is pushed
from the stack. LIFO handling of the activation records
does not work anymore with coroutines, because the cur-
rently active coroutine may not be the one associated with
the topmost activation record in the stack. This implies
that the order of activation of coroutines is not given by
the LIFO stack handling. Also, it is not possible to grow

the stack of all the routines whose activation records are
not on at the topmost position.

This problem can be solved in different ways. The
first approach is based on the “copy-stack implementa-
tion” described by Helsgaun [Helsgaun, 1999]. The stack
of the currently operating coroutine is kept in the C++
runtime stack. When a coroutine suspends, the runtime
stack is copied in a buffer associated with the coroutine.
The buffer is allocated in the dynamic heap, so it does not
interfere with the normal stack operation. A coroutine
is resumed by copying the content of that buffer back to
C++’s runtime stack and setting the program counter to
the saved execution location.

A second approach consists of making use of the con-
text handling facilities provided by most Unix SysV-like
environments. The OS provides functions allowing user-
level context switching between different threads of con-
trol within a process using thegetcontext(), setcontext()
and makecontext() functions. In this approach each
coroutine has its own run-time stack in a pre-allocated
block in the heap.

Both approaches have advantages and disadvantages.
The “copy-stack” approach is the most portable, as it can
be implemented in every modern OS which implements
the setjmp() and longjmp() system calls (almost every-
one does). However, it requires a copy of the C++ run-
time stack to be saved and restored every time a coroutine
passes control, which may cause a considerable overhead.
On the other hand, the approach based on the context han-
dling facilities is simpler to use and more efficient, as the
stack content is not copied. This approach is, however,
less portable as not every OS implements the required
system calls. Also, the context-based approach does not
allow the coroutine context to grow past the dimension
defined when the context is allocated. The user is re-
quired to set the maximum dimension of the context in
advance; choosing a too small buffer results in erroneous
runtime behaviors caused by stack corruption which can
be difficult to debug. A complete discussion is given
in [Helsgaun, 1999], and detailed portability considera-
tions of different context manipulation strategies are de-
scribed in [Engelschall, 2000].

The libcppsim library implements both stack-
handling mechanisms, and the user can choose which one
to use at compile time. As a general rule, the “copy-
stack” variant is useful when developing the simulation
program, as stack corruption errors do not occur and it is
possible to measure the maximum stack size required by
the application; then, when the program is verified, pro-
duction runs may be done with the more efficient context-
based approach.

Once coroutines are available, it is easy to define sim-
ulation processes on top of them. Fig. 1 shows the class
hierarchy related to simulation process implementation.
A simulation process is represented by theprocess class,
and is derived from thecoroutine class; a simulation pro-
cess is a coroutine whose state must be preserved across
invocations.

Each simulation process has a unique identifier and a



coroutine
+call()
+resume()
+terminated(): bool
#detach()
#main()
-enter()

process
-_id: int
-_name: string
+activate()
+activateAfter(p:handle_p)
+activateBefore(p:handle_p)
+activateAt(t:double)
+activateDelay(t:double)
+reactivate()
+reactivateAfter(p:handle_p)
+reactivateBefore(p:handle_p)
+reactivateAt(t:double)
+reactivateDelay(t:double)
+cancel()
+idle(): bool
+terminated(): bool
+evTime(): double
#passivate()
#hold(t:double)
#end_simulation()
#inner_body()

absEvNotice
#_time: double

sqs
+insertAt(p:handle_p,t:double): absEvNotice*
+insert(p:handle_p,q:handle_p): absEvNotice*
+remove(ev:absEvNotice*)
+clear()
+first(): absEvNotice*
+empty(): bool
+size(): int

_ev

_proc

_sqs

shared
-_sharedCount: int
#getRef(): int
#unGetRef(): int

handle
+operator ->(): T*
+operator (): T*
+rep(): T*
+isNull(): bool
+setNull()

T

_obj

Figure 1:libcppsim Process Class Diagram

user-defined name. Theprocess class has methods pro-
viding SIMULA -like scheduling primitives: it is possible
to suspend the current process for a given amount of time,
schedule the activation of another process in the future or
cancel a pending process from the sequencing set. The
actions performed by a simulation process are specified
by defining the pure virtual methodinner body(). Fig. 2
shows the C++ interface of theprocess class.

The handle〈T〉 class implements a “smart pointer” to
an object of typeT , where the classT must inherit from
classshared. A smart pointer [Stroustrup, 1997] is a
pointer to an object which keeps count of the number
of times the object is referenced. When the last smart
pointer is deallocated, the referenced object is automati-
cally destroyed. Smart pointers are used for implement-
ing a garbage collection mechanism. Our implementa-
tion of the handle class differs from the one proposed
in [Stroustrup, 1997] as we store the reference count in
the object rather than in the handle. This allows to pre-
serve the counter even if the handle is converted to a C-
style pointer and then back to an handle.

3 THE SEQUENCING SET

The Sequencing Set (SQS) is a data structure containing
the list of simulation processes to be executed; the list is
sorted by nondecreasing activation time order. Each sim-
ulation process contained in the Sequencing Set (SQS) is
associated with an event notice. The event notice basi-
cally contains the simulated timestamp at which the pro-
cess is to be resumed, and references to that process. Ad-
ditional informations may be present in order to make in-
sertion or removal of event notices more efficient.
libcppsim provides two different implementations

of the SQS data structure. The first is defined in class
sqsDll, and is based on a doubly linked list of event no-
tices. This data structure is very simple to implement,
but insertions of event notices require linear time on av-
erage to be performed. A more efficient implementation
is given by classsqsPrio, based on balanced search trees.
The expected insertion time in this case is proportional to

the logarithm of the SQS size. More efficient data struc-
tures (e.g. calendar queues [Brown, 1988]) can be imple-
mented by supplying a corresponding class, without other
modifications being required.

4 RANDOM VARIATE GENERATION

Simulation programs require an efficient and statisti-
cally robust mechanism for producing streams of pseudo-
random numbers with given distribution.libcppsim
defines an abstract templated classrng〈T〉 representing
a pseudo-random number generator of numbers of type
T . It is possible to generate streams of random integers,
real or boolean values, by settingT to the appropriate
datatype in a subclass.

It turns out that the basic ingredient for generating
stream of pseudo-random numbers is a good uniform
generator RN(0, 1) over the interval[0..1]. We chose
algorithmMRG32k3a from [L’Ecuyer, 1999], which is
known to have long period and good statistical properties.
We implemented different random variate generators us-
ing algorithms described in [Banks, 1998, Ch. 5]. These
generators include the Uniform, Exponential, Gamma,
Weibull, (Truncated) Normal, Bernoulli and Empirical
distributions.

5 OUTPUT DATA ANALYSIS

Simulation results are sequences of observations for
quantities of interest. Appropriate statistical techniques
should be applied to analyze these sequences, as the ob-
servations are in general autocorrelated.libcppsim
implements a set of classes dealing with collection of
statistics; the relevant portion of the class diagram is
shown in Fig. 3.

All types of statistical variables inherit from the
var〈Tin,Tout〉 abstract base class. This class represents
“variables” which can be updated many times by feed-
ing values of typeTin, and compute some function from
the input data producing a result of typeTout. Each vari-
able has two pure virtual methods:update() andreset().



var
#_name: string
#_numUpdates: int
#_numResets: int
+update(v:T_in)
+reset()
+value(): T_out
+report()

T_in
T_out

confInt
+_lBound: double
+_uBound: double
+_confl: double

statistic
#_confl
+setConfl(c:double): double
+getConfl(): double

T_in:double
T_out:confInt

mean repmean welch

histogramaccum bmeans

trremoval
#_ob: vector<double>

T_in:double
T_out:vector<double>

trremoval_frac
#_frac: double

trremoval_const
#_l: int

rng

T_in:double
T_out

Figure 3:libcppsim Statistics Class Diagram

These are used to insert a new value and reset the variable
to a known state. The result can be computed by invok-
ing thevalue() method. Variables are not stateless; thus,
it is possible that successive repeated invocations of the
value() method return different results. This is useful for
representing a random stream as a variable which is ini-
tially updated with the seed of the pseudo-random num-
ber generator, and whosevalue() method returns the next
pseudo-random number from the stream, at the same time
updating the seeds. Classvar defines also a pure abstract
report() method which can be used to display a report
about the content of the class.

Thestatistics class represents a base class for a number
of predefined statistic functions. In addition to the meth-
ods and attributes defined in its parent classvar, statistics
contains an attribute representing the confidence level of
the computed result. Statistics are special kind of vari-
ables returning objects of typeconfInt (confidence inter-
vals). The following statistics can be computed:

mean This class is used to compute a confidence interval
for the mean of a sequence ofstatistically uncorre-
lated observations.

accum This class is used to compute the time-weighted
sum of observationsY1, Y2, . . . Yn, n > 1 with
timestamps respectivelyt1, t2, . . . tn. The result is
A =

∑n−1
i=1 Yi(ti+1 − ti)

repmean Computes the mean of a sequence of observa-
tions using the method of independent replications.
The simulation must be repeatedR times, each run
using different random streams and independently
chosen initial conditions. Averages across replica-
tions can be used to obtain an accurate estimator of
the sample mean [Banks, 1998].

bmeans The method ofbatch means divides the output
data from one replication into a number of batches,

and then treating the means of these batches as
if they were independent to compute the sample
mean [Banks et al., 2001].

welch This class implements the graphical procedure
of Welch [Welch, 1983] for identifying the length
of the initial warm-up period. Values fromR in-
dependent replications are collected. The values
across different replications are first averaged and
then smoothed by computing moving averages. The
plot of the moving average becomes approximately
constant after the warm-up period is over.

histogram This class computes an histogram profile
from a sequence of values. The user supplies an
expected lower bound and upper bound for the ob-
served values, and the number of cells (bins) in
which the histogram will be divided.

The trremoval class is used to model algorithms used
for removing the initialization bias from a sequence of
observations. The simulation run produces the sequence
of observationsY1, Y2, . . . Yn for some parameter of in-
terest. Using the whole sequence to compute the statis-
tics is often dangerous, as there is a bias associated to
artificial or arbitrary initial conditions. One method to
overcome this limitation is to divide the sequence of ob-
servations into two phases: an initialization phase which
includes observationsY1, Y2, . . . Yd, followed by a data-
collection phaseYd+1, Yd+2 . . . Yn. Observations from
the initialization phase are discarded, and only those in
the data-collection phase are used for computing the re-
quired statistics. The parameterd, 0 < d � n is called
truncation point.

Classes inheriting fromtrremoval are used to estimate
the truncation pointd. Currently, there is no automatic,
general and correct method for detecting the length of the



typedef handle<process> handle_p;

class process : 
public coroutine, public shared {

public:
    process( const string& name );

virtual ˜process( );
//// Modifiers //////////
// put in front of the sqs
void activate( void );
// activate AFTER q
void activateAfter( handle_p& q );
// activate BEFORE q
void activateBefore( handle_p& q );
// activate at time t
void activateAt( double t );
// activate with delay dt
void activateDelay( double dt = 0.0 );
void reactivate( void );
void reactivateAfter( handle_p& q );
void reactivateBefore( handle_p& q );
void reactivateAt( double t );
void reactivateDelay( double dt = 0.0 );
// remove from the sqs
void cancel( void );
//// Accessors (const) //////////
// Is this process idle?
bool idle( void ) const;
// Is this process terminated?
bool terminated( void ) const;
// The next reactivation time
double evTime( void ) const;

protected:
//// Modifiers //////////
void hold( double dt );
void passivate( void );
void stop_simulation( void );
//// Accessors //////////
// Currently executing process

    handle_p& current( void ) const;
// Current simulation time
double time( void ) const;
// Simulation process’ body
virtual void inner_body( void ) = 0; 

};

Figure 2: Interface of theprocess Class.

initialization bias. Different approaches have been pro-
posed in the literature [White Jr. et al., 2000], although
their effectiveness has not been agreen upon. For that rea-
son, simulation packages usually implement the strategy
of removing a prefix of fixed length (eg, 20%) from the
sequence of observations; this approach is implemented
by classtrremoval frac. This class can be used is the
exact length of the warm-up period is known by the mod-
eler.

6 EXAMPLE

We show in Fig. 4 a simple usage example of the
libcppsim library. Themain() function performs a set
of initialization tasks. The first is the creation of a new
simulation context with an associated SQS object which
is used by all processes. As in the original SIMULA lan-
guage, it is possible to nest simulation contexts, allowing
independent simulations to be executed inside other sim-

ulations. Once a simulation context has been created, it is
possible to instantiate and schedule for activation one or
more simulation processes.

#include <iostream>
#include "cppsim.hh"

class job : public process {
public:
    job( const string& name ) : 
        process( name ) { 
        cout << "Created job ’"
             << name << "’ " << id() << endl;
    };

virtual ˜job( ) { 
        cout << "Destroyed job ’"
             << name() << "’ " << id() << endl;
    };
protected:

void inner_body( void ) {
        hold( 10 );
    };
};

class source : public process {
public:
    source( const string& name ) : 
        process( name ) { };

virtual ˜source( ) { };
protected:

void inner_body( void ) {
        handle<job> j;

for ( int i=0; i<10; i++ ) {
            hold( 5 );
            j = new job( "job" );
            j->activateAfter( current() );
        }
        stop_simulation( );
    };
};

int main( void )
{
    simulation* sim = simulation::instance();

// Instantiates a simulation context 
    sim->begin_simulation( new sqsDll() );

// Creates a simulation process
    handle<source> src = new source( "source" );

// Schedules the process for execution
    src->activate();

// Runs the simulation
    sim->run();

// Cleans up the SQS
    sim->end_simulation();

return 0;
};

Figure 4: Usage Example of thelibcppsim Library

7 CONCLUSIONS

In this paper we described a SIMULA -like process-
oriented simulation library implemented in C++. The li-
brary is based on the coroutine abstraction implemented
as a C++ class, and has been succesfully compiled on
various versione of the Linux OS and other flavors of
Unix including Digital/Compaq OSF and NetBSD. The
library provides facilities such as simulation processes,
random variate generators and basic statistical functions.
The libcppsim library has been used to implement
UML-Ψ, a process-oriented simulation tool for perfor-
mance evaluation of UML specifications [Balsamo and



Marzolla, 2003; Marzolla, 2004].
Due to its object-oriented nature, the library can be eas-

ily extended with additional functionalities. We are cur-
rently improving the library in several directions. First,
we are implementing more high-level synchronization
mechanisms (such as semaphores and mailboxes) which
can be useful for developing certain complex simulation
models. We are also implementing more statistical func-
tions in order to provide the modeler with a set of more
advanced mechanisms for evaluation of the simulation re-
sults.

Availability

Full source code of thelibcppsim simulation li-
brary is available on the author’s web page at
http://www.dsi.unive.it/˜ marzolla
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ABSTRACT

The authors propose an approach for developing
complex models integrating different components and
including human behaviour; in these problems the data
uncertainty as well as their availability is a major
criticality; the paper proposes an approach for a mutual
validation of the model and a fine tuning process based
on integrating simulation with optimisation techniques.

INTRODUCTION

Modelling human interactions is a very challenging
problems especially if it have to be faced in relation to
other issues such as technical/operative aspects (i.e.
modelling team working within a production cell or
simulating a group reactions in a battlefield). The paper
proposes the issue of modelling human behaviours with
special attention to their interactions while
working/operating in teams; the complexity of such
models are related to the multidisciplinary aspects
involved. The knowledge of these processes as well as
the quantitative data are very difficult to be caught and
normally are affect by high degrees of uncertainty.
Currently most of these aspects are modelled in existing
simulators as component based on estimations provided
by subject matter experts (SME); therefore a proper
VV&A (Verification, Validation and Accreditation) of
the resulting simulators is complicated by individual
estimations, complexity in reproduction of boundary
conditions and difficulties in quantitative measuring of
both input/output affecting such aspects. Considering the
human behaviour just as an object model to be
integrated in a wider simulation the stochastic nature of
several external factors is a further complexity element
for proper design and testing of this components.

However human behaviour and team working
performances are often affecting overall performance
and some kind of modelling could be requested for
constructing a correct model (i.e. fear effect on troops
attacking under enemy fire or people efficiency in a
company just acquired and subjected to personnel
reduction procedure). In particular considering industrial
plants, production facility or business process it is
evident that the introduction of this aspects could be
pretty useful, while it is very important to avoid the
introduction of just noise factors in simulation when it is
impossible to proceed to their proper identification,
definition, measure and testing. The paper will
concentrate in proposing a general methodology and a
more specific approach for proceeding in modelling in
this area of interest.

GENERAL APPROACH FOR COMPLEX
HUMAN BEHAVIOUR MODELS

The first general question to be solved is the evaluation
of the importance of Human component modelling in the
real system and the fidelity level requested. A good
example to be used for clarify this aspect could be
related to the case of modelling a production facility; in
this experience is often requested to model the
pause/coffees of the workers; in this case we can adopt
different approaches such as:
§ Considering just net available time of the workers

without break times
§ Generating events related to the coffee breaks

randomly for the same amount
§ Construct a model that consider the aggregation

phenomena and chatting aspects



There are Human Behaviour
Elements (HBE)
in our System?

HBE affect the System
in relation to our Goals?

The HBE have
an high degree of variability?

The HBE input are
significant on their outputs?

HBE knowledge is available
or could be acquired ?

HBE Data are available
or could be acquired ?

Identify Target Functions
Affected

Estimate the Impact on the
Simulation Project Goals

Estimate Costs for Conceptual
Model Development

Estimate Costs for Data
Acquisition and Maintenance

Identify Different
Possible HBE Models

Estimate Development Efforts

Estimate Model Return
of Investment

Decision about Most Effective
HBE Modelling  Appraoch

Avoid the Issue

Figure 1: Procedure for Evaluating Best Modelling Apporach related to Human Behaviour Elements

The approach to be chosen should be based on the
benefit it provides to the usability of the model and to
the profitability of the results provided; so it is strictly
related to the context (i.e. in a regular facility it could be
a simple approximation, while in a reality where there
are high rate of absenteeism this factor could require
additional attention). Another important aspect it is to
identify how much this components affect the overall
performance. Therefore the critical point it is to estimate
the costs and benefits related to each model; as much as
we detail this component as much as additional
knowledge and data are requested to feed the model this
normally provide additional development time,
additional testing time and especially higher costs for
maintaining the model in the future. In effect it could be
critical to develop a very effective model and expend a
lot of resources in his VV&A, if just after one year
being changed procedures, people or other boundary
conditions the human behaviour model become obsolete
and requires another big effort; in this case it could be
much better to approach the case by developing a
simplified model that takes into account just parameters
that could be update with reasonable efforts. In general
the overall procedure it is summarised by flow chart in
figure 1. If we consider to operate in an application case

where human factors are significant and needs to be
integrated with overall processes and to create a detailed
model component the suggestions proposed by this
approach is to proceed through a "reverse engineering"
problem in best fitting the relative parameters for the
model.

PARAMETER TUNING

Often the human behaviour component can be
developed based on available experiences and
bibliography, however a critical aspect is always
connected with the fine tuning of the factors affecting
each model (i.e. people attitudes, psychological indexes,
etc.). Obviously simulation is a wonderful approach for
estimating the consequence of some configuration, while
it is pretty difficult to identify "a priori" the proper set of
input that represent our system. Due to these
consideration a possible approach is to investigate a
specific scenario where several overall performance is
available and to proceed by "reverse engineering" in the
identification of the proper configuration that respect
such result.
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Input data models are often collected from different sources:
– Interviews with Operators and Management Direction
– Procedures and Official Operative Instructions
– Objective Business Data (i.e. Telephon, Invoices etc.)

In order to do a correct reverse tuning it was used a reverse engineering technique for critical
model parameters (i.e. Frequency and Operations Time/Performance and Tasks Assignement) as for
reference data (Balance,  timetable cards, Objective Data)

Figure 2: Overall Best Fitting Procedure for Human Resource Modelling in BPR application

For example if we have the case related to the business
processes in a company we can try to set the
psychological factors and human parameters of the
available personnel trying to reproduce the last year
overall behaviour based on the knowledge of general
data (working hours, effective work carried out, costs,
extra time, success rate in different business processes
etc.).
Obviously these parameters involves a very large
number of factors; to provide an example a company
reorganization involving administrative and commercial
offices introducing these aspects could require to tune
over 300 parameters for just a small department of 20
people (i.e. different operation service time
identification, work sharing configuration, etc).
Therefore the best approach is to adopt some automated
procedure based on optimisation that drive the
simulation input in order to obtain a proper overlapping
with the real value of overall target function on the
reference scenario.
This approach could be obtained especially by
techniques based on approaches that avoid gradient
methodologies in favour of area or stochastic
optimisation; in effect the stochastic nature of these
phenomena introduces complexity even in the optimum
definition.
The very complex relations among factors based on
highly non linear relations involve risk of being engulfed
in local minimum configurations.
Considering these aspects it is preferable the use of
nongradiental algorithms for optimisation of the best
fitting procedure.

The detailed methodology for this tuning process could
be based on the use of genetic algorithms and/or
stochastic adaptation in order to face the high dimension
of the analysis space and the complexity of the fitness
functions; a general architecture is summarised in the
figure 2.

APPLICATION EXAMPLES

The authors experienced different case where human
behaviour had significant influence over the target
functions, in the following some examples are
summarized

Human Behaviour in Health Care
The organization of Surgery Divisions in an Hospital
introduces different aspects related to human behaviour
such as :

Team Harmony
Individual Attitudes

In the model developed these factors was introduced as
characteristics of the single operator based on interview
with the responsible of each Surgery Division; the
simulator developed was used as reference for a
planning system devoted to increase throughput and
reduce costs with heavy constraints in term of resources
and technical parameters.
The introduction of human factor it was possible to
improve the efficiency of the system by combining in
efficient way the resources guaranteeing best harmony



during surgery operations; the comparison obtained
between simulated planning and effective operations
was very satisfactory.
A similar approach was used to organise hospital
Analysis Department where the different profiles was
used to consider the behaviour and the interactions
during diagnostic meetings among technicians and
doctors.

Quality of Life in Vessels and Oil Platforms
Ships and vessels represents a challenge for guarantee
efficient quality of life; today new developments in
technologies, in automation and especially in system
reliability allows to reduce/change processes and
systems; in military ships this allows to reduce
drastically personnel, increasing the living spaces and
providing more support to other services (i.e. fuel,
weapons etc.)
The authors was involved in several projects where
simulation models was requested to estimate these
benefits in projects related to ships and oil platforms.
One project was devoted to create a ship restaurant
model for estimating the benefits for introducing new
technologies (i.e. passing from kitchens to catering for
fast ferries); it was necessary to consider the interference
and behaviour of people during the meals in term of
grouping attitudes in references to different cultural
framework; in this context detailed micrologistics
models was developed in order to reproduce the
interference and interaction among people; the human
attitude was based on bibliography experiments and
introduced in the model, while validation on existing
case study allowed to complete the best fitting of these
parameters.

Public Facility Evacuation
The authors developed in the past models for studying
crowd control especially during emergency; the study
was applied to stations and museums in order to
evaluate the effectiveness of emergency exits and
evacuation procedures. In this context the human factor
was mostly focusing on the people behaviour that is
related to friendship, family structure and other relations
keeping together groups and or requesting single
individuals to search their relatives.
In this case we model the people as single individuals
with specific attributes and types that define their
behaviour and reactions to emergencies.

Business Process Re-engineering
Another interesting case study related to the
development of integration of human behaviour
components in a simulation model was recently
developed for studying business reorganisation.  In our
case the human parameters was concentrating in two
major aspects:

Team Working Performance
Reaction to Reorganization

In effect the model was devoted to estimate the benefits
of a business reorganization in a medium size company,
so the impact of the process over the people and their
attitude in reacting to the reengineering heavily affects
the overall company performance.
In this case most of the parameters was provided by the
human resource division and by interview with
managers, parameter best fitting was achieved by
automated optimization using as reference value people
workload extracted from work tables recorded by the
collection system respect the simulation estimation.
In this application case it was performed a double stages
best fitting devoted to a general tuning followed by a
more detailed fitting on the more significant factors.
Different Techniques was used for the best fitting and
the Experimental results obtained allowed to complete
the model validation as well as the checkup for this
proposed approach. Some results about experimental
results are proposed in figure 3 as example.
In effect the process is based on the integration between
the simulator and the optimisation algorithms; currently
the authors implemented, in reference to this BPR
applications, a system working in Office SuiteTM using
different optimisation techniques (i.e. Genetic
Algorithms, Random Search, Stochastic Adaptive
Search and custom systems); therefore in addition to
regular optimisation techniques a customised approach
developed from "branch and bound" was used in order
to try to create an ad hoc robust system: Tiger DNL is in
effect an Optimisation techniques implemented for
comparing different approaches devoted to identify
cluster of input for proper tuning of the parameters that
is inspired by Tiger life cycle.
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Figure 3: Fitness Function Obtained during Best Fitting

The fitness function for automated optimisation is based
on output of simulation runs operating on a scenario
with over 150 variables to be tuned representing human
factors that affect the work efficiency of administrative
department people.
In effect the target function for best fitting is based on
the measure of the sum square error between reference
target functions over pre-existing scenario and simulated
data.



CONCLUSIONS

In human behaviour related to industrial facilities and
business process it is very critical the proper
identification of the final goal of simulation project; the
final objectives become in effect the reference baseline
for defining the fidelity and detail level for these
aspects considering the benefits obtainable by including
these components respect simplified modelling.
The factors to be considered in order to estimated the
benefits are maintainability, usability and effectiveness.
Obviously a very critical aspect is related to the
possibility to tune the human parameters considering
the complexity of measuring and validating these
aspects; the use of best fitting procedures integrating
optimisation techniques within the simulation and using
reference baseline on quantitative measure related to
historical scenario is the innovative methodology
proposed; the approach is very promising and effective
and allows to complete robust validation and
verification.
The example proposed confirm that the human factors
are often introduced in model in explicit way, and that
the benefits obtainable are significant.
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ABSTRACT 

This paper focused in web-based simulation of 
Shuttle launch operations and debris dispersion.  
Java 3D graphics provides geometric and visual 
content with suitable mathematical model and 
behaviors of Shuttle launch.  Because the model 
is so heterogeneous and interrelated with various 
factors, 3D graphics combined with physical 
models provides mechanisms to understand the 
complexity of launch and range operations.  The 
main focus in the modeling and simulation 
covers orbital dynamics and range safety.  Range 
safety areas include destruct limit lines, 
telemetry and tracking and population risk near 
range.  If there is an explosion of Shuttle during 
launch, debris dispersion is explained.  The 
shuttle launch and range operations in this paper 
are discussed based on the operations from 
Kennedy Space Center, Florida, USA.  

INTRODUCTION

With the complexity of operations occurring in 
launch and range in present and future 
spaceports, simulation technologies will be 
critical to train staff and develop proper 
procedures and to understand complexity.  As 
part of this focus area, advanced simulation 
technologies would be developed that accurately 
represent the performance of Shuttle launch and 
range.  The primary objective is to simulate 
Shuttle launch and range operations in a 
distributed collaborative virtual environment 
with capabilities of command and control with 
suitable visualization and rendering.  This 
initiative is focused on four primary focus areas 
(Bardina and Rajkumar 2003): (i) weather 
modeling (ii) tracking (trajectory) and telemetry 
(Jensen et. al 1962) (iii) range safety (toxic gas 
dispersion, debris dispersion, human health risk 

assessment) (iv) decision modeling for process 
operations (Shuttle discrete/continuous event 
model).  The weather modeling represents an 
integrated suite of weather models, real-time 
monitored data from various agencies and 
decision making capabilities.  The tracking and 
telemetry technologies focus area will develop 
advanced capabilities compatible with emerging 
spacecraft designs.  These capabilities would 
provide low cost, highly reliable and accurate 
surveillance and tracking systems.  The range 
safety and traffic management focus area would 
develop a distributed electronic data architecture 
that would enable a higher level of integration of 
range information models.  The range dispersion 
modeling system would install state-of-the-art 
equipment to identify specific chemicals, depict 
plume volumes and process in real time.  With 
the wide array of processes involved in preparing 
spacecraft and payloads for space flight, 
simulation technology would prove to be critical 
in optimizing processes in spaceport operations.  
These simulation technologies may range from 
discrete event (DE) simulators from modeling 
payload processing tasks to continuous event 
(CE) simulators utilizing computational fluid 
dynamics (CFD) to simulate the flow properties 
of cryogenic fluids.  This focus area would 
utilize discrete and continuous event simulations 
to increase cycles of learning, improve 
efficiency, and reduce costs.  This focus area 
seeks to develop the capability to simulate all of 
the processes involved in launch operation.  The 
simulation technologies help reduce the 
operational costs of launch since the learning 
cycles occur more quickly and at a lower cost 
than training with the actual hardware. 

Simulation would develop new technologies and 
models that reduce the conservatism embedded 
in operational models and guidelines, while 
providing the accuracy necessary to ensure safe 
and cost effective launch operations.  The 
present range decision models need upgrading to 
ensure technology limitations do not interject 



excessive conservatism into decision making.
Excess conservatism could result in unnecessary
delays or postponement of launches or
operational activities.

LAUNCH AND RANGE OPERATIONS

Range safety personnel evaluate vehicle design,
manufacture, and installation prior to launch;
monitor vehicle and environmental conditions
during countdown; monitor the track of vehicles
during flight; and, if necessary, terminate the 
flight of malfunctioning vehicles (NASA 1988;
NRC 2000).  The method used for flight
termination depends on the vehicle, the stage of 
flight, and other circumstances of the failure. In
all cases, propulsion is terminated. In addition,
the vehicle may be destroyed to disperse
propellants before surface impact, or it may be 
kept intact to minimize the dispersion of solid
debris.  Flight termination can also be initiated
automatically by a break-wire or lanyard pull on
the vehicle if there is a premature stage 
separation (FAA 1999).  This section discusses
requirements for flight termination, tracking, and 
telemetry and examines reliability.  Impact limit
lines (ILL) define the areas to be protected.  ILLs
are drawn around populated areas to protect them
from falling debris. Flight rules specify the
minimum distance from each land mass to which
falling debris may approach.  Two impact limit
lines are drawn around the Kennedy Space
Center and they are shown in figure 1 (NASA
1988).

Figure 1 Impact limit line

The northern line points directly north. The
southern line points southeast at an azimuth of
140o.  The two lines intersect at a point
southwest of the launch area.  The vector lying
on the horizontal plane that is perpendicular to 
the northern line with its origin at the pad is 
called the X-axis.  The similar line perpendicular

to the southern line is called the Y-axis.  The
vertical line pointing up from the pad is called
the Z-axis.  The planes formed by these lines are
called the XY plane or tangent plane and the XZ
and YZ planes or vertical planes. 

Destruct lines shown in figure 2 provide the
criteria for terminating flight (NASA 1988).  In 
general, a vehicle violating a destruct line is
subject to termination by the Range Safety 
Officer.  During ascent, the impact point of
debris will be well forward of the direction of the
Shuttle’s last motion.  Any deviation outside this
limit indicates that the Shuttle is behaving in an 
abnormal, though not necessarily dangerous
fashion. A normal performance envelope will 
include three times the standard deviation on
either side of the nominal trajectory. 

Figure 2 Destruct line

The destruct limit lines are constructed both on 
the vertical plane and on the impact lines in the
horizontal plane.  To construct a destruct line and
determine debris scattering, atmospheric drag,
effect of local winds, aerodynamics of debris
pieces, system delays, Coriolis force and v
imparted to the pieces of explosion are
considered (Baskett and Pace 1995).  The wind
profile is based on the dispersed monthly wind
and is assumed to be in the direction of the most
critical impact limit line. Measuring from the
pad, the drag impact range for each piece is 
placed along a line in the downrange direction.
From each of these points, a semi-circle is drawn
plus 90 percent of the worst possible wind.  The 
object of this calculation is to determine how
close to the impact line the farthest scattered
piece of debris will land.  If the result is either 



beyond or before the impact line, the calculation 
is redone using a different direction for velocity
until a velocity is found that will place the piece
precisely on the line.  This velocity vector
becomes the slope of the tangent to the destruct
line at this particular point on the range. When
all the points have been processed, a curve fit is 
performed using the slopes to connect points
from arc to arc of equal arc length (in figure 3)
(NASA 1988).

Figure 3 Vertical plane destruct line

When any of these points fall on the destruct
line, the decision to destroy shuttle must be made
so as to protect critical areas. Drag corrected
(Figure 4) vehicle velocity and dispersion
techniques are used to construct chevron destruct
lines.  Along with drag information, the
maximum impact dispersion area is calculated 
for each piece of debris.

Figure 4 Drag correction

The chevron lines (Figure 5) indicate horizontal
destruct lines. An impact point down range,
called the vacuum impact point (VAC IP) is 

calculated by assuming that all thrusting stops at 
the point of explosion and the vehicle flies
ballistically as though there were no atmosphere.
Several deviant velocity directions are chosen
based on maximum turning rate and the vehicle
is assumed destroyed several seconds later at 
each of the resulting points. 

Figure 5 Chevron lines

For each debris piece, the calculated impact
points for the various deviant velocity directions
form an impact dispersion area on the ground.
Chevron lines are produced for a series of
velocities. As the flight progresses, the chevron
lines move downrange.  The chevron lines are
constructed with a 3  dispersion envelope
factored.  This allows a “slow” vehicle to stay 
ahead of chevron lines.  It must be reemphasized
that destruction action is taken only if the Range
Safety Officer observes a violation on both
vertical and horizontal deviation.  The destruct
limit lines, chevron lines, down ward range
safety simulations, and nominal trajectory
simulations are computed using various physical
models and disseminated through the web using
Java 3D API.  The Java 3D model allows the
user to simulate an infinite number of solutions
of debris dispersion as well as flight trajectories.
If the Range Safety Officer decides to abort the
mission, the model simulates the debris
dispersion; so that a catastrophe may be avoided.
The following section outlines the details of the
Java 3D Model which provides visualization
rendering coupled with a physical model.

JAVA 3D – MODEL

The scene graph consists of superstructure
components, a VirtualUniverse object and a 
Locale object, and a set of branch graphs (Brown 
and Petersen 1999; Davidson; and Selman 2002).
Each branch graph is a subgraph that is rooted by
a BranchGroup node that is attached to the 



superstructure.  A VirtualUniverse object defines
a named universe.  Java 3D permits the creation
of more than one universe, in this model two 
universes are constructed. In the first universe
the Shuttle Launch operations and debris
dispersion model, and in the second universe the
satellite orbit with respect to earth and moon
orbits are shown. In figure 6, the scene graph of 
Shuttle launch operations and the debris
dispersion model with various branch graphs are
illustrated.  There are three behaviors which
correspond to orbit, explosion and dispersion of
particles.  Behaviors allow specifying an action
based on a particular set of events called the
WakeupCondition. A WakeupCondition is a 
combination of another Java 3D object called a
WakeupCriterion which cover a wide range of
activities like keyboard stroke, frames waiting
etc.  The spaceHit behavior enacts a key board
strike, which removes the shape of the rocket
from the scene graph and adds a 
‘createexplosiongraph’ branch graph which
shows fire explosion.  The next key stroke
invokes explosion behavior which is a 
specialized interpolator.  This interpolator
describes the dispersion of the particles from the
point of explosion and scattering around the path
of dispersion to the ground continuously.  The
transition from the starting to ending value is 
interpolated continuously from the value 0 – 1.0.
The Alpha class is a simple object that help Java
3D worlds come alive. Alpha object generates a
single ramp between 0 and 1.0.  There is a 
random number generator allocating which
trajectory rocket should be launched. If rocket

entered into an abnormal trajectory or crossed
destruct limit lines, spaceHit behavior is invoked
to kill the rocket.  It will be followed by the
debris dispersion model.  Objects that move
follows laws of motion. Air resistance and
gravitational pull toward the “central body” are
the major laws affecting an object moving
through the air.  In this model we have
implemented very simple motion laws, which
include gravity, air resistance and friction.  The
particles are assigned with directional velocity
which is associated with the path of debris
dispersion.

At each frame calculation, the velocity vector is 
updated using the set constants and depending on
the location and particle state.  Gravity affects 
only the Y-axis of the velocity vector causing the 
particle to decelerate and eventually it begins
falling to the ground.  Air resistance affects X 
and Z-axis. Wind velocity should affect all three
axes and it is not implemented at this stage.  By 
adding a constant for elasticity, a bounce effect
as the particles hit the floor is included as well.
Friction is also implemented as the objects move
across the floor, slowing the object in the x and z
directions.  The dispersing particles are sized as 
small boxes with random sizes.  All particles
land in an elliptical area, which is referred to as 
the impact zone.  All particles are spread across
the ellipse in uniform pattern.  If the particle has
not reached the floor, a rotation effect is
introduced to all particles in three axes.  The
rotation effect is added randomly, so that it can
have a realistic effect. 

Figure 6 Scene graph for Shuttle launch and debris dispersion model



If the rocket orbits in a perfect trajectory and 
corresponding Alpha reaches 1.0, the satellite
orbit is activated in the second universe (Selman
2002).  The scene graph for the planetary and 
satellite orbit model with the necessary branch 
groups are shown in figure 7. 

Figure 7 Scene graph for planetary and satellite
orbit

The elliptical orbits are added as Shape 3D to 
root branch group.  There are three behaviors
namely Earth rotation behavior, Moon orbit
behavior and Satellite orbit behavior. The
satellite behavior will be initiated after 
completing the launch in an expected trajectory
from the first universe and it is shown as a dotted
ellipse in figure 8. If the trajectory is not an 
anticipated trajectory, satellite orbit behavior can 
not be started.  The earth will have a zero radius
so that it can occupy the first center position.
The radius to the moon is added by an offset to
the radius. The rotation and orbit behavior will
operate from the center point.  The satellite and
moon have differential orbital speeds.  The 
elliptical orbit is determined in the XZ plane and
light directions are simulated in the direction of 
the orbit.  The earth rotation is based on Y-axis
and the rotation interpolator is used to achieve a 
particular speed.

Both universes are attached to a 3D canvas in an 
applet.  The bounding sphere for orbit or rotator
is assigned very large, so that the interpolator
will always be active.  The scaling for each
branch group varies accordingly.  The 
trajectories are constructed by Bezier curves
(Lengyel 2004).  The origin, end point and 
another two points which represent between the

start and end points are called control points.
The curves are constructed as a sequence of 
cubic segments, rather than linear ones.  The 
entire curve is contained in the quadrilateral
whose corners are the four given points (their
convex hull). These curves are very efficient to 
construct, since a simple recursion process
means that the basic arithmetic operation needed
to build the points along one is just division by
two. Seven trajectories are constructed and 
dotted lines represent destruct limit lines.  The
bottom texture of the box has the appearance of 
Kennedy Space Center with launch pad
locations.  The screen shots of launch and orbit
model are shown in figure 8 and 9. 

Figure 8 Screen shots of launch and orbit

In figure 8, the orange elliptical path represents
the moon orbit and the white ellipse shows the
satellite orbit. The debris dispersion is displayed
in figure 9 and all debris particles fall into the
elliptical impact zone (orange cluster of
particles).

Figure 9 Debris dispersion model



The three dimensional visualization provides
content to understand scattering effect and
impact zones.  Based on debris impact, human
health risk assessment and expected casualty can 
be derived.  These models will be further
extended to different options of orbits and debris
dispersion models.

CONCLUSIONS

The Java 3D model shows a simple orbital and
debris dispersion model.  The entire model will
be used by Range Safety Officers as a simulation
tool.  Trajectories are constructed using Bezier
curves and cubic splines. The behaviors are
customized to suit our dispersion and orbital
dynamics.  Future research will focus on an
updated dispersion model combined with wind
profile (Rawinsonde data) using Java 3D.  In this
model, the user has to make a decision to destroy
Shuttle when it violates flight launch rules. This
will be automated and case based reasoning or
instance based reasoning will be adopted to make
a better decision support system based on launch
commit criteria.  Java 3D helps to deploy models
on the web with suitable plug-ins to distribute
among NASA centers.

The validation of models is based on telemetry
and radar data to monitor orbital dynamics and
any debris dispersion. Outside the Shuttle
program, it can be used for missile tracking or
any trajectory analysis.  The visualizations are 
self-explanatory and can be interpreted easily by 
user. This visualization tool can be analyzed
collaboratively using web.  The applications of 
this tool can be used for studying nuclear fission
and fusion, bomb blast dispersion models.
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ABSTRACT 

The simulation and modeling test bed is based on 
a mockup of a space flight operations control 
suitable for experiment physical, procedural, 
software, hardware and psychological aspects of 
space flight operations.  The test bed consists of 
a weather expert system to advice on the effect 
of weather in launch operations.  It also 
simulates toxic gas dispersion, impact of human 
health risk, and debris dispersion within 3D 
visualization.  Since all modeling and simulation 
is based on the internet, it could reduce the cost 
of operations of launch and range safety by 
conducting extensive research before a particular 
launch. Each model has an independent decision-
making module to derive the best decision for 
launch and range operations.  

INTRODUCTION

The launch and range operations component of 
the test bed is a full-scale virtual dynamic 
operations control center for simulation of 
launch, range and safety systems.  It will have 
the capability of simulating a variety of missions, 
vehicles, flight anomalies, and globally dispersed 
range operation via the internet, allowing new 
information and human factors technologies to 
be tested.  Developing models for analyzing 
ground operations, trajectory analysis, and flight 
operations in an integrated system-of-systems 
fashion will give in-depth understanding of the 
process for mission planners, safety analysts and 
ground controllers.  Intelligent Launch and 
Range Operations Virtual Test Bed (ILRO-VTB) 
(Bardina and Rajkumar 2003) is the tool and the 
process to integrate information technology for 
analyzing end-to-end shuttle and other vehicles 
in space launch simulations with special features 

of virtual reality, scientific visualization, and 
command and control (Bardina and Rajkumar 
2003).  Initially four areas are focused in test bed 
viz., (i) Weather modeling (Rajkumar and 
Bardina 2003) (ii) Orbital dynamics and 
telemetry (Jensen et. al 1962) (iii) Range safety 
(gas and debris dispersion model) (iv) Decision 
modeling.  For the Space Shuttle vehicles, 
weather forecasts are provided by the U.S. Air 
Force Range Weather operations facility at Cape 
Canaveral beginning at Launch minus 3 days in 
coordination with the National Weather Service 
Space Flight Meteorology Group (SMG) at 
Johnson Space Center in Houston.  These 
include weather trends and their possible effects 
on launch day.  A formal prelaunch weather 
briefing is held on launch minus one day which 
is a specific weather briefing for all areas of 
launch operations.  The basic weather launch 
commit criteria focus on ambient temperature, 
wind speed, precipitation, lightning, type of 
clouds and cloud characteristics.  In this paper, a 
decision support system for weather is 
constructed based on the real time data, which 
has been collected from different agencies 
(Rajkumar and Bardina 2003).  During the 
launch, burning of the rocket engines in the first 
few seconds prior to and immediately following 
vehicle launches results in the formation of a 
large cloud of hot, buoyant exhaust products near 
the ground level which subsequently rises and 
entrains ambient air until the temperature and 
density of the cloud reach an approximate 
equilibrium with ambient conditions.  The rocket 
engines also leave an exhaust trial from normal 
launches which extend throughout the 
troposphere and beyond.  The toxic gas 
dispersion model calculates peak concentration 
and deposition downwind from normal launches.  
The required meteorological inputs for the 
dispersion model are vertical profiles of wind 
direction (Rawinsonde), wind speed, air 
temperature, pressure and dew point or relative 
humidity between the earth’s surface and 3000 
m.  The toxic dispersion model is based on a 



Gaussian approach which is a practical diffusion 
modeling tool (Boyd 1985 and Beychok 1995).

During launch of a rocket under prevailing
weather conditions, commanders at Cape
Canaveral Air Force Station evaluate the 
possibility of wind blown toxic emissions
reaching civilian and military personnel near the
area (FAA 1999).  The Air Force uses a model
called “Launch Area Toxic Risk Assessment
(LATRA)” which is based on Monte Carlo
simulation with a limited amount of data for
toxic response functions to humans (Hudson et.
al. 1999; Bennett and McDonald 1999).  The
main focus of toxic chemical species is 
hydrochloric acid (HCL), nitric acid (HNO3),
and nitrogen dioxide (NO2) which are non-
carcinogenic chemicals as per United States
Environmental Protection Agency (USEPA).
Without specific incidence data (e.g. mortality,
acute illness etc) on humans or animals, it is 
difficult to endorse a particular response model
to predict incidences.  In this paper, we show a
hazard quotient model, which is a ratio of 
estimated exposure concentration (EEC) to a no
observed effect limit (NOEL) or other reference
toxicity value (RTV).

If there is a malfunction during launches, the
launch will be aborted or destroyed.  Before such
a condition arises; Range Safety Officers
simulate debris impact zone and its effects for 
nearby residents around launch pad.  The
destruct limit lines, chevron lines, downward
range safety simulations, and nominal trajectory
simulations are computed using various physical
models (FAA 1999).  In the following sections,
the intelligent launch and range virtual test bed
architecture is provided in detail and underlying
models are also explained.

LAUNCH AND RANGE OPERATIONS
TEST BED ARCHITECTURE

The intelligent launch and range simulation test
bed uses the latest information technology to
bring a real time simulation to the web.  The test
bed consists of four dedicated servers which
cater the complex simulation, modeling, data
acquisition, processing and storage.  Tomcat
servers serve as web servers and Java Servlets,
Applets act as the front-end graphical user
interface (Bigus and Bigus 2001; Watson 1997). 
There are legacy codes (written in FORTRAN)
which are running as backend processes
supplying input data to other models.  Java

applications acquire remote data for weather
models.  The decision model is based on a
backward chaining expert system where rules are 
derived from flight launch rules.  The overall
architecture of the intelligent launch and range
test bed is shown in figure 1.  The ‘ILR01’ server
is an independent web server, which processes
various weather factors and automatically
updates launch status for ‘GO/NO-GO’ scenarios
(Rajkumar and Bardina 2003).  In the back end,
data acquisition, and processing of data is
performed periodically by running a cron
daemon.  The ‘ILR02’ server provides an 
analysis of different types of orbits for different
types of rockets.  The orbital dynamics is
provided in three dimensions, so that telemetry
data can be captured which will provide
enhanced knowledge of flight status (NASA
1988).

Figure 1 Intelligent launch and range test bed
architecture

The toxic dispersion modeling coupled with
geographical information system is served by
‘ILR03’ server.  The dispersion models used are
based on Gaussian dispersion model concepts
(Boyd 1985).  The dosage and concentration
formulas are defined in rectangular coordinates
(NRC 1998 and 2000).  The x-axis is directed
along the axis of the mean wind direction and y-
axis is directed perpendicular to the mean wind 
direction.  Normally the origin of the coordinate
system is placed at the launch pad.  The
‘openmap’ is a Java Beans based toolkit for 
building applications and applets needing
geographic information. Openmap allows
multiple layer integration to represent
information about population density, gas
dispersion, risk contours, etc. 

The ‘ILR04’ supports the debris dispersion
model, when there is a need for aborting a
mission due to malfunction during launch. In the



present model, we have considered gravitational
effect, air resistance, and particle/ground friction
during settling of the particles. All particles are 
projected to disperse in an elliptical form where 
the particles hit the ground.  If the particle has
not reached the ground, there is a rotational
effect for each particle in the air.  In the
following section each model is explained in
detail and how these complex models interact
with each other during simulation.

COMPONENTS OF THE MODELS

There are four major components involved in the
simulation of launch and range safety systems to
derive a ‘GO/NO-GO’ situation and they are : (i)
Weather expert system (WES) (Rajkumar and
Bardina 2003) (ii) Toxic gas dispersion model
(Boyd 1985) (iii) Human health risk assessment
model (Yassi 1998) (iv) Debris dispersion model
and orbital dynamics (Lengyel 2004).

Weather Expert System 

The weather expert system is launched by
dedicated server as mentioned earlier and in the
following sections the user interface, inference
engine and knowledge base are discussed
(Watson 1997).

User Interface

Java Servlet technology is adopted for accepting
the user inputs and further analysis.  In figure 2,

Figure 2 Graphical user interface of weather web 
server

there are 16 different buttons. The first four
button rows deal with the US and North
American continental weather system.  The fifth 
button row provides information on global
weather system including tropical cyclones.  The

“Launch Decision” button activates the expert
system and provides the expert decision for the
shuttle launch.  Except for the launch decision
button, all other buttons invoke corresponding
servlets.  The servlets get the data or images
from various sources across the US. The US 
weather button provides a 7 day weather forecast 
for a given zip code in the continental US.  It
provides a national weather service radar image 
and satellite image with daily weather
forecasting.  Apart from these images, specific 
weather details like humidity, wind speed,
barometric pressure, heat index, and dew point
are updated in hourly intervals.  The U.S. Cloud
classification obtained from the U.S. Naval
postgraduate school at Monterey, California,
lightning data from the National Lightning
Detection Network, surface temperature, and 
wind speed from the National Weather Service
are updated at 30 minute interval.  Rawinsonde
data are updated every day from the 45th Air 
Force wing located at Cape Canaveral, Florida.
The sea state analysis is provided to the user to 
understand the booster rocket recovery. Weather
criteria for NOAA in Spain and North Africa
monitors an emergency landing at the
TransOceanic Abort Landing Sites (TALS).  The
downloaded data are processed for Florida state 
and Cape Canaveral and form an input to the
expert system.  When the user presses the 
“Launch Decision” an expert system inference
engine checks the values against the weather
rules and it provides the Shuttle launch decision
by GO or NO-GO.

In figure 3, the expert decisions for the Shuttle
launch are shown below the button groups.  The 
green value contributes to the GO situation
whereas red value contributes to the NO-GO
situation.

Figure 3 Weather expert system output



If GO should occur, every value in the lower
frame should be green.  The present expert
system provides the decision for a generic
Shuttle launch. For specific Shuttle launches,
more stringent rules have to be added to the
knowledge base.

Inference Engine

The inference engine looks at the goal variable
of the expert system.  The inference engine
adopts a backward chaining mechanism because
it only processes rules that are relevant to the
questions and goals.  It simply traverses the rule
base trying to prove that clauses are true in a
systematic manner.  The rule is triggered, if all
antecedent clauses are set to be true.  The clause
conditions are derived for each vehicle type.

Knowledge Base

The knowledge bases can be represented by
production rules.  These rules consist of a 
condition or premise followed by an action or
conclusion (IF Condition .. THEN Action).
Most of the rules for weather expert systems are
derived from weather contingency rules
developed over several years by NASA.
Depending upon the type of launch vehicle,
rocket propellant and payload, the weather rules
change.  The knowledge base consists of rules
for GO and NO-GO situations. Depending on
the prevailing weather conditions the expert
system advises the end user. The details of 
Rawinsonde and other weather parameters form
inputs for the toxic gas dispersion model.

Toxic Gas Dispersion Model

The required inputs for the gas dispersion model
are vertical profiles of wind direction, wind
speed, air temperature, atmospheric pressure and
dew point or relative humidity between the
earth’s surface and 3000 m. This information is
obtained during launch support activities from
Rawinsonde measurements routinely measured
at scheduled times throughout the pre-launch
count down and after launch has occurred.  The
wind system is a series of 30 m towers located 
throughout Kennedy Space Center and one 152
m meteorological tower instrumented to measure
wind direction, wind speed, turbulence and air 
temperature. Based on the inputs, the toxic gas
dispersion model computes the dimensions of the
ground cloud as a function of the height,
distribution of vehicle exhaust products within

the cloud as a function of height, and position in
space of the rising ground cloud as a function of
time after launch until the internal cloud
temperature equals the ambient air temperature
(Boyd 1985; and Beychok 1995).  The dosage
concentration at an interval of 1 km from
downwind of the launch pad is computed.  For a
normal launch, the assumption is made that all
engines and the pad deluge system operate
normally.  In the case of a launch failure (single
engine burn on pad), one solid engine does not
ignite and the vehicle remains on the launch pad.
In case of failure to lift off, an on pad explosion
will cause scattering of solid rocket propellant.
The fuel expenditure rates for normal launches
are obtained by averaging fuel expenditure rates 
for the engines over the approximate period from
lift off until the vehicle is about 3000 m above
the surface. The fuel expenditure rates for the
single engine burn are an average for the normal
firing period of the engine.  The exhaust cloud
constituents are HCL, CO2, and CO.  The input
to the toxic dispersion model is shown in figure
4.

Figure 4 Inputs for toxic gas dispersion model

In figure 4, the user can select type of rockets, 
launch time and date, launch pad (39 A or B),
concentration period (i.e., 1 hour) interval, cloud
cover, Rawinsonde data, chemical species (HCL,
NO2, and HNO3), surface chemistry and 
necessary coefficients. Once the user has
provided all details, the backend of the server
using FORTRAN code, computes chemical
concentration at the ground level for a particular
species. The chemical dosage is converted into
contours and it is displayed in figure 5 via
openmap interface.  The concentration is 
expressed in parts per million (ppm) and five
levels of contours are computed from minimum
to maximum concentration.  The contour
simulation is performed by an applet.  The 



concentration computed at the ground is
available for humans to inhale.  The flight launch
rules have an allowable limit of ground
concentration for specific chemicals.  If the
simulated concentration exceeds the allowable
limit, the mission will be kept on hold.  The
chemical concentration is monitored by real time
sampling of ambient air after launch.  The real
time data and simulated data are compared and 
act as a surrogate data for other launches.

Figure 5 Chemical gas dispersion contour (HCL)

Human Health Risk Assessment Model

A binomial distribution is used to simulate the
variance (uncertainty) associated with the
predicted number of people affected.  The
potential for combined effects of exposure to 
more than one compound is estimated by
developing joint probabilities of effect from the
individual toxicants probabilities of effect.  The
LATRA model estimates for HCL, NO2, and
HNO3 risk assessment.  The available 
toxicological data for humans on the specified
rocket emission toxicants are currently limited.
The exposure response functions in the LATRA
model are currently based on 1 hr time weighted
average concentrations and ceiling values. Until
more toxicological data is available, the hazard
quotient model would be the most appropriate,
which is developed by USEPA.  The hazard
quotient is the ratio of an observed or predicted
exposure to an allowable exposure.  The
allowable exposure limit is set at a lower value
by selecting an uncertainty factor that is 
sufficient to protect sensitive individuals.  When
the ratio of estimated exposure concentration
(EEC) to the reference toxicity vale (RTV) value
is less than 1, effects are considered unlikely. 
When the quotient is greater than 1, some effects
might occur in some individuals.  As the value of
EEC/RTV increases, both the severity and

incidence of effect are likely to increase, but the
ratio is not used to predict incidence or severity.
An additional advantage of the hazard quotient
model is that it allows an estimation of the
number of people at risk of additive effects from
simultaneous exposure to two or more
substances that is not possible in a traditional
risk assessment.  The risk to the exposed
population is calculated by multiplying the
individual risk and the number of exposed
population (this should take into consideration
age, other susceptibility factors, population
activities etc.).  In our model, the risk value is 
computed for a given latitude and longitude in a 
specified region of interest. The risk contour is 
generated based on the risk values and five levels
of contour are plotted.  The values are expressed
in terms of 1 in million. The risk values are 
compared against the acceptable risk values and 
GO and NO-GO status is decided for the launch.

Figure 6 Population grid over Cape Canaveral

Figure 7 Human health risk contour

The figure 6 shows a population grid and it is
added as a layer in openmap. The user can
define any number of layers and it can be added
dynamically.  The population grid displays a 
selected region of interest and divides into 10 x



10 grids of equal intervals.  The centroid of each 
square is computed by adding all population in 
the grid.  The computed chemical concentration 
and population is translated into risk values 
based on the hazard quotient model. The risk 
contour is shown in figure 7.  Presently two 
dimensional contours are plotted and a zoom 
feature is added via openmap interfaces.   

Debris Dispersion Model 

Range safety personnel evaluate various 
scenarios of failure during a launch.  If there is a 
malfunction in separation of rockets, or any 
failure Range Safety Officers decide to terminate 
the mission.  During termination, flight safety 
personnel will see that there is a minimum 
impact of debris scattering near inland.  There 
are various flight rules before destructing the 
mission.  In the present debris dispersion model, 
gravitational effect is implemented with air 
resistance. Wind effects are not considered.  The 
debris dispersion model is developed in Java 3D 
with orbital dynamics.  Presently all models 
interact with four web servers by issuing http 
requests.  Since models are web based, it is easy 
to access from different corners of the world. 

CONCLUSIONS 

The complex launch and range safety models are 
served by four dedicated web servers.  
Furthermore we are enhancing support for 
ground operations by adding dedicated web 
servers.  The test bed simulation combines 
physical model and decision models written in 
different languages to a unique test bed to 
visualize complex operations.  Further research 
is planned to develop intelligent agents for each 
simulation and a decision support system to fully 
automate space launch initiatives.  Since we use 
Java, it is compatible with any platform and 
operating system.  Each class file in Java can be 
converted to an applet, Servlet, an application or 
a library in jar file.  The virtual test bed 
technology enables an entire suite of applications 
and models for launch and range safety 
operations. 

This project mainly focused a decision support 
system in a virtual environment using physical 
models and integrated in a single collaborative 
environment.  The simulation of complex system 
of any type can be reconstructed using test bed.  
This test bed can be used as a generic test bed to 

integrate various subsystems of a complex 
system.  
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Abstract

Multi-level models describe a system on differ-
ent organization levels explicating the structure of
a system, in terms of its components and the inter-
action between those. In Systems Biology, multi-
level models result in a hierarchical structure, whose
different layers might comprise thousands of model
components. To make full use of the advantage of
multi-level models, i.e. the explicit representation of
the model’s structure, visualization techniques are
required that support overview and detail inspec-
tions in an interactive manner. Based on a model,
which describes the tryptophan synthase as a multi-
level model in James, we show how different infor-
mation visualization techniques, i.e. overview and
detail techniques, Rings, interactive foldings of sub-
structures and sinks for information hiding, can be
combined to support the analysis of even highly un-
balanced model structures.

1 Introduction

Bioinformatics is concerned with conceptualiz-
ing biology in terms of molecules (in the sense of
physical-chemistry) and then applying informatics
techniques (derived from disciplines such as applied
mathematics, computer science, and statistics) to
understand and organize the information associated
with these molecules(Luscombe et al. 2001). Sys-
tems Biology can be interpreted as a sub-branch of
Bioinformatics which is aimed at improving our in-
sights into the dynamics of cellular systems. In this
context modeling and simulation methods are crucial
(Wolkenhauer et al. 2003).

During all phases of modeling and simula-
tion, classical visualization techniques are employed
(Nocke et al. 2003), i.e. during designing the model,
experimenting with the model, and analyzing the re-
sults of the simulation. As do the different phases of
modeling and simulation in general, the different vi-
sualization techniques serve an easier understanding
of the system and its behavior(Slavik et al. 2003).

Among the different phases, the modeling process
is considered crucial in gaining an insight into the
system. Its effect is considered the larger, the less
knowledge about the system is available, as is also
argued in explorative modeling approaches (Davis
2000).

To support the modeling of complex systems,
many formalisms, languages and tools allow to hier-
archically compose models. They typically integrate
the different traditional views in modeling systems,
i.e. as functional models, as networks of interactions,
and as hierarchical composition of models. Thereby,
composition and interaction determines the overall
structure of a model (Zeigler 1996). The more com-
plex the structure of a model becomes, in terms of
numbers, heterogeneity of components and interac-
tion patterns, the more new visualization techniques
are required that address the problems of these “large
scale models”. Under the term “Information Visual-
ization” visualization methods have been developed
to provide a “compact graphical presentation and
user interface for rapidly manipulating large num-
bers of items (102 – 106), . . . . Effective information
visualizations enable users to make discoveries, de-
cisions or explanations about patterns (correlations,
clusters, gaps, outliers, . . . ), groups of items or indi-
vidual items.” (Shneiderman 2001).

The paper focuses on supporting the development
and analysis of multi-level models based on apply-
ing and adapting advanced visualization techniques.
The paper is organized as follows. First the concept
of multi-level models and its role in Systems Biology
is explained. Afterward a short overview on apply-
ing visualization techniques for modeling purposes in
Systems Biology is presented. Thereafter, the multi-
level model of the tryptophan synthase in James is
shortly described. In the following sections some of
the employed visualization techniques are explained
in more detail.



Figure 1: The interface of Genomic Object Net (Nagasaki et al. 2003)

2 Multi-Level Models in
Systems Biology

When the term simulation is used in the con-
text of systems biology most often it refers to con-
tinuous systems modeling and simulation (de Jong
2000). A series of simulation tools for continuous
systems modeling and simulation in general and sys-
tems biology applications in particular exist, e.g.
Gepasi (Mendes 1993), ProMoT/Diva (Ginkel
et al. 2003). Continuous models reflect nicely what
is measured in cellular biology. Small samples of cell
cultures are analyzed by extracting the DNA, en-
zymes or metabolites and quantifying the concentra-
tion of the respective species over time. This type of
model emphasizes a continuous, deterministic, macro
perception on cellular systems.

However, other approaches interpret cellular sys-
tems as being composed of vast amounts of entities,
each of which has a state and an individual behav-
ior pattern. Their activities are triggered by dis-
crete events, like the arrival and release of interacting
species, or by the time flow, like the time required
for intra-molecular rearrangements. This perception
suggests using other modeling approaches (Strohman
2000) like a discrete event modeling approach, which
has been applied to the dynamics of cellular systems
already more than 20 years ago, e.g. by Bernard Zei-
gler (Zeigler 1981). One of the classical approaches
in Systems Biology, which has been developed by
Gillespie (Gillespie 1976), is based on discrete event
simulation as well, even though it is best known for
its stochastic modeling and simulation. It has lead

to several extensions and refinements during the 90s.
Among them are some that turn from the macro per-
spective of the analyzed system to a micro perspec-
tive where individual entities are described.

Individual-based models consist of multiple homo-
geneous entities, which do not interact directly but
via the macro level. The macro-level model con-
tains information about the number of individuals
and other information about groups of individuals.
The macro level is not restrained to simply aggre-
gate the information of the micro level. It might
have variables and a behavior of its own. In the later
case not only upward but also downward causation
of biological systems can easily be modeled (Camp-
bell 1974). Individual-based models can naturally be
employed to describe phenomena in Systems Biology,
e.g. on the macro-level the cytoplasma or bulk solu-
tion keeps track of the concentrations and changes of
concentrations and the micro-level comprises individ-
ual species like DNA, enzymes, metabolites etc, with
their individual states and behavior pattern. If more
than two levels of organizations are considered whose
entities are not restricted to indirect interaction via
the macro model, we arrive at the more general con-
cept of multi-level models (Uhrmacher and Swartout
2003).

3 Visualization Techniques in Sys-
tems Biology

In systems biology visualization techniques are
used throughout all phases of modeling and simula-



Figure 2: Model design with Virtual Cell (Schaff et al. 1997)

tion, i.e. to support the model design, the monitoring
during simulation and the analysis of the achieved
results (Allen et al. 2003). In the following we will
concentrate on the first phase: designing or, to be
more specific, representing the model and its struc-
ture.

Some modeling formalism lend themselves directly
for a translation into graphical presentations. In this
category formalism for discrete event systems mod-
eling, e.g. Petri Nets or State Charts, and continu-
ous systems modeling, e.g. Block Diagrams or Bond
Graphs, belong equally. They are used by simula-
tion systems to support the modeler in designing new
models and are often provided as an alternative to
non-graphical modeling languages. It is important to
note that simulation systems support different types
of users. Getting acquainted with an abstract mod-
eling formalism holds little appeal to many users.
If simulation systems are aimed at specific applica-
tion areas, e.g. network simulation, or manufactur-
ing simulation, the visual model can be based on
metaphors and components libraries specific to this
application area. Formal modeling formalisms and
languages, on the one hand and pre-defined compo-
nents, on the other hand, obviously address the need
of different types of users.

To accommodate both types of users, two different
avenues in supporting modeling via graphical inter-
faces are followed in System Biology.

• One is to enrich a general graphical modeling
formalism with symbols from the application
area. E.g. Genomic Object Net (Nagasaki
et al. 2003) combines the graphical formal repre-
sentation of Hybrid Petri Nets with icons, that
represent e.g. DNA, mRNA, or processes like
transcription, to visualize the semantics of cer-
tain places and transitions (figure 1). These ap-
proaches inherit from the adopted general mod-
eling formalism, that they are expressive, se-

mantically unambiguous, extendable, and sup-
ported by simulation engines.

• The second approach is to base the graphi-
cal modeling on metaphors and notations com-
monly used in the application area and thus, to
obviate the need for defining the model in dif-
ferential equations or other formal abstract lan-
guages. E.g. interaction diagrams are widely
used in Biology and Chemistry. However, they
lack the required expressiveness, semantic un-
ambiguity, and consequently direct support by
simulation engines. Their derivatives, like the
Kohen diagram, have inherited these problems
(Kitano 2003). To be executable by simulation
engines, they have to be extended and refined.
In Virtual Cell (Schaff et al. 1997), a user de-
fines a model of a cell by defining compartments
and substrates, relating substrates to compart-
ments (figure 2, left hand side), and interrelating
substrates, the former is based on an interaction
diagram variant (figure 2, right hand side).

One problem all modeling and simulation systems
share: to display “large scale models”, so that users
can explore details without losing orientation in the
model.

For this purpose Genomic Object Net already
provides a technique from information visualization
referred to as overview and detail. As can be seen in
Figure 1, the user interface is divided into two win-
dows. Whereas the larger window allows the user
to explore his range of interest, the smaller win-
dow serves as a coarse-grained overview of the en-
tire model. Thus, also a larger model can locally
be explored in detail without losing the global ori-
entation. However there are many more information
visualization techniques, that can be used to reduce
complexity and dimension of model visualizations in
systems biology.



Generally, when faced with complex models, the
visualization seeking mantra introduced by Shneider-
man: overview first, zoom and filter, then details-
on-demand, should be employed to provide different
views with different granularity (Shneiderman 2001).

4 The Challenge of Multi-Level
Model Visualization

Multi-level models integrate the different tradi-
tional views in modeling systems, i.e. as functional
models, as networks of interactions, and as hierar-
chical composition of models.

At the lowest layer we find functional models of
individuals. To define the interaction between mod-
els, models are equipped with ports. In modeling
and simulation the distinction between system and
its environment is crucial, so model components can
be grouped to form more complex models, so called
composite or coupled models that interact with their
environment via their input and output ports. Most
modeling formalism assume a strong composition,
i.e. one model component belongs only to one cou-
pled model. To support a successive hierarchical con-
struction, the property of being closed under compo-
sition is crucial (Zeigler 1996).

Thus, as structuring elements we have the net-
work perspective, who interacts with whom, and
the composition. Both we also find in continuous
macro models. A multi-level model contains sub-
models that describe single enzymes, and sub-models
that describe enzyme populations. So unlike hier-
archically structured continuous models which typi-
cally comprises a medium number of heterogeneously
structured sub-models, multi-level models are faced
with representing different populations. Each of its
sub-models might comprise 1000s of homogeneously
structured individuals. The overall structure of the
model might become rather unbalanced, as at the
higher level of organization a couple of heteroge-
neously structured models (same as in the contin-
uous realm) interact, however, one of which might
contain several 1000s sub-models.

Thus, one perspective on the model will hardly
suffice to visualize the model structure in a compact
manner and to enable users to manipulate rapidly
the model structure. Therefore, different perspec-
tives shall be supported. At least the functional, the
network, and the composition perspective should be
distinguished.

5 Modeling the Tryptophan Synthase
in James

Based on the multi-level model of the tryptophan
synthase we will illustrate the visualization tech-

niques and their use in supporting multi-level models
in Systems Biology. The visualization techniques are
implemented as part of a Graphical User Interface
which is currently under development for the simu-
lation system James (A Java based Agent Model-
ing Environment for Simulation) (Uhrmacher et al.
2000).

James (A Java based Agent Modeling Environ-
ment for Simulation) (Uhrmacher et al. 2000) has
been developed for simulating multi-agent systems.
Systems are interpreted as communities of interact-
ing autonomous entities, with the ability to adapt
their behavior, interaction, and composition pat-
terns. James is based on the formalism dynDevs
(Uhrmacher 2001) which adds reflection to Devs
(Zeigler et al. 2000) capturing the notion of self
aware and self manipulating entities. The model de-
sign supports a hierarchical, compositional construc-
tion of models. It distinguishes between atomic and
coupled models. Atomic models are equipped with
input and output ports by which they communicate
with their environment. Their behavior is defined by
transition functions, an output function, and a time
advance function which determines how long a state
persists “per se”. Devs models can be interpreted
as time triggered automata and thus graphically rep-
resented as StateCharts, for a detailed discussion
see e.g. (Schulz et al. 2000). A coupled model is de-
scribed by a set of component models, which may be
atomic or coupled, and by the couplings that exists
among the components and between the components
and its own input and output ports. Thus, the struc-
ture of coupled models forms a compound directed
graph (see section 6).

The application example, i.e., the tryptophan syn-
thase, catalyzes the final two reactions of the biosyn-
thesis of tryptophan. In bacteria it exists as a nearly
linear (αβ)2 complex. Each α subsystem catalyses
the cleavage of indole 3-glycerol phosphate (IGP) to
produce indole and D-glyceraldehyde-3-phosphate,
and each β subsystem produces tryptophan from L-
serine and the channeled indole. The α and the β
subsystem are connected by a largely hydrophobic
tunnel. The α subsystem transforms IGP to indole
and D-glyceraldehyde 3-phosphate (GAP). The first
is forwarded to the β subsystem whereas the latter
is released into the bulk solution. Its functionality is
hampered by glycerol 3-phospate (G3P).

In James, the entire tryptophan synthase model
is described as a multi-level model (Degenring et al.
pear). The macro level contains models that describe
the state and dynamics of the different populations of
the bulk solution. The macro models responsible for
the indole, the serine, the IGP, and the G3P interact
with the “micro model” responsible for the synthase.
The former keep track of the amounts of substrates,
products and enzymes and defines the behavior at
the level of concentrations and collision probabil-



Figure 3: Screen shot showing the three different perspectives

Figure 4: Interactive Folding.

ity. The micro model synthase contains thousands
of models each of which describes a single enzyme,
in upper left corner. As we are interested in the
role, the channel plays in the tryptophan synthase,
we define the enzyme model to consist of two differ-
ent sub-units, i.e. alpha and beta, which communi-
cate via the channel, see figure 3 on the right hand
side.

The behavior of each sub-unit is modeled as dis-
crete transitions from one state to the other. State
changes might be triggered by the arrival of metabo-
lites or by the flow of time, see figure 3 in the lower,
left corner. The overall model structure is highly
unbalanced, one of the children has more than 200
children, see figure 3, in the upper left corner. In the
following we will discuss some of the realized fea-

tures.

6 Employed Visualization Techniques

The visualization has to be divided into differ-
ent windows referring to the different perspectives
of the model. The three different perspectives (see
section 4) are combined to visualize models devel-
oped with James: the atomic view, the network view
and the hierarchical view (figure 3). This reflects the
traditional distinction between functional, network,
and hierarchical modeling and reduces the complex-
ity and dimensions of each individual visualization.
Thereby, the hierarchical structure of the model acts
as the mental map, as it guides the user up and down



Figure 6: Zooming in based on sinks.

the different organizational levels. Only the compo-
sitional structure is shown and the user can interac-
tively select an area of interest. The selected area is
shown in a more detailed second window: the net-
work view which shows the interaction structure of
the selected model. If an atomic model is selected, its
internal structure will be displayed in the functional
view.

Since a model in James can comprise a plethora
of models at different compositional layers, we de-
cided to use a radial techniques to present the hi-
erarchical structure. Those techniques allow to dis-
play the entire hierarchical structure even with huge
numbers of nodes. Among those techniques, the
visualization technique RINGS (Ringed Interactive-
Navigation Graph System) (Teoh and Ma 2002) ex-
ploits more efficiently the limited screen space than
other radial techniques (figure 5). In addition, its
ringed circular layout provides good support for the

Figure 5: RINGS: Ringed Interactive-Navigation
Graph System

Figure 7: The functioning of a children sink

mental map of the user. In RINGS a parent node is
placed in the center of all its child nodes. The child
nodes are placed in concentric rings around the par-
ent. Thereby nodes with many children are placed on
outer rings, those with fewer ones on inner rings. For
a full description of the layout algorithm of RINGS,
see (Teoh and Ma 2002).

Nodes with many children occupy a lot of space.
To more easily explore the structure of the model,
appropriate information hiding techniques have to
be integrated. Sub-structures can be interactively
folded, which leaves more space for the remaining
sub-trees. A folded sub-tree is shown as a blue circle
within the window (Figure 4).

Another visualization concept are sinks where an
explicit container collects the currently not visible
entities. Two different types of sinks have been im-
plemented.

• To zoom in, the sub-tree of interest can be se-
lected. Thereby, all other sub-trees fade away
into the sink, the root of the hierarchy moves vi-
sually into the sink while the root of the selected
sub-tree moves gradually into the center. Now
the subtree occupies the entire window. The
sink is transparent and shows the predecessors
of the sub-tree (Figure 6). The process is of
course reversible.

• Using sinks, the number of displayed children
can be reduced, as well. Here, the sink is moved
interactively over the children that shall not be
displayed (Figure 7). Different types of sinks
can be used for “removing” children of different
types.

The above techniques have been used in the con-
text of exploring the hierarchical structure of the
model and are features of the window Hierarchy
View.

The window Network View utilizes the tech-
nique developed by Sander (Sander 1996). His ap-
proach is based on compound structured graphs.
Whereas it clearly emphasizes the interaction struc-
ture between entities, the composition structure still
remains visible. This facilitates the orientation of
the user. However, as the composition hierarchy is



shown in a separate window and the system might
comprise different composition layers with a plethora
of components, it is important to be able to hide in-
formation on demand. Therefore, the depth of shown
composition levels can be determined interactively.

If in the Network View an atomic model is se-
lected, it is shown in the third window, the Atomic
View. Here the common Statecharts by Harel (Harel
1987) are used, to represent the functional level of the
model. What is currently not visualized is the ability
of a model to access its own structure, i.e. to change
the composition, interaction, and behavior pattern
of model.

7 Conclusion

The current work has concentrated on visualizing
the structure of an existing model. The visualiza-
tion of a multi-level model has to consider different
perspectives, the atomic view, the network or inter-
action perspective and the hierarchical or composi-
tional perspective. Whereas the atomic view could
be realized by classical visualization techniques, for
the network and hierarchical perspective more ad-
vanced visualization techniques have been employed
due to the high number of models and interactions.
The focus of the work has been on exploring the
hierarchical structure of a model. A special prob-
lem for applying existing visualization techniques
has been the typical, rather unbalanced structure of
multi-level models in Systems Biology. To support
the user in the analysis of, and orientation in the
model structure, the presentation technique Rings
has been equipped with interaction techniques like
folding, and installing sinks. The work presented
is only a first step. Specific interaction features for
the network perspective has still to be added, same
as reflecting interaction facilities across the different
views.

The current visualization is based on existing
models. The next step will be to analyze the de-
veloped concepts and to adapt them to help foster-
ing new multi-level models in Systems Biology. The
visualization of the model structure has still to be
connected to the running simulation, to animate the
development of the structure. This is not trivial, due
the complexity of the models and due to the possibly
changing model structures in James. Thus, compo-
nents and interactions might appear and disappear,
and components might even move through the model
structure.

Multi-level models promise a more flexible ap-
proach toward the understanding of cellular systems.
However, they also provide new challenges for mod-
eling, simulation, and visualization techniques, alike
– which we have just started to address.
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ABSTRACT 

Metabolic networks represent an important research 

area in the systems biology field. Simulation is one of 

approaches used to understand their behaviour, and 

visualization and animation techniques help the human 

user to better understand the results of a simulation. In 

this paper, a novel approach for visualizing metabolic 

network simulation results is presented. In contrast to 

previous proposals, this approach makes it possible to 

animate the timely evolution of a metabolic network in 

three dimensions, allowing in this way a better 

interpretation of the results. The relevant issues 

regarding  the proposed animation concepts and their 

implementation in Java are discussed. 

 

INTRODUCTION 

Metabolic engineering is the targeted modification of 

metabolic pathways by means of genetic manipulations 

in order to achieve specific goals (Bailey 1991, 

Stephanopulos and Sinskey 1993). Simulation plays an 

important role in metabolic engineering. Different 

models of metabolic pathways are built to describe the 

metabolism of a cell. Simulators operating on these 

models generate results which are then compared to in 

vitro experimental data and to in vivo data if they exist, 

in order to select the model which describes these data 

best. However, the selection process does not only 

require reliable simulation results but also their correct 

interpretation. 

Visualization is very helpful in evaluating such 

simulation results. Current visualization tools typically 

offer 2-dimensional plots which represent the 

trajectories of concentrations of metabolites and 

reaction flows and which can be interpreted easier than 

raw numbers. Nevertheless,  it is difficult for the human 

user to evaluate the relatively large quantities of data for 

the different phenomena at the same time. 

In this paper, we present a new approach which allows 

to dynamically animate the evolution of a metabolic 

network based on generated simulation data in three 

dimensions (3D). This work is a continuation of (Qeli et 

al. 2003), extending the past approach with a new 

visualization method to animate the  progression of 

metabolites and reactions in the three-dimensional 

space. The 3D view allows to avoid some of the 

difficulties encountered in 2D visualizations. Even the 

central metabolic pathways, as for example the pentose 

phosphate pathway, cannot be drawn in 2D without line 

intersections. A much more difficult problem occurs 

when the metabolic cofactors like ATP or NADH are 

involved. They are coupled to almost all central 

metabolic reaction steps thus inducing a strong network 

connection resulting in many line crossings. Finally, 

only a few tools visualize the metabolic regulation 

(inhibition and activation of reactions by other 

metabolites). If this is done for a large network, it 

becomes extremely difficult to keep an overview over 

the heavily entangled 2D network graph. 

This paper is organized as follows. The next section 

gives a survey of the related work in this field. Then, 

our new approach to 3D visualization and animation of 

metabolic networks is presented. Experimental results 

will be shown in the following section. Finally, some 

conclusions are drawn and possible future work is 

discussed.  

 

RELATED WORK 

The related work about metabolic network modelling is 

mainly concerned with different modelling and 

simulation techniques to simulate the behaviour of a 

cell. Several commercial or academic tools and 

frameworks exist which allow to model and simulate 

metabolic networks. Typically, they consist of the 

following three components: 

 

1. Design component 

2. Simulation component 

3. Visualization component 

 

However, in many cases the first and the third 

component are omitted. This, of course, does not affect 

the quality of simulation, but the presence of these 

components makes the evaluation of simulation results 

much easier.  

Gepasi (Mendes 1993, Mendes 1997) is one of the early 

simulation tools in metabolic engineering. However, 
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from the visualization point of view, it offers only 

common visualization methods in form of snapshots. 

SBW (Hucka et al 2001a)  is a framework intended to be 

extensible for running on different platforms to aid 

people in research in the systems biology field. SBML 

(Hucka et al. 2001b) is one of their major achievements, 

representing a standardized XML based format for 

modelling biochemical or metabolic networks, 

respectively. Several tools are included in this 

framework, Jdesigner being one of them. This tool 

allows the interactive design of metabolic networks. 

Another tool called Virtual Cell (Loew and Schaff 

2001) offers similar functionalities like SBW. 

INSILICO Discovery (Mauch et al. 2001) is a 

commercial tool which offers a full fledged simulator 

and also allows the user friendly design of metabolic 

networks. The design is a mixture of manual interaction 

with different graph drawing techniques adopted for 

metabolic networks. Some of these techniques are 

described more precisely in (Karp and Paley 1994)  and 

(Becker and Rojas 2001). 

FluxAnalyzer (Klamt et al. 2003) is a MATLAB 

package which besides offering several functionalities 

for analyzing the structure of metabolic networks allows 

the visualization of so called interactive flux maps, 

which are a first step towards interactive visualization 

of metabolic networks.  

MetVis (Qeli et al. 2003) offers a new approach for 

visualizing metabolic networks. It allows not only their 

interactive design, but also their animation in two 

dimensions according to results generated via 

simulation. The simulator used is MMT (Hurlebaus 

2002; Haunschild 2002) which generates simulation 

code based on pulse experiments.  

Dwyer et al. (Dwyer et al. 2004) present a similar 

approach where experimental data is visualized directly 

in a metabolic network. This work is a continuation of 

(Brandes et al. 2003) where related metabolic networks 

are superimposed over each other to create a 2 ½ 

dimensional view of metabolic networks.  

MNV (Rojdestvenski and Cottam 2002; Rojdestvenski 

2003) visualizes metabolic networks by means of 

VRML (Virtual Reality Markup Language) to allow a 

3D view. However, it is somewhat difficult for a 

biologist to get accommodated with the visualization as 

the transformation from 2D to 3D is difficult to 

comprehend from a biological point of view.  

 

OUR APPROACH 

The approach we present in this paper is realized as part 

of MetVis (Qeli et al. 2003), but can also function as a 

separate application. Furthermore, MetVis is part of a 

framework which includes a simulator called MMT 

written in C++ (Hurlebaus 2002; Haunschild et al. 

2002). The exchange between MetVis and MMT is 

achieved by using XML documents for metabolic 

models and CSV (Character Separated Value) for  

 
 

Figure 1: A Fictitious Metabolic Network  

 

simulation data. From a graph theoretic point of view, a 

metabolic network is stored as a directed bipartite graph 

with two types of nodes: metabolites and  reactions. The 

edges of the graph show which metabolites take part in 

a certain reaction. Another approach could be to model 

the metabolic network as a hypergraph.  

Figure 1 shows a fictitious metabolic network designed 

in 2D, and figure 2 shows its corresponding XML 

fragment. Metabolites are represented by squares and 

reactions by rhombuses. The flows are represented by 

Bezier curves. 

 

 
 

Figure 2: XML Model of the Network of Figure 1 
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The XML format we use is a dialect of SBML (Hucka 

et al. 2001) which also supports model variants 

(Haunschild et al. 2002). The graphical information 

related to the metabolic network is stored in another 

XML file. This allows to associate several graphical 

representations with the same metabolic network (Qeli 

et al. 2003).  

The simulation data is obtained in form of a CSV file 

from MMT. In contrast to (Dwyer et al. 2004) where 

experimental data (the analogue of our simulation data) 

is stored directly in the graph data file, we have it 

separated to allow viewing the results of several 

simulations of the same metabolic network. 

 

3D Visualization 

2D visualization of metabolic networks represents a big 

step forward in the analysis of their functionality. 

Currently, it is the favourite approach in designing 

metabolic networks from the biological point of view. 

However, it has several drawbacks, one of them being 

the complex view that is created for large networks due 

to crossings that are created in two dimensional views. 

One way of eliminating crossings is to duplicate 

metabolite nodes, but there are no clear rules how often 

duplication should be done. Additional edges like the 

ones representing activation or inhibition relationships 

between a metabolite and a reaction complicate the 

situation further. 

We have developed a new approach as part of MetVis 

which creates a 3D visualization based on a 2D 

visualization. The 3D view is intended to be used as a 

complementary part to the 2D view. The third 

dimension not only allows the elimination of crossings 

in 2D, but also allows us to visualize several metabolic 

networks in the same view for comparison purposes. 

Furthermore, the generated 3D views are similar to their 

2D counterparts, without creating a totally different 

view which would confuse modelers in their work. 

In the proposed approach, metabolites are represented 

by 3D cubes, and edges that in 2D were represented by 

Bezier curves with 4 control points are now represented 

by tubes that have the shape of a three dimensional 

Bezier curve and with a certain diameter. To eliminate 

crossings between edges, the two middle control points 

are displaced in different z-planes. Figure 3 presents the 

3D visualization of the example shown in Figure 1, 

where the edges of the reaction S1+Na-> S4+S5 are in 

plane z=0 and those of S4 -> S5+AT are displaced with 

a constant c. A separate z-plane is used for inhibitor and 

activator edges such that they do not visually affect the 

rest of the network, as shown in Figure 3. 

 

3D Animation  

To animate the 3D views, the raw data taken from a 

simulation is converted into relative percentages of the 

respective metabolite or flow, such that the values are in 

a certain range and are comparable to each other to  

 
 

Figure 3: 3D Visualisation of the Model of Figure 1 

 

avoid drawing false conclusions from their 

visualization. For each metabolite or flow X at time t, 

the percentage value of the respective metabolite/flow is 

calculated as follows:  

)1(
)()(

)(),(
),(

XMinXMax

XMintXValue
tXPercentage

−
−=  

where Value(X,t) represents the value of metabolite X 

at time t and Max(X) and Min(X) represent the 

minimum and maximum value for each metabolite/flow 

during  the entire simulation. Two types of objects are 

animated: 

• For the cubes representing the metabolites, 

their z dimension varies according to the concentration 

of the corresponding metabolite calculated according to 

formula (1). 

• Tubes represent flows for both reactions and 

inhibitions, and accordingly colored spheres moving 

within the tubes represent the material flow for the 

corresponding reaction. For the reaction flows, these 

spheres are colored with a nuance of blue, for inhibition 
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they are colored in red and for activation they are 

colored in green. The speed of flow of these spheres 

depends on the percentage speed of the respective 

reaction calculated according to formula (1). 

Depending on the point of time, cubes will show how 

high the concentration of the metabolite is, and the 

reaction flow will be faster or slower. 

 

Implementation  

The approach has been implemented completely in the 

Java programming language. For 3D rendering, the 

idx3d library (Walser 2000) is used. This library is 

similar to the well know Java3D library, but offers 

additional functionality for our specific case and is in 

pure Java allowing easy inclusion in Java applications 

and applets without additional libraries. 

The application consists of 20 Java classes. The I/O 

package is reused from MetVis. To allow effective user 

interaction and to achieve better performance, threads 

are used, which allow parallel processing of the 

rendering process. These threads are organized in a  

pool of threads, in order to keep the overhead of the 

administering thread low. 

It is worth mentioning that for eliminating crossings, a 

simple but effective algorithm was implemented to 

assign different z-planes to the middle control points of 

bezier tubes. The nodes of the metabolic network (i.e. 

reactions and metabolites) are all left in plane z=0. Only 

the two inner control points of Bezier curves (i.e. edges) 

that connect metabolites with reactions are shifted to 

different z-planes. The edges are processed 

consecutively. In the beginning, the first edge is directly 

assigned to the first group of edges to be drawn in plane 

z=0. Then, the second edge is processed; if it intersects 

with the first edge,  a new group is created with edges to 

be drawn in plane z=c, otherwise it is inserted in the 

first group. The third edge is processed in the same 

way, if it intersects any of the edges in the first group or 

second group (if this group exists), then a new group is 

created with edges to be drawn in plane z=-c, otherwise 

it is inserted in the first group where it does not intersect 

with other edges. The fourth edge would be drawn in 

the plane z=2c if it intersects with at least one edge 

from every previous group, the fifth in plane z=-2c, and 

the algorithm proceeds in this way until all edges are 

processed. 

 

EXPERIMENTAL RESULTS 

Our project partners of the Institute of Biotechnology in 

the Research Center Jülich, Germany are the ones who 

create new models, simulate them, evaluate the 

simulation results and do experiments to see the 

correctness of their hypotheses. In figures 4 and 5 we 

see one of the models of a part of the metabolism of 

E.coli built in Jülich. Figure 4 shows a randomly 

selected step of the animation in 2D, and Figure 5 

shows the same step in 3D. The advantages of 3D are  

 
 

Figure 4: 23rd Step of a 2D Animation of a Partial 

Model of E.coli  

 

not directly clear from the screenshots; a demo version 

may be obtained from the authors to view them in 

action. For example, whereas in the 2D animation one 

must be concentrated to view the changes in different 

flows, in 3D animation the speed of the movement of 

spheres makes it directly clear which part of the 

metabolic network is more active. 

 

CONCLUSIONS 

In this paper, we have presented a new approach to 

animate metabolic networks in three dimensions. In 

contrast to previous approaches, this approach allows 

the dynamic visualization of the evolution of a 

metabolic network model based on data generated via 

simulation. The approach could also be used to animate 

other kinds of networks where information about the 

flows in the network is available e.g. the visualization 

of regulatory networks in general. 

There are several areas for future research. Currently, 

we are experimenting with different layout algorithms 

in two dimensions. The next step would be the adoption 

of these algorithms for the 3D space to increase the 

clarity of the visualization of metabolic networks but 

also remain consistent with the 2D representations 

biologists are used to. Highlighting specific pathways of 

a metabolic network and animating selected parts of a 

certain metabolic network is also a direction we are  
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Figure 5: 23rd Step of 3D Animation of a Partial Model 

of E.coli  

 

currently working on. Finally, it would be interesting to 

present several 3D animations on the same screen to 

create in this way a “3 ½ dimensional visualization” for 

comparing different animation results. 
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Universiẗat Koblenz–Landau

Postfach 201 602, D-56016 Koblenz-Germany
E-mail: kgt@uni-koblenz.de

KEYWORDS

Multi-agent model, mathematical model, stochastic
model, simulation model, validation.

ABSTRACT

This paper discusses aspects of validating simulation
models designed to describe, explain and predict real-
world phenomena. It starts with a short review of argu-
ments used in the simsoc mailing list discussion on the-
ory, simulation and explanation a few months ago, deals
with the use of quantitative and qualitative computational
models to make quantitative and qualitative predictions
or rather to draw conclusions from complex antecedents,
and then discusses different types of explanation and pre-
diction (and the relation between these two), It closes
with an overview of topics in validity and validation from
the point of view of the structuralist programme in the
philosophy of science.

INTRODUCTION: THEORY, SIMULATION, EX-
PLANATION AND OBSERVATION

A few months ago, the simsoc mailing list experienced
a longish discussion1 which originated from Thomas
Kron’s question “about the relation of computer simu-
lation and explanation, especially sociological explana-
tion”. More than fifty contributions to this discussion fol-
lowed within less than three weeks, and contributors dis-
cussed the role of simulation in theory building (mostly,
but not only) in the social, economic and management
sciences — as well as the relation between observation on
one hand and computer-assisted theory building (Hanne-
man 1988) on the other. Scott Moss came back to his
presidential address at the 1st conference of the Euro-
pean Social Simulation Association, Groningen, Septem-
ber 2003, in which he said “that if social simulation with
agents is to be anything other than another in the long line
of failed approaches to social science, it will be a positive
departure only because it facilitates the dominance of ob-
servation over theory” and continued that the great suc-
cessful scientists (outside the social sciences) built their
generalisations around observation, developing new theo-
retical structures based on and validated by new evidence
(quoted from his contribution to the simsoc mailing list
as of November 14, 2003). Well in the line of this trait of
thinking is the role of simulation or computational mod-
eling which can be found in Gilbert and Troitzsch 1999

1The discussion can be found in the November 2003 section
of http://www.jiscmail.ac.uk/archives/simsoc.html, topics
“simulation and explanation” and “theory and simulation”.

which was recently extended by Alexis Drogoul (Drogoul
et al. 2003: 5) and can be seen in Figure 1.

Model Design

Target
System Knowledge

+ Building the Model

Results

Publications

Executions

Assumptions

Writing a « special » computer program

Data

Similarity

Observations

Figure 1: Drogoul’s and his colleagues’ interpretation of
Gilbert’s and Troitzsch’s methodological proposition on
the role of simulation

This diagram does not even contain the word ‘simu-
lation’, but in its centre we find ‘data’ which are taken
from observation and compared with results from simu-
lation runs, for their similarity. Gilbert’s and Troitzsch’s
original diagram describing “the logic of simulation as
a method” (Gilbert and Troitzsch 1999: 16, 54, see also
Troitzsch 1990: 2) is much the same: A model is built
by abstraction from a target system, it is translated into
a computer programme which can then be run and deliv-
ers results in the form of simulated data which can, and
have to, be compared to data gathered from the same kind
of target systems in the real world from which the model
was abstracted.

Being aware that observation (as contrasted to just
looking around in the world) presupposes at least some
primitive form of theory (which tells us which entities
and which of its properties to observe and which rela-
tions between them to register to find out whether there
are some regularities), we should admit that our assump-
tions and our observation are not independent from each
other (although Figure 1 insinuates this). And we should
admit that in most cases computational (and other) mod-
els do not directly start from observation data but from
a theory which in turn should build on, but often does
not refer explicitly to observation data. Instead, we often
start from a verbal theory which expresses our (or other
authors’) belief in how reality works, comparing simula-
tion results with stylised facts instead of observation data.

A good example of this strategy is Sugarscape where
the question “can you explain it?” is interpreted as “can
you grow it?”, and where “a given macrostructure [is]
‘explained’ by a given microspecification when the lat-
ter’s generative sufficiency has been established.” (Ep-
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stein and Axtell 1996: 177)
At the other extreme, we might have microanalytical

simulation which starts from a large collection of obser-
vational data on persons and households and the popu-
lation as a whole. The model is initialised with empiri-
cal estimates of transition probabilities, age-specific birth
and death rates and so on. Tens of thousands of software
agents are created with data from real world people. And
all this aims at predicting something like the age structure
or kinship networks of this empirical poulation in the far
future (see for instance Harding 1996).

In what follows we want to discuss the use of quan-
titative and qualitative computational models to make
quantitative and qualitative predictions or rather to draw
conclusions from complex antecedents and discuss differ-
ent types of explanation and prediction (and the relation
between these two) and close with an overview of topics
in validity and validation.

QUALITATIVE AND QUANTITATIVE SIMULA-
TION

Although most simulation uses quantitative procedures
— doing calculations with numbers, often real valued,
which make believe that the properties of the target sys-
tem are quantitative, metric properties —, most of our
mental models and verbal theories which are the prede-
cessors of most of our simulation programmes do not talk
about numbers and numerical values, but rather of prop-
erties which are categorical or, at best, ordinal. “How-
ever we claim that the use of numbers in this way is often
simply a result of laziness — we often use numbers as a
stand-in for qualitative aspects that we do not know how
to program or have not the time to program.” (Edmonds
and Hales 2003: 3)

Example: Gender desegregation among staffs of
schools

The following example — which is taken from (Gilbert
and Troitzsch 1999: 108–114) and earlier papers — tries
to “explain” how the process of overcoming gender seg-
regation in German schools went on in the 1950s and
1960s. The modeling process started from a large col-
lection of empirical data showing the proportion of male
and female teachers in all grammar schools in the fed-
eral state of Rhineland-Palatinate (approximately 150 in
number) from 1950 to 1990 (see Figure 2, left graph).
The model reproducing the empirical distribution of this
proportion over time quite well was designed as parsimo-
nious as possible, just assuming three hypotheses:

1. that all teachers leaving their jobs are replaced by
men and women with equal overall probability (Ar-
ticle 2 linea 2 of the German Basic Law),

2. that men stay in their jobs approximately twice as
long as women (an empirical observation), and

3. that new women are assigned to an individual
school with probabilityP(W|ξ) = ν(t)exp(κξ) ac-
cording to the percentageξ of women among its

teachers (a theoretical assumption);κ is 0.5 in this
simulation run, andν(t) is such that at all times
men and women have the same overall probability
of replacing retired teachers, to comply with hy-
pothesis 1.

The simulation is initialized with a gender distribu-
tion close to the empirical distribution of 1950. With
κ > 1, gender segregation would continue and even be-
come stronger.

100.080.0 60.0 40.0 20.0 0.0
0.0

0.1

0.0

0.1

1950

1960

1970

1980

1990

100.080.0 60.0 40.0 20.0 0.0
0.0

0.1

0.0

0.1

1950

1960

1970

1980

1990

Figure 2: Distribution of percentages of women
among teachers at 150 secondary schools in Rhineland-
Palatinate from 1950 to 1990; left: empirical data, right:
simulation

The simulation model reproduced the qualitative re-
sult that in the early 1970s the staff of all these 150
schools became mixed after twenty years of segregation
where there were schools with high proportions of either
male or female teachers but nearly no schools with be-
tween 40 and 60 per cent female teachers. And this repro-
duction / retrodiction was effected with the help of quan-
titative simulation, calculating probabilities of assigning
teachers to schools. But did the model explain how and
why this happened? Obviously not — since it is clear that
the school authority, in fact officers in the ministry of edu-
cation, did not cast dice or draw random numbers to select
candidates for particular schools. Perhaps these officers
saw to it that the overall proportion of men and women
in school staffs was sufficiently equal to give women an
equal chance, but even this has not been observed — in-
stead we know that the process of desegregation of school
staffs had entirely different origins: it was only the con-
sequence of desegregation among girls and boys which in
turn was due to the fact that most small towns could not
afford separate schools for boys and girls (the percent-
age of girls in grammar schools rose steeply in the 1950s
and 1960s). To summarise: a nice prediction (or at least
retrodiction), but a poor explanation.

Example: Artificial eutrophication of a lake

Another example which is at the borderline between
quantitative and qualitative simulation is the following.
It was derived from a purely quantitative System Dynam-
ics simulation in the tradition of Meadows and Forrester
(Anderson 1973) which was used to quantitatively pre-
dict the consequences of bringing fertiliser into the soil in
the neighbourhood of a lake and of actions taken to avoid
these consequences by, for instance, harvesting algae or
dredging the ground of the lake. This was, as it were, a
simulation machine to predict the outcomes of real-world
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experiments or perhaps to replace such experiments. An-
derson’s model was not designed to predict how farmers,
fishers, tourist offices, local authorities around the lake
would act when they realised that dead fish was swim-
ming on the surface of the lake or when its water reeked
of decay: this was only introduced in a revised model
where local authorities — modelled as software agents
— could decide which action to take when they were in-
formed about the state of the lake, and where local farm-
ers — also modelled as software agents — could decide
whether it was more profitable for them to pay taxes for
using artificial fertiliser on their fields and to grow more
crop or to waive fertilising, not to pay fertiliser taxes and
to be satisfied with lower yield (M̈ohring and Troitzsch
2001; see Figure 3).

applying
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aeration

artificial
discharge

Lake
Nutrient
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Oxygen

Detritus
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Figure 3: Two versions of Anderson’ model of the eu-
trophication of a lake (Anderson 1973); left: a model of a
lake subject to simulation experiments, right: a model of
the lake and its (agri-) cultural environment

The difference between the two approaches is
twofold:

• First, in the original approach Anderson took a for-
mal model of the physical, chemical and biolog-
ical processes running in a lake to simulate what
could happen if these processes were disturbed by
external influences imposed on the model by the
simulating experimenter — whereas the extended
model embeds the model of a lake into its social,
political and economic environment and models
influences external to the lake as internal to the
model, thus taking into account that the lake and
its socioeconomic environment interact and are in-
terdependent.

• Second, the original approach starts from physi-
cal, chemical and biological theory providing the
equations between the main variables describing
the lake and generates quantitative simulation re-
sults (predictions) which might be compared to fur-
ther observation data and help improve (fine tune)
the theory of the biochemical processes occurring
in a lake — whereas the extended model takes the
behaviour of the lake for granted and adds a num-
ber of assumptions about the behaviour and actions
of a number of human actors which are (or at least
could have been) based on everyday observation

and discussions with stakeholders, and these as-
sumptions are not aimed at generating quantitative
predictions about the effect of the tax rate imposed
on artificial fertilisers on the oxygen concentration
in the lake, but only in qualitative predictions an-
swering the question under which tax regime and
under which additional measures taken by govern-
ment and other neighbours of the lake its eutrophi-
cation could or could not be avoided.

Both approaches would serve as explanatory models:
the restricted model would explain how and why under
certain external or internal circumstances a lake would
be eutrophicated and suffocate and what was the physical
and biochemical mechanism behind the processes leading
to total consumption of oxygen at the ground of the lake
— and it would at the same time recommend countermea-
sures and allow for an estimation for their potential suc-
cess; and the extended model would explain under which
conditions such countermeasures would be taken by the
population living around the lake and what incentives one
part of the population would have to promise another part
of the population to take the necessary countermeasures.

EXPLANATION AND PREDICTION

There is a long discussion about the question whether ex-
planation and prediction are equivalent, or, to put it in
other words, whether a theory which predicts empirical
observations correctly at the same time explains what
it predicts. Gr̈unbaum (1962) pleaded for the equiva-
lence while Scriven (1969) pleaded that both were “non-
symmetrical”. If we consider prediction and explana-
tion equivalent then our first example above would have
explained the gender desegregation in German schools
observed in the second half of the 20th century (al-
though this was only retrodiction, but in principle, the
three assumptions could have been stated in 1950), but
this explanation is of the same quality as the explana-
tion Mesopotamian priests could give 2,500 years ago
for their (mostly correct) predictions of solar eclipses.
In both cases, some scepticism in in order: from our re-
search into the history of school staffs we know that de-
segregation had different causes than those stated in the
assumptions, and the Mesopotamian theories of planetary
movements were superseded 400 years ago by new theo-
ries which are substantially more valid.

The controversy between Grünbaum and Scriven,
however, was different: Scriven had argued the other
way round: “Satisfactory explanation of the past is pos-
sible even when prediction of the future is impossible.”
(Scriven 1969: 117; Grünbaum 1962: 126) while we
argued above that even when prediction of the future is
possible with the help of a theory, this does not mean that
this theory satisfactorily explains what happened (another
theory could yield the same prediction and deliver a bet-
ter explanation).

Without going into the details of this old controversy
we should instead discuss what explanation and predic-
tion could mean in the context of (social) simulation. Ep-
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stein and Axtell argued that explanation of a phenomenon
is achieved once the phenomenon could be reconstructed
or generated (“grown”). From this point of view, the
development of the distribution of percentages of fe-
male teachers in German grammar schools is explained
by the three assumptions mentioned above, since this
time-dependent frequency distribution as a macrostrucure
could be reconstructed quite well from the microstructure
defined in the three assumptions. Of course, this recon-
struction is by no means quantitatively precise: the two
graphs are similar, but not identical (perhaps due to some
simplifications in the assumptions, perhaps due to the fact
that the random number generator in the simulation run
which generated the time-dependent frequency distribu-
tion was not perfect, or for any other reasons) — and,
of course, Sugarscape explanations are of the same, non-
quantitative type.

What simulation models like these are designed to
predict is only how a target system might behave in the
future qualitatively; what we want to know is whether
any macrostructures might be observed and what these
macrostructures might look like, given that on a micro
level some specific rules are applied or some specific laws
hold. This is what we should call a qualitative predic-
tion which at best would tell us that a small number of
categorical outcomes can be expected with their respec-
tive probabilities. But this is not the type of prediction as
the objective of simulation “which most people think of
when they consider simulation as a scientific technique”
(Axelrod 1997: 24) — “most people think of” attempts at
simulating planetary formation (Casti 1996: 14) instead
of “simulating the movement of workers or armies”. But
if we use prediction in a non-quantitative sense, predic-
tions delivered by simulations might still be useful “for
the discovery of new relationships and principles” which
Axelrod finds “at least as important as proof or predic-
tion”. They might answer questions like “Which kinds
of macro behaviour can be expected from a given mi-
cro structure under arbitrarily given parameter combina-
tions and initial conditions?” The definition of this mi-
cro structure will typically be derived from observations
on the micro level, and the simulated macro structures
will typically be compared to macro structures in the tar-
get systems (which perhaps have not even be discovered).
And a simulation model which generates a macro struc-
ture which resembles real-world macro structures from
simulated micro structures which resemble micro struc-
tures observable in the real world might be accepted as a
provisional explanation of real-world macro structures.

In a second step we might apply simulation to pro-
ceed to a second stage of qualitative prediction, where
we are not interested in the general behaviour of a cer-
tain classof target systems, but in the future behaviour
of a particularinstanceof this class of target systems
— say, the future market shares of a number of com-
peting products in a market, trying to answer the ques-
tion whether most trademarks will survive with reason-
able market shares or whether most of them will survive
only in small niches whereas one product will gain an

overwhelming share of the whole market; this would still
be a qualitative answer: we might not be interested in
which trademark will be the winner, and we might not be
interested in how many per cent of the market it will win
(this would be only the third use of simulation, namely
to predict quantitatively and numerically, as in microan-
alytical simulation and, perhaps, also in the simulation
of climatic changes where we would not be content with
the outcome that mean temperatures will rise but wanted
to know when, where and how fast this process would
have effects on nature and society). Or, to return to the
example of the lake, its eutrophication and the counter-
measures taken by its neighbours, we would

• first apply simulation to the very general question
whether an artificial society “living” around an ar-
tificial lake which functions much like an empir-
ical lake could ever learn to avoid eutrophication
(something like a tragedy-of-the-commons simula-
tion),

• then apply simulation to an empirical setting (de-
scribing and modelling an existing lake and its sur-
roundings) to find out whether in this specific set-
ting the existing lake can be rescued, and

• eventually to apply simulation to the question
which political measures have to be taken to make
the lake neighbours organise their economy in a
way that the best possible use is made of the lake
— and obviously this would be a discursive model
in which stakeholders should be involved to nego-
tiate and find out what “best possible use” actually
means for them.

And to involve stakeholders in the development of a sim-
ulation model like this it will be necessary to validate
the model (which could be done in the first two steps
described just above) — otherwise stakeholders would
not believe it was worthwhile to work with the simula-
tion model.

TYPES OF VALIDITY

With Zeigler we should distinguish between three types
of validity:

• replicative validity: the model matches dataal-
ready acquiredfrom the real system (retrodiction),

• predictive validity: the model matches databefore
data are acquired from the real system,

• structural validity: the model “not only reproduces
the observed real system behaviour, but truly re-
flects the way in which the real system operates to
produce this behaviour.” (Zeigler 1985: 5)

Zeigler here addresses three different stages of model
validation (and development). Social science simulation
does not seem to have followed this path in all cases:
Since often data are very poor in the social sciences,
early models, too, tried to be structurally valid and did
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not bother much about replicative or predictive validity.
“Data already acquired from the real system” were not
available in a form that could be matched to the bulk of
data simulation models had generated. There are several
reasons for this difference between natural and social sci-
ences: Data collection is a very expensive task in the lat-
ter, and in most cases it is even impossible to generate
long time series for individual or group behaviour — in-
dividual attitudes, e.g., may be changed by the very mea-
surement process, and groups may have changed in their
composition before they were able to generate a time se-
ries which would have been long enough to allow for pa-
rameter estimation. On the other hand, the different kinds
of influences non-living things exact upon each other are
very much limited in their number, such that a structurally
valid model can much more easily be found for the tar-
get systems natural sciences deal with than for social sys-
tems.

When talking about structural validity, a digression
on structuralism might be in order: Structuralism as de-
fined by Sneed (1979) and Balzeret al. (1987) sees both
simulation models and observations as models of a theory
which in turn — for them — is a mathematical structure
consisting of (among others) three sets of such models.
And these models — full models, potential models, and
partial potential models — are defined as lists of terms
and functions and (in the case of full models) invariants.
Observations in this structuralist programme in the phil-
iosophy of science are intended applications of a theory,
they are a subset of the set of its partial potential mod-
els in a sense that we can talk about them in terms which
are non-theoretical with respect to a theoryT in question
(“T-non-theoretical terms”, for short). Elsewhere it was
shown that a simulation model“of a theory” is “anal-
ogous to a structuralist reconstruction of this theory”,
and that such reconstructions can easily be translated
into simulation models and vice versa (Troitzsch 1994),
provided the simulation language is object-oriented and
functional (in other simulation languages the translation
might be less straightforward). Simulation models would
then be translated into full models in so far as they con-
tain both T-non-theoretical terms (those we can use for
talking about the target system irrespective of whether the
theory is validated or not) and its T-theoretical terms —
those which are only introduced by the theory, “in the
sense that their meaning depends onT”, (Balzer et al.
1987: 40) — and, thirdly, the axioms or invariants the
theory postulates — whereas observations (or rather: in-
tended applications, to keep to the terminology of struc-
turalism) are only partial potential models listing just the
terms which are non-theoretical with respect to this the-
ory. Thus, simulation is “richer” than observation.

Validation of simulation models is thus the same (or
at least analogous) to validation of theories. In the sense
of structuralism, we can interpret validation as the at-
tempt at finding whether there exist intended applica-
tions of a theory (observations to which the theory refers)
which belong to the content of the theory — which means
that it should be possible to make an observation (in T-

non-theoretical terms) which complies with the axioms
of the theory (which in turn might be expressed in T-
theoretical terms, but then these must be linked to T-non-
theoretical terms).

What does this mean for agent-based simulations in
the range defined in the introduction? Sugarscape agents
and plants correspond to T-theoretical terms, and the rules
which the agents obey correspond to the axioms of this
theory. But is there any empirical claim of the theory be-
hind Sugarscape? If this theory predicts that — with a
given parameterisation and initialisation — macrostruc-
tures emerge from the microstructures programmed into
“its” models, and the emerging macrostructures suffi-
ciently resemble observable macrostructures, we could
admit that this observable macrostructure together with
its microstructure (provided it resembles the model’s mi-
crostructure) is an intended application of the theory be-
hind Sugarscape and that it complies with its axioms.

In the case of the empirical examples sketched above,
the case is even simpler. Our model of a lake and its so-
cioeconomic environment was based on observation, but
it would still contain a number of terms which can only
be used within a theory of, say, ecological consciousness:
There would be some link between the state of the lake
(its smell or colour) and the state of ecological conscious-
ness of a particular person living near the lake (something
like “the worse the water smells, the more am I willing to
protect the lake from sewage”) and the action this person
takes, and we could only observe the direct link between
the observable smell of the lake and the observable ac-
tions taken, so the two “internal” links (as functions with
their numerical coefficients, or as fuzzy rules with their
membership functions) would remain theroetical with re-
spect to such a theory — but the computer programme
used for this simulation would still be a full model of
this theory, because it would contain a function or rule
representing this link, and that part of the simulation out-
put which could be compared to empirical observational
data would be the partial potential model of the theory.
Stakeholders, however, might find that the T-theoretical
links between the observable state of the lake and the ob-
servable actions on one hand and the T-theoretical state
of ecological consciousness comply with what they think
how ecological consciousness (if ever such a thing exists)
works. And this could be the special value simulation
could have in participatory modelling approaches (cf. the
last few paragraphs of El hadouajet al. 2001).

CONCLUSION

We dealt with the question about the relation of com-
puter simulation and explanation, especially sociological
explanation. and came to the conclusion that computer
simulation programmes can be seen as models of theories
from the point of view of the structuralist programme in
the philosophy of science. This means that computer sim-
ulation should always have an empirical claim the same
way as any theory should have an empirical content. Em-
pirical claims of computer simulations come in different
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forms — from quantitative predictions of future measure-
ments down (or up?) to qualitative descriptions of possi-
ble scenarios. Both can be used to validate (the theory
behind) the simulation model.

“Good validation of social simulation requires predic-
tion” (Moss 2001: 9), but a good prediction is not always
a sufficient indicator for validity. And “descriptiveness”
is also a good indicator “for the validity of ... models”
(Moss 2001: 10): When we model social processes in a
participatory context, then agreement of the participating
stakeholders on the validity of the model can be a reason-
able indicator for the validity of the model.
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ABSTRACT

It is claimed that simulations maintain an independent 
status in knowledge production – they combine traits 
both of experiment and theory. In  particular, simulation 
procedures differ fundamentally from numerical
calculations in the strict sense, rather they can be seen 
as imitations of complex dynamics by a suitable
generative mechanism. To argue for this claim results 
from a case study of climate research are employed. The 
simulation models of the general circulation of the
atmosphere are based on theoretical models (PDEs), but 
they cannot be derived from the theory. The case study 
will show that simulation models have to take certain 
liberties. Namely, the performance on the computer is 
more important than the model’s derivation and its
accuracy of calculation.

INTRODUCTION

Computer simulations are employed in rapidly
increasing fields of science and practice. In many cases, 
there is no other method of investigation at hand, be it 
that analytical methods break down because of the non-
linear behaviour of complex systems, or that
experimental methods are too risky or simply too
expensive. To mention just some examples out of the 
broad spectrum where computer simulation are applied:
How does a plasma behave under the influence of a 
magnetic field, how is a car body deformed during an 
accident, i.e. in a virtual crash test? Or how will the 
global climate change over the next fifty years? These 
are only three examples out of a large list of research 
questions tackled by simulation methods.

Simulations form an important part in the analysis of 
complex dynamics. This suggests the question: what is 
the nature of the knowledge produced by simulations? 
In particular, what can be said about the validity and 
certainty of simulation-based knowledge? Can questions 
of that kind be considered in a general manner at all? 
How can simulations be characterized in epistemic
respect?

These questions belong to what can be called the
philosophy of simulation. In the literature of the
philosophy of science, one can find a controversial
discussion. Are simulations merely numerical
calculations of mathematical models, supplemented
perhaps by more or less instructive visualizations? Or, 
to the contrary, do simulations assume an original
position in the production of new knowledge?

Some philosophical accounts try to give a definition of 
computer simulations by considering the specific
capacities of simulation models. E.g., Paul Humphreys 
derives his definition from the fact that traditional
mathematical methods fail:

”Working Definition. A computer simulation is any
computer-implemented method for exploring the
properties of mathematical models where analytic
methods are unavailable.“(Humphreys 1991, 500f.)

Various other accounts focus on further properties of 
simulation models, like their specific affinities to
dynamic models (cf. Hartmann 1996; Brennan in
McLeod 1968), or the visualisation of simulation results 
(cf. Rohrlich 1991, or Hughes 1999).

The dominating opinion, considered by Winsberg
(2003) to be the “common view”, holds that simulation 
methods open up new possibilities to calculation. In 
philosophical respect, however, they would be rather
uninteresting. The success story is impressive, but
essentially simulations deliver the solutions of
mathematical equations by the brute force of the
electronic computer. For instance, M. Stöckler takes this 
view. He writes:

”Computer simulations enable tremendous progress on a 
pragmatic level, as a matter of degree in terms of speed
and quantity, but not a revolution in the principles of 
methodology.“ (Stöckler 2000, 356)

In the following, we should like to defend the opposite 
view. We shall argue that simulations constitute a new 
kind of synthesis between experimental and theoretical
approaches.



SECOND ORDER MODELLING

We intend to show that computer simulation rely on 
procedures that differ  fundamentally from numerical 
calculation in the strict sense, that is, they do not simply 
replace variables and parameters by numerical values in 
mathematical formulas. They do not solve complex
systems of equations. Rather, simulations are numerical 
imitations of the unknown solution of differential
equations, or the imitation of complex dynamics by a 
suitable generative mechanism.

The Monte Carlo method may serve as an illustrative
example. This method goes back to the joint effort of 
Stanislaw Ulam and John von Neumann in Los Alamos, 
where they cooperated during the Manhattan project.
Monte Carlo may count as the first simulation method 
(cf. Richtmyer and von Neumann 1946). Imagine that 
one intends to determine the volume of a certain body 
via Monte Carlo. One can embed the body into a cube 
of which the volume is known. The idea is to replace the 
(unknown) primitive by a ratio that can be determined 
“empirically”, or quasi-empirically, by iterating
computer runs. The computer determines a point out of 
the cube at random, if this point belongs to the body, the 
trial is said to be successful. By re-iterating this random 
choice one can determine the unknown volume as the 
ratio of successful trials out of a great number of trials. 
To put it in other words: the integration is imitated by a 
generative mechanism.

In the following, we intend to foster this thesis of
simulation as imitation, and we shall argue that
simulation models cannot be derived directly from
theoretical models like systems of differential equations. 
To find a convincing argument requires to avoid the 
easy way, and to choose for example a field where the 
theoretical approach via partial differential equations 
(PDEs) seems to determine the simulation model. Let us 
choose climate research as a case study, and have a
closer look at the so-called general circulation models. 
Even here, simulations can be characterized as
imitations of complex processes by generative
mechanisms. Admittedly, these mechanism are guided 
by theory, but not determined by theory. At the end, we 
shall argue that the performance of the model on the 
computer is more important than its theoretical
derivation and its accuracy of calculation.

Imitation of a Solution: the Dynamics of the
Atmosphere

In 1955, Norman Phillips, working at Princeton’s
Institute for Advanced Studies, succeeded with the so-
called first experiment in simulating the dynamics of the 
atmosphere, i.e. in reproducing the patterns of wind and 
pressure of the entire atmosphere in a computer model.
(Phillips 1956. For more details of the experiment, cf. 
Lewis 1998, for a broader history of ideas of the
modelling of the general circulation of the atmosphere,
cf. Lorenz 1967.) This development of a simulation 

model of the general circulation of the atmosphere was 
celebrated as a major breakthrough. It surprised the
experts, because it was generally accepted that a
theoretical modelling approach would hardly be
possible – the complexity of the processes that
determine atmospheric circulation was judged
insurmountable for an approach via a simple model.

After a little while, the simulation-based approach of 
such general circulation models (GCMs) became the
silver bullet of climate research. In 1960 already, the 
Geophysical Fluid Dynamics Laboratory (GFDL) was 
founded in Princeton to follow up on this approach. This 
was the first institution with the official task to simulate 
in climate research. (The National Center for
Atmospheric Research (NCAR) in Boulder, Colorado 
was founded in the same year.) Today, GCMs dominate 
climate research, being developed further at a handful of 
research institutions worldwide.

This first attempt to build a simulation model of the 
entire atmosphere was considered an “experiment”. This 
underlines how uncertain the success of this project 
was. At the same time, the conception of “experiment” 
expresses an important aspect for the methodology: in 
simulations, scientists use their models like an
experimental set-up. Hence, the results of simulations 
acquire a quasi-empirical character.

The simulation model of the “first experiment” worked 
with a very coarse spatial discretization of the
atmosphere. In vertical direction, it exhibited only two 
layers, and horizontally the grid cells covered more than 
200.000 km2. In the experiment, the initial state was an 
atmosphere at rest, with no differences in temperature 
and no flow. Phillips had to introduce the physical laws 
that govern the dynamics of the atmosphere. He used 
only six basic equations (PDEs) which since then are 
called the “primitive equations”. They are generally 
conceived of as the physical basis of climatology. These 
equations express well-known laws of hydrodynamics –
the surprising thing was that only six PDEs were
sufficient to reproduce the complex behaviour, and 
Phillips had the skill and luck of making an adequate 
choice.

The physical basis had to be adapted to the grid. The 
construction of a discrete model is a typical task of
simulation modelling. The global and continuous
equations of hydrodynamics had to be reformulated in 
order to calculate the time evolution of the relevant 
variables – pressure, temperature, wind speed – at the 
grid nodes step by step.

In the second step of the experiment, the dynamics was 
started, i.e. the radiation of the sun and the rotation of 
the earth were added. The atmosphere settled down in a 
so-called steady state that corresponded to stable flow 
patterns.



The tantalizing question was whether the model was 
able to reproduce the global flow patterns of the real 
atmosphere well-known from observations. For
instance, one criterion was the complex pattern of the 
so-called surface westerlies, winds blowing
continuously north the equator. The result was positive 
– everyone was impressed by the degree of
correspondence. As we mentioned before, the experts 
were sceptical about the possibility of a global (and not 
far too complicated) model, but the empirical success 
was convincing. The decisive criterion for success was 
the adequate imitation of the phenomena, i.e. the flow 
patterns, not the derivation from theoretical principles.

The continuous primitive equations of the atmosphere 
were not solved in the strict sense during Phillips’
experiment, rather, the phenomena of the atmosphere 
were imitated by the generative mechanism of the
discrete difference equations. The success of the
imitation was judged by its correspondence to the flow 
patterns observed. Insofar, the validation of simulation 
results relies on a quasi-empirical strategy.

There is a certain condition that simulations have to 
fulfil, a condition that you will certainly be well-
acquainted with, namely stability. The generative
mechanism chosen that is to imitate a certain dynamics, 
must “run” on the computer. It must not become
instable because of discretization errors and truncation 
errors building up. Numerical instabilities are a severe 
and fundamental problem of simulation modelling.

The simulations of climate were caught up in this
problem as well. In the course of the story of climate 
simulations, we will hit on a remarkable fact: The
orientation to simulation as the numerical calculation of 
a solution led climate research to a dead end. Further 
progress became possible only after the insight had been 
accepted that in simulation modelling something more 
was allowed and required than strict dependency from 
the given system of equations to be solved. In particular, 
the discrete model cannot be deduced from the
theoretical model (the primitive equations)! To justify 
this claim will be the strongest argument for our
viewpoint that simulations are imitations and can be
described as modelling of second order.

Arakawa’s trick

Phillips simulation experiment was a tremendous
success, but it exhibited also an important failure of the 
simulation model: the dynamics of the atmosphere were 
stable only for a few weeks. After about four weeks, the 
internal energy blew up, and the system “exploded” –
the stable flow patterns dissolved into chaos. „After 26 
days, the field … became very irregular owing to large 
truncation errors, and is therefore not shown.” (Phillips 
1956, 145)

Nevertheless, the experiment was seen in general as a 
success. The possibility of simulating the atmospheric 

circulation was not doubted. Instead, it was
acknowledged as a challenge for further research to
achieve a stable model. Questions of stability were
important for climate research, as it was interested in 
long-time predictions. And they were of equal
importance for the simulation method in general,
because it is a rather general and typical task of
replacing the “natural” dyamics of a system of PDEs by 
the “artificial” dynamics of a discrete system in a stable 
way. Phillips was well aware of the superior importance 
of stability issues and he suggested the truncation errors 
as the cause of instability.

Years of intensive and highly competitive research
followed. The solution of the problem was assumed to 
consist in adequate smoothing procedures to cancel out 
the errors before they could blow up. This strategy was 
obviously oriented at the ideal of calculating as
correctly as possible. Instabilities were seen as resulting 
from errors, inaccurate deviations of the discrete model 
from the true solution of the continuous s ystem.

The decisive breakthrough, however, was achieved by a 
different approach, one pursued by Akio Arakawa, a 
mathematically highly gifted meteorologist who was
developing a GCM at the University of California in 
Los Angeles (UCLA). For him, imitating the dynamics 
was of prime importance, and less the precise
calculation of a solution.

At heart, Arakawa had realised that one could set aside 
a strict solution of the basic equations. One even should
do so! If the time development of the simulation was 
reproducing the patterns of the atmosphere in a
sufficiently adequate manner, and if the simulation was 
stable, then it was not obliged to be a solution of the 
basic equations – not even in the limit! To put the whole 
thing in a nutshell, the point of Arakawa’s approach 
was: imitation of the phenomena beats solution of the 
equations.

Of course, this does not imply that one can simulate a 
given dynamics by completely arbitrary mechanisms.
Far from that. And Arakawa very wisely adhered to the 
given equations. BUT he applied what later was to be 
known as “Arakawa’s computational trick“. The basic 
equations define a generative mechanism whose
development over time is formally described by the
Jacobi operator. Arakawa replaced the Jacobian by
another operator he himself had constructed, later called 
Arakawa -Jacobian. The construction of the Arakawa
operator is full of highly sophisticated mathematical 
arguments. The details do not matter in our context here 
(cf. Arakawa 1966, and the reconstruction in Arakawa 
2000.) The pivotal fact is that the Arakawa operator
permitted a stable long-time integration because he
avoided the non-linear instability Phillips had had to 
face. Arakawa was able to prove this property
mathematically.



To guarantee the stability of the simulation procedure, 
Arakawa had to introduce further assumptions, partly 
contradicting experience and the physical theory. He 
had to assume that the kinetic energy in the atmosphere 
would be preserved. This is definitely not the case in 
reality, where part of this energy is transformed into 
heat by friction. Moreover, dissipation is presumably an 
important factor for the stability of the real atmosphere. 
So we can summarize that Arakawa, in assuming the 
preservation of kinetic energy, “artificially” limited the
blow-up of instabilities. In the real atmosphere, friction 
is responsible for that effect.

Incidentally, John von Neumann had employed a very 
similar strategy. He introduced an “artificial viscosity“ 
to bring about a realistic behaviour while simulating the
propagation of “shock waves” (cf. Winsberg 2003).

Utilizing conservation assumptions that obviously went 
against theory and experience was taken up very
sceptical by the community. As Arakawa remembered, 
the tenor was: “Why require conservation while nature
does not conserve?” (Arakawa 2000, 16) While most 
researchers were convinced that the promising path was 
to find a solution of the primitive equations as accurate 
as possible, Arakawa had made an additional modelling 
step. This step was not derived from the theoretical 
basis, and was justified only by the results of simulation 
runs that showed quasi-empirically that the Arakawa 
operator led to a successful imitation. The success of his 
approach was eventually generally accepted, and his 
initially controversial approach, is today conceived of as 
a “computational trick” (cf. Weart 2001).

It is an illustrative fact that Arakawas approach proved 
to be superior in the course of a simulation experiment. 
At first, in the 1960ies, Arakawa had a couple of
scientific rivals that tried to develop different smoothing 
procedures to avoid the problem of non-linear
instabilities. Again, an experiment brought about a
decision. In 1978, Jule Charney conducted a simulation 
experiment that consisted in the competition of different 
GCMs. They ran in parallel, starting with the same
initial conditions. Three GCMs took part: Leith/
Lawrence Livermore Lab; Smagorinsky/ GFDL
Princeton und Arakawa/ UCLA. The first had
implemented smoothing procedures, while the UCLA -
model was based on the Arakawa-operator. Phillips
describes the outcome:

“„...three general circulation models (...) were used for 
parallel integrations of several weeks to determine the 
growth of small initial errors. Only Arakawa’s model 
had the aperiodic behavior typical of the real
atmosphere in extratropical latitudes, and his results
were therefore used as a guide to predictability of the 
real atmosphere. This aperiodic behavior was possible 
because Arakawa’s numerical system did not require the 
significant smoothing required by the other models, and 
it realistically represented the nonlinear transport of

kinetic energy and vorticity in wave number space.“
(Phillips 2000, xxix)

This strengthens our argument: The traditional view 
interpreted simulation as numerical calculation of the 
solution of a mathematically or physically defined
system. In the face of instabilities, this view had come 
to a dead end. The desired stability could be obtained 
only by smoothing procedures. These, in turn, resulted 
in unrealistic long-term behaviour. The competing
approach of Arakawa attained a more “realistic” picture 
of the dynamics of the atmosphere, because it was based 
on counter-intuitive, artificial and physically
unmotivated assumptions. In other words: he utilised the 
partial autonomy of simulation modelling as a
modelling of second order.

CONCLUSION

Let us take stock of the case study. We have seen that 
there is no relation that would permit to derive a
simulation model from a theoretical, or from a
mathematical model. Simulation modelling can– and 
must – take certain liberties. In short: performance beats 
theoretical accuracy.

Because of this partial autonomy of the simulations 
from the theoretical basis, simulations are not merely 
numerical calculations. Rather, they are models of
second order in the sense of iterated model construction. 
This result does not seem to be restricted to simulation 
models that stem from a system of continuous PDEs. 
They constituted the extreme case where simulation as 
calculation seemed to be most plausible. Other
simulation procedures employ generative mechanisms 
in a similar way to imitate a certain dynamic.

Therefore, the adequacy of a simulation model cannot 
be theoretically deduced, nor derived from general
principles. Simulation results have to be judged by
experience. The quasi-empirical approach, that permits 
to tune the models in face of theoretical model
experiments, is a necessary methodological condition 
for simulations of that kind. Theoretical alternatives can 
be compared empirically. Hence, it is justified to speak 
of computer simulations as of experimenting with
theories. This provides simulations an independent
status in knowledge production, they combine traits
both of experiment and theory. (For similar theses
concerning the autonomous status of simulations cf. 
Rohrlich 1991, Humphreys 1991, Galison 1996.)

This seems to be a result that forms (at least) an
important part of an epistemic characterization of
simulations, and of the knowledge they provide. What 
does this imply for our initial question concerning the 
validity of simulation results?

There, however, one evil seems to have been replaced 
by another. Simulation methods can achieve a good
performance without strict theoretical justification. But 



then the results have to be validated by experience. 
Does this not fundamentally weaken the potential for 
predictions?

We maintain that no easy answer is possible. One may 
observe interesting new strategies of validation, e.g. in 
climate research. There the models are validated by 
comparing their predictions in retrospect with known 
data. One has to trust, however, in the stability of the 
dynamics to do so. In general, this is a challenge for 
further research: to make a survey of the pragmatic 
solutions that can be found in science to cope with the 
problem of validating this new kind of simulation
knowledge.
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ABSTRACT 
 
The process of model building in the environmental 
sciences and when dealing with ecosystems is 
discussed. Two types of modeling approaches need to 
be distinguished: An algorithmic one, which has been 
used traditionally in physics, meteorology, and other 
branches where biological degrees of freedom are either 
absent or neglectable; and an interactive one, which is a 
new framework in computer science and seems to be 
most suitable in cases where organisms (including 
humans) as agents in ecosystems are to be taken into 
account. The first modeling approach is exemplified by 
state models in dynamic systems theory and expresses 
the correspondence imposed by laws of nature between 
inferential entailment in a formal system and causal 
entailment in natural systems. Modeling is to be 
separated from simulation. In the first case simulation is 
a less restrictive type of modeling in which the 
description of non-interactive behaviour is the purpose 
and no constraints on the correspondence to internal 
states are imposed. The second (new) modeling 
approach is exemplified by interactive simulation 
models. It is able to express the correspondence in 
behaviour imposed by engineering standards (or cultural 
norms in general) between documentation, training and 
application in interactive choice situations such as 
games or ecosystem management. It generalises the 
notion of simulation for interactive problems. In an 
idealised situation the strictest correspondence between 
behaviour in a natural and a virtual system is expressed 
as bisimulation. The principles for model building are 
shortly demonstrated with examples. 
 
I NTRODUCTION 

The term “model” has a wide range of notions in 
science. After restricting the focus to environmental 
sciences, ecosystem research or ecology conflicting 
meanings remain (Stehr 2001). The widespread and 
confusing applications of the term “modeling” is similar 
to that of “force”. However, in the case of “force” some 
very specific meanings have been identified and given 

formal definitions. It can even be said that the whole 
edifice of physics rests upon four notions of force and 
the models derived from the state concept. To what 
extent is this success story of modeling in physics 
transferable into sciences dealing with Life? Can model 
approaches dealing with living entities be formalised 
and to what extent has that already been achieved? 
Since modern computing has become cheaply available 
the term simulation has been used in the same or similar 
meaning as the term model. What is the difference 
between modeling and simulation for ecosystem 
management and its implications? 
 
TWO TYPES OF MODEL REASONING 
 
T he algorithmic approach 

We start from and base the subsequent argument upon 
the approach proposed by Rosen (Rosen 1991). 
However, later it will be necessary to extend the 
meaning of the term modeling approach to include a 
second case. Rosen distinguishes between material 
(natural) and formal realms and two forms of 
entailment. In the material world events are connected 
by causal entailment, whereas in the formal world they 
are connected through inferential (logic) entailment. 
(Figure 1). The concept of laws of nature is thought to 
connect the two and to garantee a deep congruence 
between these two forms of entailment operating upon 
the actual configuations (states) in the natural and in the 
abstract realms, respectively. Here we will restrict this 
correspondence to an algebraic congruence, i.e. the 
equational forms of laws of nature. In addition to the 
correspondence imposed by laws of nature the encoding 
of observations represents a critical link. It is not part of 
the formal system and requires a way of intersubjective 
agreeing upon an objective content in observations. It is 
here where much of the “art of modeling” in the sense 
of Robert Rosen lies. 
 
A diagram as in Fig. 1 could only be drawn after an 
inside/outside (or object/subject) distinction has been 
made, by an observer (modeler) exterior to the natural 
system to be observed, seeking a way of capturing 
systems in an efficient way through abstraction. This 
exo-observer compares two object systems and often 
acts as a filter - by either neglecting “unwanted” 
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behavior or actively preparating the system into defined 
initial states from which subsequent observations (of 
behaviour) can be repeated. This is the modeling 
concept that underlies dynamic system theory and the 
(Newtonian) natural sciences today (Rosen 1991). It 
connects these two worlds: the direction from the 
material to the formal is termed “encoding” 
(abstracting) whereas the opposite direction is termed 
“decoding” or realisation. In practical terms, the 
encoding step is the model building process, providing a 
system of equations that, when complemented with 
appropriate static system descriptors (e.g., boundaries) 
build the formal system. The decoding step is solving 
these equations for the appropriate system – this step 
produces model data which are then compared to the 
observed behavior for a given time period. 
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Figure 1: Modeling relation between real and 
abstract systems (Rosen 1991). This is the modeling 
approach that is used most widely in natural 
sciences and sometimes taken even as 
synonymously with them. The black arrows (1,3) 
indicate those parts of the cycle that are connected 
by and corresponding to laws of nature (Rosen 
1991). The grey arrows (2,4) indicate the “open 
parts” in this loop (unentailed in Rosen’s 
terminology).  

 
The nontrivial part of this loop is the encoding. The 
decisions about changes to be made in the model after 
observing deviations between model data and actual 
behavior in step 4 (Fig. 1) are also non-trivial. 
 
The flow between natural and formal system indicated 
by the arrows is one of data and equations or 
mathematical abstractions. The latter have lawlike 
character, and the procedure has to be considered as 
repetitive. Lawlike means that its validity has temporal 
and spatial extension and stands behind observations 
being repeatable in space and time. The premise is that 
the procedure described by Fig. 1 eventually converges, 
i.e. that the formal system is a proper representation of 
the real world. It is the fundamental claim of natural 
sciences that nature is describable by natural laws, 
emphasizing the crucial role of reproducibility in 
experiments (Mittelstrass 1995). This is expressed by 
the notion of Natural Law in the words of Rosen. 

The interactive approach 
 
We propose a second type of modeling approach, 
suitable for interactive systems and their corresponding 
simulation models as given in Fig. 2. Here, no exo-
observer is present, and the flow between the natural 
system and its virtual counterpart is represented by the 
observers themselves and their persistent memory when 
physically switching from one context to the other. Any 
participating agent in such a series of repeated 
transitions will be termed endo-observer. However, this 
diagram is to be drawn only after the system/environ-
ment boundary has been delineated for each of them 
(localization of the system that carries such persistent 
memory is the precondition for endo-observers). After 
each endo-observer has been localised one can pose the 
problem of how their collective memory can be 
intersubjectively documented. 
 
The participatory agents run through a training cycle 
with an interactive simulation as part of the virtual 
system. Thereby the interactive relationship between 
environmental system and agent behavior is established. 
This leads to a pattern of actions and reactions which 
are then applied to the natural system after the 
endoobserver has (physically) moved back to the other 
side of the diagram. Usually, there is a mismatch 
between the trained pattern and the actual interactive 
relationship of the practitioner with the natural system. 
Thus, in a second step, the practical experiences are 
built into a changed description as virtual system. This 
latter step is the nontrivial one, as there is no obvious 
way to transform expert knowledge into formal 
descriptions (source code) in interactive systems. It is 
also not trivial to classify interactive systems correctly 
and distinguish them from non-interactive complex 
signals (see discussion). 
 
Whether this loop converges or not is not a matter of 
natural laws - it is an active process and it has normative 
aspects: among all systems and behaviors the trained 
expert utilizes the most reproducible or stable ones, 
since these are the only ones he exerts control on. 
Convergence would imply that the differences in 
behaviour between virtual and natural system disappear 
- in sharp contrast to the situation of Fig. 1. In 
interactive systems such a convergence allows to assign 
an overall purpose (service) to the behaviour that can be 
interactively brought to a specific and repeatable 
outcome by experts. Typically the utilization interest 
rests upon the ability of experts to (interactively) judge 
and extend the service available from such a system. 
The existence of a set of expected reactions for the 
interactive phenomenon provides the basis for the 
normative background of any local decision (but this is 
not a functional one and requires evaluation competence 
of the expert). 
 
We have argued elsewhere that the ability to 
interactively extend a service available from ecosystems 



in an unlimited manner by experts, provides a definition 
of sustainable use of ecosystems (Hauhs et al. 2003). 
Criteria to test sustainability cannot be abstracted from 
the documented state of expertship and expert 
competence in valuation. For example, sustainability in 
forestry must be judged by changes in the forest 
ecosystem and the forester. 
 
Interactive behaviour and the services that can be 
expressed this way has been studied in an abstract way 
in computer science. The notion of interactive 
computation has been derived from many situations 
where internal states are hidden and cannot even be 
reconstructed and the interest (specification) of the user 
is solely on the interactive service, i.e. the way the 
hidden system responds to inputs and outputs. For these 
problems the term “Bisimulation” has been introduced 
(Milner 1989) and extends the notion of observational 
equivalence into the temporal dimension for interactive 
systems. The states of a system are termed bisimular, if 
an external observer is unable to distinguish between 
them by their input – output behaviour. These states can 
be substituted with each other with no consequences for 
the observer.  
 
We are interested in the question whether this notion of 
bisimulation can also be used to express an underlying 
link in an (extended) modeling approach, analoguous to 
the role of laws of nature in Fig. 1. Is it possible that the 
interactive behaviour displayed in the virtual realm of a 
simulation model becomes bisimilar with the interactive 
behaviour displayed in a natural (real) system? 
Apparently in some areas such as chess playing and 
pilot training the answer seems to be yes.  
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Figure 2: Modeling relation between real and virtual 
interactive systems. This approach is proposed for 
models that are capable of simulating interactive 
behaviour. The grey and black arrows have been 
exchanged relative to Fig. 1. Here the experts 
themselves physically move between the virtual and 
natural systems. Hence it is their consistent 
behaviour between training, application and 
documentation that links the cultural norms 
(standards) in natural and virtual systems. The grey 
arrows (1,3) indicate the open parts in this loop. It is 
here where the interaction takes place. These parts 
are by definition outside the range of algorithmic 
functions. 

In such technical applications, the ultimative goal is that 
the expert’s abilities are equally valid both in the natural 
and the virtual system, and that the expert is no longer 
drawing a distinction between the two. The foremost 
example in this direction may be flight simulators. 
 
In the following section we will inspect the numbered 
steps within Fig. 1 and 2 more closely. Examples for the 
two types of modeling approaches will be given when 
we try to integrate the two cases into an approach that 
generalises the one proposed by R. Rosen.  
 
STEPS IN MODEL BUILDING AND 
COMMUTATIVE DIAGRAMS 
 
T
 

he algorithmic approach 

The graphical illustration of the modeling approach in 
Fig. 1 was chosen by Robert Rosen to intentionally 
resemble a commutative diagram of algebra, where the 
objects are the natural and the formal system and the 
encoding/decoding are the morphisms. The reasoning 
and logical inference of model building for systems 
amenable to an algorithmic representation is outlined in 
Fig. 3.  
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Figure 3: The process of model building for state 
systems 

 
At the starting point we have observations (as made by 
an exo-observer) from a given system at a given time 
(period). The natural system develops over time from an 
initial state to a future state (path 1) in a causal way. 
This temporal evolution is accessible through local 
observations of the system for (at least) one additional 
point in time. This is indicated by the box “prediction”. 
 
The crucial point here is that time is solely a Newtonian 
parametric one; the system is considered to be invariant 
with respect to time shifts. This opens the possibility to 
reproduce experiments by reinitialisation. The usually 
presupposed additional spatial translation invariance is 
less significant here, although we are for both 
algorithmic as well as interactive systems mostly 
interested in aspects not unique to the system.  
 
In the context of these systems, only those observations 
are scientifically valid that are to a high extent observer-
independent, communicable, not relying on individual 



perspectives: they must be intersubjective. Abstraction 
e.g. from the individual competencies in handling 
measurement devices (say) is mandatory. We are aware 
that this is an idealization but stress the point that for 
interactive systems, this is an impossible requirement. 
 
The formal representation of the observations (path 2 in 
Fig. 3) has to use a terminology agreed upon in the 
scientific community; it will typically involve objects, 
forces, and spatial configurations. When observations 
become encoded into state variables one has 
successfully abstracted from the histories. Each branch 
of natural sciences has its own standard set of referents. 
 
On the right side, one seeks a minimal model 
(“representation”), from which inferential entailment is 
most comprehensive. From a fixed set of axioms 
(”laws”) and constraints the exo-observer hopes to 
cover a maximum of reproducible observations.  
 
The inferential entailment (path 3) is the proper model 
building (the encoding procedure from Fig. 1). Out of 
the almost infinite set of choices among models, the 
scientist selects according to guiding principles. These 
comprise symmetries of the investigated system, 
associated conservation laws, restrictions of forces 
according to the observed variables, imposed initial and 
boundary conditions, parsimony considerations, and 
ultimately also aesthetic principles (“this theory is too 
beautiful to be wrong”). For well-established theories, 
these constraints reduce the remaining model space 
drastically. 
 
The algebraic model allows to infer (simulate) the 
temporal development, starting with observational data, 
and a later comparison with the same set of observables 
as measured again from the real system (path 4). This 
predictive power of the model is most pronounced if 
there are counterintuitive phenomena in the formal 
system which are later confirmed by observations. The 
reference for a counterintuitive phenomenon must at 
least be partially be grounded on observation. 
 
One example for the latter is sudden instabilities or 
phase transitions in well-controlled lab-scale systems 
(like the onset of ferromagnetism), another one the 
detection of celestial bodies like Neptune from a careful 
perturbation theory analysis. 
 
The illustration of Fig. 3 implies a scientific program, 
which iteratively runs through the loop to enhance the 
model. This program may be considered as successful 
once the mismatch between observed and predicted 
phenomena disappears in practical terms. When (and 
only if) this is achieved, the diagram of Fig. 3 
commutes: the sequence (2) → (3) → (4) leads to the 
same result as the direct temporal development (1): 
 

(2) → (3) → (4) ⇔ (1) (1) 
 

However, the commutativity requires predictability, 
which is a property of the investigated natural system 
rather than the procedure described here. 
 
Robert Rosen speaks about simulation when the 
correspondence of internal structures between natural 
and abstract systems is sacrified. A simulation mimics 
the (non-interactive) behavior of a system, without 
necessarily having any synonymy of elements and their 
causal entailments in the physical system and the 
symbols and inferential entailments in the simulation. 
The drawback of simulations is that due to this lack of 
synonymy, one cannot learn much about the system 
under study by examining the internals of the 
simulation. Simulations try to reproduce (non-
interactive) function rather than structure. 
 
The interactive approach 
 
For interactive modeling we need to extend Rosen’s 
notions of model approaches and of simulations. 
 
The commutative diagram derived in Fig. 3 is given 
another interpretation in figure 4. The criterion whether 
commutativity was achieved in Fig. 3 is the congruence 
between predicted and observed system states in the 
upper left box. For interactive systems and an endo-
observer participating in virtual and real interactions 
this criterion cannot be applied, as the base reference 
(“truth”, the observations in Fig. 3) is non-existing. 
Here the notion of bisimilar behaviour replaces that of 
congruent states (observable configurations). The test 
itself must therefore be extended in time as it may relate 
to a whole series of interactive decisions.  
 
That is why we put (expert) memories in the lower left 
box of Fig. 4 instead of observations. Clearly memory 
(even if we refer to some vague standards of expert 
knowledge) is a much less well-defined concept than 
observation. Let us assume for the moment that this 
difference reflects just the historical situation and we 
know that in earlier days of modern science 
observations were regarded as highly dubious, too.  
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Figure 4: The process of building a simulation 
model for interactive systems 

 
We will regard the iterative movements of experts 
through the cycle as the test by which their memories 
become intersubjectively documented. The enconding 



(2) and decoding (4) steps, which were the problematic 
ones in Fig. 3, become trivial in this case. The experts 
themselves physically move between the natural and 
virtual systems and their memories are assumed (by 
definition) as persistent. However, the entailed steps 
reflecting the action of laws of nature before, steps (1) 
and (3) in Fig. 3, are now the open and unentailed 
sequences of interactive decisions. By definition no 
algorithmic model is able to encompass the complete 
sequence as it unfolds (Wegner and Goldin 1999), 
though they clearly can cover each single step within it 
(exemplified by a chess computer). 
 
S
 

imulation in algorithmic and interactive problems 

In simulation models for algorithmic systems, the main 
emphasis is devoted to mimicking the non-interactive 
behaviour of the dynamic system. A typical example 
from environmental modeling are neural net 
simulations. Such models do not yield an understanding 
of internal mechanisms, e.g. of water flow through 
ecosystems. They have been useful, however, in 
characterizing the relation between input and output 
data. (Küppers and Lenhard 2004) argue in a parallel 
paper that even in this restricted context the heuristic 
component in the practical building of a simulation 
model cannot be completely reduced to scientific 
understanding 
 
This situation changes when interaction is taken into 
account. For these problems a formalization of 
behaviour has been proposed, as it is no longer possible 
to derive it from a closed algebraic system of equations 
(Goldin et al. 2003). Interactive systems are in a 
fundamental sense open and thus different from 
algorithmic computing where the environment is 
excluded between input and output events. Once an oupt 
has been achieved by an algrorithm, its internal state 
must be reset before the next input may occur, hence 
such algorithmic systems cannot have persistent 
memory. A Turing machine that is not reset to a 
predefined initial condition and thus may contain 
persistent internal states between output and subsequent 
input events is termed “persistent TM” and has been 
proposed as a formal model of interactive computing 
(Goldin 2000).  
 
Persistent states of such a machine are typically 
inaccessible for an external observer and the only 
criterion for comparing states is observational 
eqivalence: Bisimulation. The theoretical results in 
computer science based on this concept suggest that an 
approach starting from behaviour is the appropriate one 
for interactive systems, whereas starting from internal 
states is appropriate for state systems. Formally, the 
theories derived for interactive systems are coalgebraic 
duals to the algrebras that express the equations of laws 
of nature. 

Undoubtedly, dynamic system theory so far is the 
dominating approach. Its theoretical framework is fully 
worked out, whereas for the interactive approach we 
basically have a number of promising starting points, 
which are, however, interesting epistemologically. In 
the last section we will discuss how both approaches 
could be accomodated into a joint scheme. 
 
MODELING IN SCIENCE AND TECHNOLOGY 
 
We consider the ideal situation that commutativity has 
been achieved in both Fig. 3 and 4. Robert Rosen has 
discussed why the first modeling approach is often 
regarded as synonym with natural science itself, though 
neither he nor we share that opinion. However, we will 
use this strong label here to make the difference clear 
between the two cycles.  
 
Commutativity implies a correspondence between 
arrows 1 and 3 in Fig. 3 and 4. That is why these arrows 
(indicated by numbers and colour) are shown in parallel 
in Fig. 5. In the lower case, we are dealing with exo-
observers and non-interactive dynamics. The area 
indicated as the realm of laws of nature (“Science”) can 
be regarded as given systems; modeling is inference on 
it. The open part of this modeling approach (grey 
arrows) is where ideas and creativity comes in: the parts 
dealing with encoding and decoding operations. The 
goal is to express laws of nature in their most simple 
form as equations. 
 
Once an object has been thoroughly understood, science 
is able to reproduce the observations. Eventually, 
science may turn into technology: when further 
repetitions no longer have the purpose of demonstrating 
understanding, but rather achieve a desired function-
ality. The label “science” should thus be read as an 
indication that it started from a scientific objective for 
which this modeling approach is typical.  
 
Commutativity in Fig. 4 implies a correspondence 
between the experts’ response in a virtual training 
situation and their response to a real/natural system. 
Here it is the participatory and open parts of the cycle 
that are shown in parallel. They are linked by cultural 
norms. Through these norms, overall functions 
(services) are defined for the expert: getting food, 
timber, etc. from an ecosystem, being able to win a 
chess game, flying from A to B are a few examples. 
This provides the final causation typical for technology 
(Rosen 1991). 
 
The building and documentation of the model is in this 
case a more formal procedure. For any documented and 
achieved service one can ask whether this response has 
already been covered by the simulation model. The 
purpose of the model is not to provide the most simple 
explanation, but the most comprehensive repertoire of 
all possible behaviours that had already been 
encountered in the managed natural system. If in our 
idealised case commutativity has been achieved, then 



the model can be regarded as complete. A symptom of 
completeness is when experts are no longer able to 
distinguish between the interactive system and its model 
(“Am I playing a human or a chess program?”). This is 
the equivalent of the Turing test for interactive systems.  
 
Documentation reduces here to the inclusion of 
additional potential behaviour in the model, in cases 
where the last cycle does not confirm the congruence 
relationship. Application reduces to the training of 
novices to everything that might happen in this system 
and judging his/her performance in the training 
environment. 
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Figure 5: The two modeling approaches combined. 
In the upper cycle interactive simulation and 
utilization (e.g. of ecosystem services) is closely 
related in an idealized (sustainable) Technology. In 
the lower cycle causal structure in real systems and 
inferential structure in formal systems are merged 
by an idealised science. The lower cycle alone is 
Rosen’s modeling approach which is here extended 
into the upper half to cover also simulation of 
interactive behaviour.  

 
When a complete model exists, i.e. the most 
comprehensive competence is included, the interactive 
simulation proceeds with the same theoretical rigor as 
the most simple explanation in the scientific modeling 
approach.  
 
Chess serves as an example. Complete understanding 
can be achieved in two ways. The first one is to find a 
winning strategy. In this case the interactive aspects can 
be shown as virtual, it will cease to be a game. This 
corresponds to the scientific modeling approach, where 
the problem is ultimately reduced to function. The 
second possibility is to derive a complete model of 
human heuristics in playing. This program would 
contain all constraints of human playing, it could be 
beaten, but no more by any single human, only 
collectively by all of them (i.e. by another program of 
the same type). This interactive model would be able to 

simulate and master anything that can happen in human 
chess playing. A novice could be trained to any level by 
just playing this simulation. This second case shows the 
technology approach where the heuristics of good 
playing can never be substituted by scientific 
understanding. In the contrary who would doubt that the 
complete model represents some “understanding” of the 
human way to play the game heuristically? Both cases 
may still occur in real chess, but the second one seems 
currently a bit more likely.  
 
EXAMPLES FROM ENVIRONMENTAL 

ODELING AND ECOSYSTEM RESEARCH M 
An example of the modeling approach of (non-
interactive) environmental science is discussed in the 
paper by Küppers and Lenhard (this proceedings). That 
is why we will restrict the examples to cases where 
living systems are directly involved. We regard 
ecosystem management as a paradigmatic one. Humans 
have not fully emancipated from the necessity to utilize 
ecosystems and it is unlikely that they ever will. In 
addition science has not achieved an understanding of 
Life that would allow to reconstruct it by the modeling 
approach depicted in figure 3 in science from its 
building blocks. It is also unlikely that this will change 
in the future. Robert Rosen has argued that there are 
principle difficulties to be solved. 
 
A political goal addressing this issue is expressed by the 
notion of sustainability with respect to ecosystem 
utilisation. One of the best investigated examples is 
forestry in Europe, where the term sustainability has 
been used for two hundred years. Under the given 
environmental conditions and given the range of species 
in Middle Europe, forestry involves a rotation period of 
typically a century. Many of the management decisions 
that are necessary in the course of such a rotation period 
can only be taken interactively. The current situation 
has to be judged competently and appropriate action be 
taken in response to it. We have argued elsewhere that 
this interactive aspect in silviculture is irreducible, and 
simulation models of forest growth have thus to 
incorporate these interactive decisions. (Hauhs et al. 
2003). 
 
D
 

ISCUSSION AND CONCLUSION 

Two complementary approaches for modeling a natural 
system have been introduced. The first one is widely 
known and recognized as the prototype of scientific 
modeling. We suggest that a dual second modeling 
approach has become possible since the proliferation of 
interactive computing software, with flight simulation 
or silviculture as examples.  
 
These two approaches have been sketched as two dual 
(idealised) cases in a generalised modeling scheme (Fig. 
5). An unsolved question is what decides in a given 
context whether the upper or lower loop is more 
appropriate. The notion of interactivity is closely 



connected with complexity. A system that behaves very 
regular (too simple) or entirely unpredictable (too 
random) is no candidate for an interactive relationship. 
Hence interactive systems must appear as complex to 
any participatory observer. Like explaining complexity, 
modeling interactivity is thus a notion that depends on 
both systems that become connected.  
 
Human culture contains examples in which complex 
environmental signals were mistaken as indicative of an 
interactive relationship. One of the most prominent 
example is the annual flood heights of the Nile. Even by 
todays standards this has remained among the most 
complex signals known to hydrologists and its nature is 
still discussed. This single factor has been responsible 
for the Egyptian economy through its long history. The 
annual yield could be estimated by the Nile height and 
the Nilometer was used to set the tax level for the year.  
 
If a complex signal is erroneously interpreted as 
resulting from interaction it may block a proper 
understanding of its causes. However, at the other 
extreme is the complementary situation when one only 
tries to reduce an interactive situation to a functional 
one, but this is impossible in principle. This attitude 
could be exemplified by somebody focussing on finding 
a winning strategy in chess instead of learning how to 
play properly. Environmental research over the last two 
decades can be placed into this realm (Hauhs and Lange 
2004). In the case of climate modeling the scientific 
option is probably the only feasible one and has been 
taken very far (Küppers and Lenhard 2004). Ecosystem 
research as started in response to regional 
environmental changes such as acid rain is a much more 
problematic one. Here a plentitude of modeling 
approaches has been investigated and it is still open 
what will be the most appropriate approach. In any case, 
a better understanding about the nature of and the 
choice in the modeling approaches available will help to 
clarify the situation.  
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ABSTRACT 
With the Simulation based Job Shop Production 
Analyser a powerful analysis tool has been developed 
by use of modern Java and database technology. This 
straight forward approach offers the possibility to model 
the production flow of even complex job shop 
production systems efficiently. It provides a 
professional decision base for the daily operative 
production business. System integration, automated 
modelling from the database and very fast simulation 
runs are key features of this approach. As an industrial 
application for the Job Shop Production Analyser the 
simulation of a complex semiconductor production plant 
is shown. 

JOB SHOP PRODUCTION 
In job shop production the routing and scheduling of 
jobs is much more complex than in other production 
systems. The workflow of each production job is given 
by a job description which defines the required 
sequence of the necessary production steps. The 
decision when to schedule a job and which resource 
shall be used for each production step depends on the 
job requirements, the actual availability of the resources 
and other circumstances.  
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Fig. 1: Job Shop Production 

For operative planning and control a rule based dispatch 
system (RBD) can be applied to calculate the sequence 
of the jobs for each resource respectively machine. The 

production sequence created by such a rule based 
production planning and control system depends on 
defined priorities, applied rules and the actual state of 
the shop. 

SIMULATION BASED ANALYSE 
The Simulation Based Job Shop Production Analyser 
offers the possibility of a flexible and efficient approach 
to model and simulate large job shop production 
facilities very fast. Therefore the routing and scheduling 
of the jobs through the production is modelled in detail. 
The Simulation Based Job Shop Production Analyser 
offers: 
• automatic model generation 
• integrated simulation concept 
• powerful separated/independent simulation kernel 
• integrated database interface 
• fast and powerful simulation runs 
• fully integrated in a client server environment 
• open concept for user specific extensions 

The Simulation Based Job Shop Production Analyser is 
based on modern Java and database technology and can 
be used for: 
• research on future production concepts 
• operative production planning and control,  

The system can be integrated in existing computer 
networks for production planning and control. Therefore 
interfaces for input data, for running and controlling the 
system and for result output are necessary. 

Data Import from PPS – and ERP-Systems 
The required data import from any production planning 
system can be performed directly via database interface 
or XML interface. The data are processed by means of 
definable data filter for the simulation. Three categories 
of input data are required: 

Resource data: parameter of production resources, 
work centres, machines etc. 

Operating data: production data, workflow 
definition, individual process 
definitions, calendar assignment etc.

Job data: job lists, job dates, priorities etc. 
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Fig. 2: Production analyse with automatic model 

generating 

The resource data are static data, which are related to 
the plant structure and production equipment. These 
data normally are fixed and will change only if the plant 
structure or the equipment is modified. Operating data 
are data related to the processes, and provide principle 
definitions for operating processes. These data are 
changed, when processes are modified. Job data provide 
the information of actual jobs. These data are always 
changed in the daily business. The data described above 
can be used for an automated model generation. 

Automated Model Generation 
The automated generation of simulation models is 
performed with input data from a database. This 
automatic model generation allows a rapid and flexible 
modelling approach also of large production areas. 
Problems from manual data input and data 
inconsistencies are minimized by this approach. Further 
a great advantage of this procedure is that the 
maintenance effort for the simulation is reduced 
considerably, since the model in each case is directly 
generated from the current data base automatically 
again. So the state of the data from the database and that 
of the simulation model matches always. 

If necessary due to customers needs some specific areas 
may be modelled more in detail. This normally should 
be performed by use of more specific building blocks. 
Further for the check of very specific production details 
it is also possible to modify an automatically generated 
model manually. However for this option some 
programming knowledge is required. 

SOFTWARE ARCHITECTURE 
The first prototype of the Simulation Based Job Shop 
Production Analyser was realized by use of the 
simulation tool emPlant (Tecnomatix). For the 
professional version an advanced Java structure has 
been chosen. This approach has a lot of advantages. 

Native Java Strucure 
The software architecture of the second generation 
Simulation Based Job Shop Production Analyser is 
based on native Java and very flexible. The object 
oriented features of Java are directly used for the 
simulation model structure. Towards a very modular 
and flexible software approach there is a clear 
separation between the simulation task, the result 
analysis and the user interface. The simulation model is 
running as an independent thread. The simulation task is 
connected by an JDBC interface to a database. The 
model is created from the contend of the database and 
the required results are written into the database. The 
user interface interacts with the simulation through 
defined interfaces. The result analysis can be performed 
by interaction with the simulation task directly or with 
data from the database. 

In order to speed up the simulation process and the data 
base interaction the main simulation task is performed 
independent from the user interface. E.g. on a LINUX 
server it is even possible to run more than one 
simulation task parallel and in a second step it would 
also be possible to simulate different job shop 
productions at the same time and to interact between 
these in a distributed simulation network. 

Integration in a Client Server Environment 
The user interaction for preparing simulation 
experiments and the analysis of simulation results can 
be located on client computers somewhere in the 
network. The model building and simulation process 
can be started and controlled by interface technology on 
base of RMI, CORBA or XML-RPC. This offers a fully 
integration of the simulator into advanced software 
architectures, e.g. in an application server environment. 
Such architecture allows an advanced integration of 
simulation with production planning and control 
systems. 

Due to the advantage that the user interface on the client 
computers is separated from the main simulation task it 
can be designed independently to the customers needs. 
For the operative business the production planner and 
controller shall be able to operate the software without 
special knowledge of simulation or programming 
technology.  

Java Simulation Library 
The applied Java based Simulation Library is not 
limited to a certain simulation level like many other 
simulation tools. The architecture of the library uses an 
object oriented approach. It is modular and open for 
additional extensions. The library offers features similar 
to the flexibility of a simulation language, over the level 
of general building blocks, such as workstations and 
assembly stations, up to the efficiency of simulators 
with highly specialised building blocks for a special 
purpose. 



Job Shop specific Classes 
For the Simulation Based Job Shop Production Analyser 
some specific classes have been developed on top of the 
general simulation classes. These are special classes for 
modelling the job shop such as Shop, Department, 
WorkCenters , ShopMachines and Scheduler. With these 
it is possible to build hierarchical models of the job shop 
facility. Some more special model classes may be added 
due to specific customer requirements. Further customer 
specific rules for the routing and scheduling can be 
integrated into the production control module. 

The Shop module represents the upper level of a job 
shop production model. A Shop may contain several 
Departments which represent the organisational 
structure of the facility. 

The Department module is used to model production 
areas. A Department may contain several WorkCenters 
which are assigned to a certain processing tasks. A 
Department does not provide processing features itself; 
it serves as organisational unit to group production 
facilities. 

The WorkCenter is the module which offers certain 
processing tasks for the jobs. In a WorkCenter there 
may be several machines located which fulfil the 
required processing tasks. A WorkCenter contains an 
input and an output buffer. All material flow is sent into 
the input buffer. For the jobs in the input buffer it has to 
be decided, which lot shall be produced next on a 
particular machine respectively resource. This 
production control decision is done by the Scheduler 
using rule based dispatch algorithms. 

The ShopMachines are the material flow modules to 
perform an operation. In a job shop model machines are 
always located in a WorkCenter. 

The Scheduler is a very flexible production control 
module wich allows to model rule based production 
planning and control algorithms. A scheduler can be 
used on different model levels. On the upper model 
level the Scheduler is used to schedule jobs into the 
system, on level of a WorkCenter it is used to decide 
which job shall be processed next. 

New Job Shop Models 
New job shop models are generated completely from the 
database. This is a very powerful and flexible feature 
towards efficient modelling. Through this approach 
models can be even defined in third party software 
products for production planning and control. Further, if 
necessary the job shop class library can be extended by 
additional customer required classes in order to fit to the 
needs of the respective project. 

The Simulation Based Job Shop Production Analyser is 
open for modelling and simulation of any job shop 
production. However the system has been developed 
due to the need of complex semiconductor production 
systems. In the following an industrial application of the 

 
Fig. 3: Database model 

Simulation Based Job Shop Production Analyser in the 
field ob semiconductor production shall be shown. 

INDUSTRIAL APPLICATION:  
SEMICONDUCTOR PRODUCTION 
The production of semiconductors is a typical job shop 
production and it is characterized by very extensive 
processes with a wide span of processing times, even 
partly with very long machining times, which cannot be 
interrupted. Due to the complicated processes and the 
clean room production environment the investment for 
the plants and even the operation of the shop is very 
expensive. The necessary work schedules for the 
processing of the wafers consist of more than 350 single 
steps. A product may be routed in bows to the same 
resource up to 20 times again. Therefore the planning 
and control of the manufacturing chain is extremely 
complex and requires a very powerful software tool. 
The modelled production consists of several production 
areas with more than 100 work enters, more than in total 
350 machines as well as more than 500 work schedules 
for more than 1000 different products. A special 
characteristic of this particular semiconductor 
production is the relatively high amount of urgent 
development lots, which require a high priority and a 
very fast throughput time, in order to fit the demands of 
the developers for customer definable wafers. 

For this reason the simulation of the evaluated 
semiconductor production requires a considerable 
expenditure due to the described complexity of the 
production. With the aid of automatic model generation 
from a database hierarchical models can be generated 
conveniently always from actual production data. In this 
concept the actual simulator kernel is encapsulated and 
may run as a separate task on a simulation server. The 
model creation shall be operated by employees in the 
field of the production control without particular 
simulation and programming know-how by use of a 
convenient user interface. The manual modelling of 
large size companies is very time consuming and 



inflexible. Therefore an automatic model generation 
offers a considerable advantage. The production data 
necessary for the simulation are kept in a database, 
converted according to the requirements and used then 
for the automatic model generation. 

Rule Based Production Control  
In a complex semiconductor production with a high 
number of different products, the production planner 
and / or operator must decide frequently, how lots and 
tasks shall be routed and scheduled through the 
production facility in order to fulfil different production 
goals at a maximum. The sequence of the lots for the 
production chain can be generated by use of production 
strategies according to a rule based job scheduling 
strategy (RBD = Rule Based Dispatch). A particular 
production strategy can be built up from several priority 
classes, filtering and sorting rules, that are defined as 
default rules in order to improve local production areas 
or to optimize the global production. 

The production planning system used in this 
semiconductor production offers more than 50 different 
operation rules for the production control, such as: 

EDD, DD 
(Earliest Due 
Date) 

Next job to process is the one with the 
earliest due date among the waiting 
jobs 

CR  
(Critical Ratio) 

Next job to process is the one with the 
least time (time to due date divided by 
total remaining processing time) 
among the waiting jobs 

SST 
(Shortest Setup 
Time) 

Next job to process is the one with the 
shortest setup time 

LS, MS 
(Least Slack, 
Minimum 
Slack) 

Next job to process is the one with the 
least time [time to due date minus 
total remaining processing time] 
among the waiting jobs 

CP 
(Critical Path) 

The Job on the critical path is 
processed first 

Rush  
(Emergency) 

Jobs with special demand to be 
processed very urgently 

… … 

In the daily business the semiconductor manufacturer 
employs a very few of these rules to the daily operation 
of the production only. And even these rules are used 
very conservatively since the production is very 
complex and has a relatively long reaction time. For the 
production planner and production controller in the 
plant it is very difficult to judge the influence of 
particular rules respectively parameter settings for the 
entire system. However the goal to reduce e.g. the flow 
factor in the production requires considerable 
modifications of the production control. Here simulation 
offers a powerful tool to test various strategies and 
modifications without risk for the current production. 

USE OF THE SIMULATION BASED JOB 
SHOP PRODUCTION ANALYSER  
The use of simulation technology has the goal to 
improve the production system by optimizing a 
combination of production strategies under 
consideration of the respective status of the job shop 
facility. For this purpose the Simulation Based Job Shop 
Production Analyser has been applied. The model 
generated for the analyses consists mainly of production 
modules, work centres and machines. Each production 
module consists of work centres, which itself may 
contain several job shop machines. With the Simulation 
Based Job Shop Production Analyser the effect of 
various parameters to the production process chain can 
be examined in a dynamic model, such as: 
• effect of additional tasks 
• changes of scheduling sequence in the production 

system 
• change of the rule based production control 
• changes in the workflow sequence 
• changes the lot size 
• effect of special and hot lots 
• changes in the plant structure 

Prototype based on emPlant 
The first modelling of the semiconductor plant has been 
performed with the prototype version of the Simulation 
Based Job Shop Production Analyser, which was 
developed on base of the simulation tool emPlant 
(Tecnomatix) and an Oracle Database. 

 
Fig. 4: Hierarchical simulation model 

 
Fig 5: Detailed simulation of the Custer Tools Endura 

Meanwhile the simulation tool has been changed in 
order to improve simulation speed, robustness and the 



integration possibilities. The new advanced approach is 
based on a very efficient Java simulation library. 

Improvement by Next Generation Analyser 
The second generation Simulation Based Job Shop 
Production Analyser is based on an advanced Java 
simulation library. It offers a faster optimized simulator 
kernel and powerful model classes approving a most 
extremely efficient modelling and simulation approach.  

The library follows an object oriented design. It offers 
general simulation objects, material flow objects, 
information flow objects, decision making objects and 
applied material flow objects. For the internal 
information flow the features of Java are used directly 
to implement information flow for the simulation model 
very efficiently. 

With the prototype on base of emPlant and Oracle the 
model building took some minutes. With the new Java 
based version the time generating the complete model 
building process of the plant described above takes now 
less than 10 seconds. Further due to the very clear 
structure the simulation speed has been increased by a 
factor of 102 to 103. The database interactions are much 
more flexible through the use of JDBC. 

Operative Planning and Control 
The Simulation Based Job Shop Production Analyser 
can be integrated into the production planning software 
used for the daily business. The stuff running the plant 
can apply the simulation results for the operative 
production planning and control without the 
requirement of specific simulation and programming 
knowledge. 

The input of data, the change of control strategies etc. as 
well as the graphical presentation of the results can be 
adapted by use of modern software tools in a user-
friendly way to the respective requirements. The model 
can be generated automatically from the database. 
Interaction of the user is not necessary, even not 
reasonable. The actual simulation process runs in a 
separate task in the background, this may be even 
possible through the network somewhere else on a 
separate simulation server. This integrated approach 
offers a very powerful and user friendly concept which 
can be adapted to the respective application very 
flexibly due to the requirements. 

Simulation Results 
Results of the simulation can be processed efficiently by 
use of the database. In freely definable statistic intervals 
parameters can be gathered and analysed, such as: 
• finished lots 
• maximum and mean utilisation of input buffers for 

selected or all resources 
• utilization from resources, production areas, work 

centres, machines  

• number, location and processing status of all lots in 
the system 

• WIP and entire flow factor 
• standby, scheduled down and unscheduled down of 

resources 
• overall equipment efficiency (OEE) 
• additional customer specific measures 

Further various measures can be gathered for a product 
or a product group over a freely definable time period, 
such as: 
• flow factor 
• number of finished lots 
• number of lots in the production system 
• throughput times 
• adherence to schedules 
• additional customer specific measures 

Analyses of the Semiconductor Production 
The analyses of the complex semiconductor production 
described above has been performed with various data 
sets for specific scenarios. For the customer it was very 
helpful to get some knowledge about the influence of 
special lots and hot lots in this particular production. A 
certain percentage of lots with a high or very high 
priority have the effect that the large volume main 
business with about 90% of all jobs will be disturbed 
very much by 3 to 8 % of urgent jobs. However for the 
research and development department at least a part of 
the urgent jobs is necessary. Some of these may be 
unnecessary if the entire system is running more 
efficient and the flow factor is reduced anyway. 

By use of simulation it can be considered, how this 
necessary part of very urgent development lots can be 
routed and scheduled through the production without 
disturbing the large volume business to much. There is 
no general rule to improve. However simulation can 
show for any actual situation, based on the actual state 
of the system, different possibilities to handle the high 
priority lots without too much disturbance. The operator 
is able to check for the best possibility and to run the 
production system due to the actual situation with a 
minimum of disturbance. 

SUMMARY 
For the modelling of rule based job shop production 
systems a modern simulation concept has been 
developed. This concept is based on modern Java 
technology and an automatic model generation with 
production data from a database applied directly before 
performing each simulation run. The concept of the 
Simulation based Job Shop Production Analyser is 
based on a strict object oriented Java simulation kernel 
which is designed in a modular approach with open 
interfaces. In order to offer a maximum on flexibility 
and robustness the concept allows a fully automated 
generation of the actual simulation model by use of 
production data from the database. The Simulation 



Based Job Shop Production Analyser allows running 
simulation models on various hardware platforms and 
operation systems. 

The Job Shop Production Analyser has been 
successfully applied to model the simulation of a 
complex semiconductor production plant. Due to its 
structure the Job Shop Production Analyser can be 
integrated into existing production planning and control 
systems. It offers the possibility to model the production 
flow of even complex job shop production systems 
efficiently in detail and in order to provide a 
professional decision base for the daily operative 
production business. 

The comparison between the prototype realised on base 
of the simulation tool emPlant and the second 
generation based on Java technology shows a strong 
improvement. Speed is increased considerably by a 
factor of 102 to 103. The database interactions for input 
data and for writing results to the database have been 
improved and are much more flexible. Further the 
analyser modules can be fully integrated into other 
production planning and control systems. With the 
powerful simulation and integration features an 
advanced analysis tool with great flexibility has been 
achieved.  
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ABSTRACT 
 

 
Fig. 2: Manufacturing 

Within the bounds of a research project, sponsored by 
the Nordrhein-Westfalen Innovationsfond 2001, will be 
created an appendix module for a 3D-capable standard 
CAD-system at the Hochschule Niederrhein. This 
module should describe and simulate three-dimensional 
textiles with regard to geometry and material data. The 
simulated textiles base on the three-dimensional weav-
ing method, Shape Weaving. 

 
INTRODUCTION 
 
Textile fabrics in general 
 
Conventional textile fabrics are two-dimensional. In 
many cases these fabrics are made of threads (yarns, 
cabled and folded yarns, monofilaments, wires) or fi-
bres or filaments. Textiles made of threads are woven, 
knitted and stitched fabrics. Textiles made of fibres or 
filaments are needled, pads and wool felts. These fab-
rics are wound onto a cloth beam at the end of the pro-
duction process. 
 
Conventional design processes 
 
Until now the production of textile fabrics, adapted to a 
three-dimensional form, were achieved by the follow-
ing methods: 
 
1. Transforming: 

deep drawing of a two-dimensional textile  
limit: drape ability of the 2D-textile 

  f 

 

 

 

 
 

2. Manufacturing:  
cutting/punching out and assambly (through sew-
ing, sticking together etc.) 
 

 
 
 
limit: quality and costs  
 

 

 

 

 

3. Fibre spraying:   
application of cut fibres through the spraying 
method 
limit: mechanical load-bearing capacity  

 
 
 
 
 
 
By now there are possibilities to adjust textile fabrics 
already to a certain shape during their production proc-
ess: the so-called 3D-textiles. Through this processes 
the later ready-made is not necessary. Disturbing and 
eventually quality reducing joins will be avoided. A 
high strength and form stability of the textile can be 
guaranteed. The final product has a lower weight and a 
more homogeneous surface. Furthermore, the lower 
number of personnel and the clear reduction of cutting 
waste save costs. 

 
 

Fig. 3: Fibre spraying 

 
OVERVIEW OF 3D-TEXTILES 
 

 

 
Fig. 1: Transforming 

Fig. 4: 3D-textile 
 
 



SHAPE WEAVING 
 
One process to produce 3D-textiles directly on the 
weaving machine is the Shape Weaving process devel-
oped by the company Shape 3 Innovative Textiltechnik 
GmbH. The integration of different long warp and weft 
yarns during the weaving process is the principle of 
this process. Through these surplus yarn lengths the 
textile expands into the third dimension.  
 
Problems 
The writing of a database for the 3D weaving is very 
expensive at this stage.  
First, it has to be determined which length is needed for 
every warp yarn. This is done by manual measuring of 
the prototypes regarding warp and weft yarn lengths.  
Hence, the quality of a 3D-textile depends largely upon 
the accuracy of this measurement. In a second step the 
weave constructions – adjusted to the 3D shape - have 
to be defined. These will be defined on the basis of ex-
perience values. Only by weaving of the whole product 
the problem areas will be apparent. To control any 
made changes the complete product has to be rewoven. 
Until now, only after extensive single trials you got a 
sufficient result. There is also the fact, that the deter-
mined data are not reproducible and the database has to 
be completely redone by the use of minimal changes 
(yarn strength, fabric weight etc.)  
 

 
 

Fig. 5: Previous procedure, optimisation weaving trials 
 
 
To reduce this expenditure, a CAD-appendix-module 
to the AutoCAD program was created, with them, in 
the future, a simulation will replaces the weaving trials. 
 
 
 
 
 
 
 
 
 
 

CAD-SIMULATION 
 
Modules 

 

 
Fig. 6: Menu simulation 
 
1. drawing up of the warp yarns 
2. drawing up of the weft yarns 
3. drawing up of file with warp yarn lengths 
4. drawing up of weave construction file 
5. dialogue box to determine the limiting values 
6. control and maintaining of the maximum weft and 

warp yarn distance 
7. control of the maximum warp yarn disorientation 
8. control of maintaining of the minimal cross angle 

of warp and weft 
 

Production of warp and weft yarns 
 
By activating the button  “drawing up of the warp 
yarns “ a dialogue box starts, in which the user has to 
determine the textile data (yarn density, material, order 
of warp-ends, yarn courses). Hence, the simulation 
process is detailed shown in the following figures 7 up 
to 14 
 
 

 
Fig. 7: Component geometry 
 

 
Fig. 8: Component analysis: cross-section in weft di-

rection 
 
 

 



 
Fig. 9: Guideline for the spreading lays at the widest 

part of the component. 
 
 

 
Fig. 10: Place points with the distance of the guidelines 

in the 2D-area. 
 
 

 
Fig. 11: Transmit 2D-distance in 2D- and 3D-area     

=> spreading 
 
 

 
Fig. 12: Spreading of the guidelines 
 
 

 
Fig. 13: Placing of the warp yarn points on the guide-

lines 
 
 

 
Fig. 14: Warp yarns by connecting the points 
 
 
The drawing up of the weft yarns takes place in the 
same way as that of the warp yarns. It will be created 
guidelines, on which the guide points for the weft yarns 
are placed. The drawing up of both yarn systems con-
sequently takes place completely independent of each 
other. 
 

 
Fig. 15: Parallel warp and spread weft yarns 
 
Examination of the limiting values 
 
The production of a 3D-textile is tied to certain restric-
tions (limiting values): 
• Yarn lengths and yarn distances: 

The individual length of a warp and weft yarn, is 
dependend on the machine and is limited to a 
maximum value, which has to be determined here. 
This must not to be exceeded in the textile con-
struction. Furthermore, the slipping strength and 
the cover factor limit are the biggest or rather the 
smallest permitted yarn distances. 

 



 

 

 

 

 

 
 
 
 
 
 
Fig. 16: Schematic depiction yarn distance 
 

Fig. 17: Calculation yarn distance 
 

 
 

Fig. 18: Screenshot yarn distance 
 
 
If the maximal yarn distance is exceeded, a red mark 
on the prevailing place appears in the simulation and 
the insert of minimal one additional weft yarn is neces-
sary. 
 
 
• Maximal yarn disorientation: 

This value describes the change of the yarn orien-
tation (warp = 0°, weft = 90°) both geometry wise 
and also caused through the user by means of 
some machine elements. The maximal permitted 
disorientation depends on the yarn strength, the 
yarn density and the material, here for example 
40°. 
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Fig. 19: Schematic depiction yarn disorientation 
 

 
Fig. 20: Screenshot yarn disorientation 
 
Yarns, which create the component without spreading, 
that means they have in every point the same distance 
to each other, will be disorientated from their original 
straight course because of the geometry. Too strong 

b

β  
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disorientations lead to heading formation, creases or 
other fabric faults. 
 
 
• Deviation of the cross-angles: 

Owing to the 3D shape the cross-angles between 
warp and weft change from 90° to other values. 
This limiting value depends on the textile con-
struction and has to be redefined depending on 
yarn strength and yarn density. For example, as 
limiting value can be tolerated a derivation of 5° 
for a 67tex Ramie yarn with 12 threads/cm in 
warp and weft. 

 
 

Results of the project:  
comparison of simulation and practice  
  
As an example a rectangle suitcase shell is simulated as 
3D-carbontextile. The demands affect especially the 
visible surface, which as a clear-varnished design area 
should not contain defects and irregularities if possible. 
The warp yarns are laid with a constant distance across 
the whole shape. The weft yarns are planned in the 2D-
area of the textile with constant distances and in the 
3D-area of the textile with constant spreading, which is 
brought proportional into line with the surface 
enlargement.  
 
The result of the simulation shows clearly the problem-
atic areas of the 3D-textile. The surrounding 2D-textile 
is strongly compressed on both sides of the suitcase 
shell from the outer edges to the middle. The warp 
yarns do not anymore orientate themselves in produc-
tion direction, but incline towards the textile centre. 
Simultaneously the warp yarn density increases up to 
56% of the origin yarn density. It becomes clear, that 
especially the weave construction has to be designed in 
the right way to weave the shape satisfactory. 
 

 Fig. 21: CAD-simulation suitcase shell 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 22: Result: 3D-woven suitcase shells 
 

 
The geometry woven to control of the simulation 
shows in fact the feared defects on the described areas. 
Because the weave construction was here not adjusted, 
the textile bulges uncontrolled into the air caused by 
the increased yarn density outside of the original suit-
case shell.  
 
This first practice comparison makes clear, how the 3D 
textile construction can be improved through the simu-
lation. 
 
CONTINUATION 
 
The current work on the simulation look into the 
graphical depiction of the weave construction as well 
as into the combination of weave constructions and 
yarn densities. Here the right prediction of the cover 
factors is particularly important. Furthermore, weaving 
trials should be carried out, which allow a comparison 
between simulation and practice. 
 
 
 

 

 



MODELLING AND SIMULATION OF MAGNETIC CONTROL AND ITS 
APPLICATION ON ALSAT-1 FIRST ALGERIAN MICROSATELLITE 

 
A.M. SI MOHAMMED 

Centre National des Techniques Spatiales, Lab. Instrumentation Spatiale. 
1, Avenue de la Palestine BP 13 31200 - ARZEW, ORAN, ALGERIE 

E-mail : Arezki_s@yahoo.fr  
 
 

KEYWORDS 
Modelling, Simulation, Magnetic, Attitude, Control, 
Microsatellite. 
 
ABSTRACT 
The aim of this paper is the modelling and simulation 
techniques of a non gravitational force of the earth 
magnetic field and its application to the stabilisation of 
ALSAT-1 first Algerian microsatellite build by Surrey 
Satellite Technology Ltd. (SSTL), Guilford, United 
kingdom. This paper describes 1) the attitude dynamic, 
2) the modelling of the earth magnetic field, 3) the 
magnetic torquer control. Simulation results will be 
presented. 
 
INTRODUCTION 
Attitude determination provides the information needed 
for attitude control.  Attitude control is the process of 
changing the orientation of spacecraft.  It roughly 
comprises two areas:  
 Attitude stabilisation: maintaining an existing 

orientation; 
 Attitude slew maneuver: controlling the spacecraft 

from one attitude to another. 
However, the two requirements are not totally distinct.  
For example, the stabilisation of a satellite with one 
axis towards the Earth implies a continuous maneuver 
relative to its inertial orientation.  The control accuracy 
typically depends on the actuators and control 
algorithms. 
The limiting factor for attitude control is typically the 
performance of the actuator hardware and control 
software.  Although with autonomous control systems, 
it may also be the accuracy of the orbit or attitude 
information. 

An attitude control system is both the process and 
the hardware by which the attitude is controlled.  In 
general, an attitude control system consists of the 
following four major components                             
(as shown in Fig. 1): 
 Attitude sensors ; 
 Control logic ; 
 Attitude actuators; 
 Vehicle dynamics. 

An attitude sensor locates known reference targets 
such as the Sun or the Earth’s centre to determine 
when control is required, what torques are required, 
and how to generate them.  The attitude actuator is 
the mechanism that supplies the control torques.  
Control systems can be classified as either an open 
loop system in which the control process includes 
human interactions (e.g. attitude data from the 
attitude sensors is analysed, and a control analyst 
occasionally sends command to the spacecraft to 
activate the control hardware), or a closed loop 
feedback system in which the control process is 
entirely electrical or computer controlled (e.g. 
attitude sensors sends attitude data to an on-board 
computer which determines the attitude and then 
activate the control hardware).  Further there are 
two types of attitude control mechanisms: active 
attitude control in which continuous decision 
making and hardware operation is required (the 
most common sources of torques for active control 
systems are gas jets, electromagnetic coils, and 
reaction wheels) and passive attitude control which 
makes use of environmental torques to maintain the 
spacecraft orientation (gravity gradient and 
permanent magnets are common passive attitude 
control methods). 
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Figure 1 : Schematic Diagram of a Satellite Attitude Control System 



ATTITUDE DYNAMICS 
The dynamics of the spacecraft in inertial space governed 
by Euler’s equations of motion can be expressed as 
follows in vector form 
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Where , I, NI

Bω GG, ND, NM and NT are respectively the 
inertially referenced body angular velocity vector, moment 
of inertia of spacecraft, gravity-gradient torque vector, 
applied magnetorquer control firing, unmodelled external 
disturbance torque vector such as aerodynamic or solar 
radiation pressure. 
The rate of change of the quaternion is given by 
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Where, 
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  = body angular velocity vector 
referenced to orbital coordinates. 
The angular body rates referenced to the orbit coordinates 
can be obtained from the inertially referenced body rates 
by using the transformation matrix A: 
 

0
I
B

O
B ωωω A−=                  (5) 

 
If we assume the satellite in a near circular orbit with 
average orbital angular rate ω , then o

[ TΒ
0 00 οω−=ω  is a constant rate vector. 

 
The kinematic equations can derived by using a spacecraft 
referenced angular velocity vector  as follows: R

Bω
 

ψω−ψω=φ sincos RyRx
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φψω+ψω=θ sec)cossin( RyRx
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( ) φψω+ψω+ω=ψ tancossin RyRxRz&  
Where, 
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velocity in any reference coordinate frame. 
 
 
 
 

EARTH MAGNETIC  FIELD MODELLING 
The earth’s magnetic field B can be expressed as the 
gradient of a scalar potential function V,  
 

V∆−=Β                      (7) 
 

The nature of solenoid to Laplace’s equation 
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V can be conventionally represented by a series spherical 
harmonics. 
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A  : Equatorial radius earth (6371.2 Km  

   adopted for the International Geomagnetic  
   Reference Field, IGRF)  

m
n

m
n h,g  : Gaussian coefficients ; 

R  : Geocentric distance ; 
 α   : Coelevation ; 
β : East longitude from Greenwich which define  

         any point in space. 
 
MAGNETIC TORQUER CONTROL 
Any reaction and momentum wheel 3-axis stabilised 
satellite must employ a momentum management algorithm 
to restrict the wheel momentum within allowable limits.  
Momentum build-up naturally occurs due to the influence 
of external disturbance torques, for example, the torques 
due to passive gravity gradient, aerodynamic and solar 
forces, and active control torques from magnetorquers.  
These disturbances to the body of an attitude-controlled 
satellite cause an accumulation of momentum on the 
reaction and momentum wheels.  The added momentum 
may cause saturation of the reaction and momentum wheel 
speed.  Moreover, the existence of large angular 
momentum in the satellite causes control difficulties when 
attitude controllers are implemented, because the 
momentum provides the satellite with unwanted 
gyroscopic stability.  Therefore, the management of three-
axis wheel momentum is required in order to counteract 
the influence of persistent external disturbance torques. 
The following cross-product control law is used to achieve 
the control objectives stated above 
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Where 
 
e : error vector for a magnetorquer cross- 

  product controller; 
B : Magnetometer measured magnetic field  

         vector. 
 

 
 
 
 
 



The attitude is obtained from a full state Extended Kalman 
filter (EKF). This filter take measurement vectors (in the 
frame body) from magnetometer with 0.3 microTesla 
noise and sun sensor with 0.1 degree noise and by 
combining them with corresponding modelled vectors (in a 
reference frame), estimate the attitude and attitude rate. 
The EKF estimator is implemented for earth-pointing 
spacecraft undergoing only small rotation angles. The 
system model used in this estimator is based on Euler 
angles, and simplified in order to reduce the complexity 
and processing time for accommodation on an on-board 
processor that has limited memory space. 
The assumptions of the simplified EKF estimator are listed 
as follows 
 The spacecraft is nominally Earth pointing with either 

a certain spin rate in Z-. 
 The spacecraft has a symmetric structure on X and Y-

axes. 
 The orbit of the spacecraft is near circular with an 

almost constant angular rate. 
The system noise model has zero mean. 
The state vector to be estimated is 6 dimensional such that 
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Using the cross-product control law with the error vector 
for a magnetorquer cross-product controller implemented 
on ALSAT-1 is given by 
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With Kp is the proportional gain, Kd is the derivative gain, 
ω0x,ω0y,ω0z are the X, Y and Z orbit referenced angular 
rate of the satellite in radian/second, ω0zref is the reference 
Z angular rate in radian/second, ψ is the Yaw angle in 
radian, and ψref  is the reference yaw angle in radian. The 
orbit reference angular rate and the angle in Eq. (12) are 
obtained from a full state Extended Kalman Filter (EKF). 
 
SIMULATION RESULTS 
A 98° inclination, circular orbit at an altitude of 860 km 
was used during the simulation tests. The following matrix 
of inertia is assumed for Alsat-1 during tests  
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Error 
Roll 

[degree] 

 
Error 
Pitch 

[degree] 

 
Error 
Yaw 

[degree] 
Average  -0.3*10-2 0.41*10-1 -0.3*10-1 

STD [1-σ] 0.46*10-1 0.18 0.17 
RMS 0.46*10-1 0.19 0.18 

    Table 4: Lists the error Euler angles RMS for the last three 
orbits (ψref = 170.0 degrees). 

 
The magnetic moment in the orthogonal X, Y and Z-axes 
was assumed to be equal to 10 Am2 each. The  
reaction/momentum wheels has a MOI of 8.10-4 kgm2 and 
the maximum speed is ± 5000 rpm, this gives a maximum 
angular momentum of 0.42 Nms. The maximum wheel 
torque is 5 milli-Nm. 
We assume that we have gravity gradient torque and 
aerodynamic torque as external torque.  

An IGRF model was used to obtain the geomagnetic field 
values. A sampling period of TS = 10 seconds was utilised 
for the discrete filter algorithm. To initialize the filter we 
use the yaw filter. 
The satellite is left to nutate and librate freely for the two 
orbits in order to converge the filter. At the start of the 
third orbit the magnetorquer is activated. 
The satellite is left to librate freely for the two orbits 
starting from an initial attitude of 3 degrees roll, 0 degree 
pitch, 0 degree yaw, 0 degree/second roll rate, 0 
degree/second pitch rate and 0.6 degree/second yaw rate. 
At the start of the third orbit the magnetorquer is activated 
and within one orbits the pitch and roll librations are 
damped to nadir pointing error of less than 1 degree, the 
yaw angle is controlled to 0 degree. At the start of the 
eighth orbit the yaw angle is commanded to 170 degree for 
six orbits. 
The total accumulated on time of magnetorquer is 
approximately 13000 seconds during an active control 
window of 12 orbits (72000 seconds). This gives an 
average magnetorquer power drain of 0.15 Watt from the 
start until the attitude is achieved. 
We obtain the following results 
 
Table 1: Lists the Euler angles RMS for the last three  
orbits (ψref = 0.0 degree). 

 
 
 

 
Roll 

[degree] 

 
Pitch 

[degree] 

 
Yaw 

[degree] 
Average  0.52*10-2 10-2 0.88*10-1 

STD [1-σ] 0.24*10-1 0.29*10-1 0.19 
RMS  0.25*10-1 3*10-2 0.22 

 
Table 2: Lists the Euler angles RMS for the last three 
orbits (ψref = 170.0 degrees). 

 
 
 

 
Roll 
[degree] 

 
Pitch 

[degree] 

 
Yaw 

[degree] 
Average -8.7*10-4 -85*10-4 170.30 

STD [1-σ] 0.94*10-1 0.38*10-1 0.33 
RMS 0.95*10-1 0.39*10-1 170.30 

 
Table 3: Lists the error Euler angles RMS for the last three 
orbits (ψref = 0.0 degree). 

 

  
Error 
Roll 

[degree] 

 
Error 
Pitch 

[degree] 

 
Error 
Yaw 

[degree] 
Average 11*10-4 0.4*10-1 -54*10-3 

STD [1-σ] 0.25*10-1 0.17 0.14 
RMS 0.25*10-1 0.18 0.15 
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 Figure 5 : Roll Attitude error during Magnetorquer Yaw 

Phase Control 
Figure 2 : B-Field (X-axis) 
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Figure 3 : B-Field (Y-axis) 
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Figure 4 : B-Field (Z-axis) 
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Figure 6 : Pitch Attitude error during Magnetorquer Yaw 
Phase Control 
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Figure 7 : Yaw Attitude error during Magnetorquer Yaw 
Phase Control 



0 2 4 6 8 10 12 14
-200

-150

-100

-50

0

50

100

150

200

Time [orbits]

E
st

im
at

ed
 Y

aw
 [

de
g]

 

This controller was designed to keep the microsatellite in 
accurate nadir pointing attitude. A cross product 
magnetorquer control law will damp out undesired pitch 
and roll libration and control either a constant yaw rate or 
a fixed yaw angle. This control mode will be regarded as 
the nominal attitude determination control system mode 
for the microsatellite. Figure 8 : Yaw Attitude during Magnetorquer Yaw Phase 

Control 
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Figure 9 : Roll and Pitch Attitude during Magnetorquer 

Yaw Phase Control 
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Figure 10 : Magnetorquer on time during libration 

damping and yaw phase control 
 
 
 
 
 
 
 

CONCLUSION 
Alsat-1 attitude requirements are tabulated below 
 
Bore-sight pointing (Roll/Pitch) ≤ 1.0 degree (1σ) 
Bore-sight rotation (Yaw) ≤ 0.5 degree (1σ) 
Attitude stability (rate) during 
imaging 

≤ 0.005 
degree/second (1σ)

 
The results we have obtained indicate, the roll, pitch, yaw 
and yaw rate achieves the requirement values by using 
magnetorquer cross-product. 
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ABSTRACT 

The paper proposes both statistical and simulation-based 
analysis and evaluation of the bullwhip effect in supply 
chains. The demand distortion, called the bullwhip 
effect, is considered as an important characteristic of 
supply chain operation stability. A mathematical 
justification of the stochastic demand as a cause of the 
bullwhip effect is discussed. Results of simulation 
studies to analyse the impact of information sharing 
strategies on the magnification of demand fluctuations 
as orders move up the supply chain are presented. An 
approach to measuring the bullwhip effect for the entire 
supply chain is proposed and practically applied for 
comparison of different supply chain’s configurations. 
 
INTRODUCTION 

The bullwhip effect that describes the increase in 
variability of a demand through the entire supply chain 
is used, as a supply chain operation stability 
measurement. The fluctuation of orders across the 
supply chain is mainly caused by the uncertainty 
inherent in the system operation environment, such as 
customers demand and lead times. This means that even 
small disturbances in demand at the customer level 
causes the demand amplification for the next supply 
chain member. It is important to investigate the nature 
of this effect to avoid holding an excessive inventory, 
insufficient capacities and high transportation costs. The 
bullwhip effect characterises the behaviour of the entire 
supply chain and is used to measure operation 
effectiveness of the system (e.g., asset/inventory, 
financial metrics), but not service metrics (e.g. customer 
response to service, required service level). 
The research is aimed to justify the increase in 
variability in placed orders under the stochastic 
customer demand using standard statistical tools as well 
as simulation technique and to propose a measure of the 
bullwhip effect magnitude for the entire supply chain. 
 
BACKGROUND 

Banks and Malave (1984) identify inventory control 
problems as one of the most frequent area of application 

for simulation methodology. They propose six 
categories of simulation techniques usage assignments 
in modelling and analysing inventory systems: (1) 
analytic solution impossible or analytic solution 
extremely complex, (2) comparison of models, (3) 
verification of analytic solutions, (4) variance reduction, 
(5) model validation and verification, and (6) 
optimisation. A lot of simulation studies are performed 
in order to handle uncertainty inherent in system 
operation environment. For instance, simulation is used 
to enhance operational system decision making in an 
uncertain environment (Petrovic et al., 1998). Chandra 
et al. (2001) investigate information coordination 
influence on the demand forecast accuracy in a supply 
chain through simulation. Landeghem and Vanmaele 
(2001) study the behaviour of the supply chain under 
different sources of uncertainty using the Monte Carlo 
simulation approach. 
In this paper simulation is used to analyse multi-stage, 
single-item, multi-period inventory system, called a 
supply chain, from the operation stability point of view. 
The bullwhip effect that describes the magnification of 
demand fluctuations as orders move up the supply chain 
is used as a supply chain operation stability 
measurement. In this research a background of the 
bullwhip effect occurrence as a result of the stochastic 
nature of the customer demand is considered. Simchi-
Levi et al. (2000) explains that the increase in demand 
variability with the necessity for each supply chain stage 
makes orders based on the forecasted demand of the 
previous stage. Since variability in placed orders is 
significantly higher than variability in customer demand 
the supply chain stage is forced to carry more safety 
stock in order to meet the same service level. Proposed 
quantifying the magnitude of increase in variability 
between two neighbour supply chain stages is expressed 
as a function of a lead time between the orders receiving 
and a number of demand observation on which forecast 
is made: 
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where 
Var(Q) – the variance of the orders placed by the supply 
chain stage; 
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Var(D) – the variance of the demand seen by this supply 
chain stage; 
L – lead time between the orders receiving; 
p – number of observation on which further demand 
forecast is based. 
 
As a result the bullwhip effect is magnified with 
increasing the lead time and decreasing the observations 
number. Chen et al. (1998) describe the causes of the 
bullwhip effect and show the relationship between the 
increase in variability and forecasting techniques. 
Metters (1997) concludes that the bullwhip effect 
affects many businesses in supply chains across a 
variety of industries. A method of optimal inventory 
policy calculation in case of stochastic and seasonal 
demand is proposed and found by a dynamic 
programming. To aid in the justification of determining 
causes and remedies, expressing the significance of the 
bullwhip effect in monetary terms is described. Lee and 
Padmanabhan (1997) identify ways to control and 
counteract the bullwhip effect using different 
information and management technologies, such as 
electronic data interchange (EDI), computer-assisted 
ordering (CAO), vendor-managed inventory (VMI), 
point-of-sale information (POS), etc. The main 
conclusion of the research is that methods for coping 
with the bullwhip effect can significantly reduce, but 
not eliminate it. 
In this paper a statistical justification of the bullwhip 
effect occurrence in the inventory systems with 
stochastic demand is given. The proposed method 
allows statistically justify the increase in placed orders 
variability for the different types of inventory control 
policies. Simulation offers possibility to model and 
analyse system dynamic processes under a stochastic 
demand. Using simulation technique, the bullwhip 
effect characterised metrics (standard deviation of 
placed orders for each supply chain stage) is obtained. 
Experimental studies are performed with the simulation 
models, and a measure of the bullwhip effect for the 
entire supply chain is proposed to compare different 
supply chain’s configurations. 
In the next section, implementation of standard 
statistical tools to justify the bullwhip effect occurrence 
in the inventory systems is described. In further sections 
the four-stage inventory system is simulated under two 
information sharing strategies (centralised and 
desterilised), experimental results are described and an 
overall bullwhip effect measure for the entire supply 
chain is proposed. Conclusions follow in the last 
section. 
 

STATISTICAL ANALYSIS OF THE BULLWHIP 
EFFECT IN INVENTORY SYSTEMS 

Regular or cyclical in nature inventories with additional 
safety stock are considered. These are the inventories 
necessary to meet the average demand during the time 
between successive replenishments and safety stock 

inventories are created as a hedge against the variability 
in demand for the inventory and in replenishment lead 
time. A method to control such inventories assume that 
the conditions of demand level, its variability and lead 
time are known and involves the following main steps: 

1. find the current on-hand quantities at the 
stocking point; 

2. establish the stock availability level at the 
stocking point after the demand satisfaction; 

3. calculate total requirements that is the amount 
of cycle stock plus additional quantities needed 
to cover the uncertainty in demand; 

4. determine an order quantity as the difference 
between the total requirements and the quantity 
on hand in case if the on-hand inventory drops 
below the allowed level when a replacement 
order should be placed. 

The graphical representation of the above mentioned 
inventory control method is depicted in Figure 1. 
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Figure 1: Inventory Control Method 

It is assumed that the demand X1, X2, …, Xi is a discrete 
random sample observed from some population. 
Equivalently, these data are independent and identically 
distributed (IID) observations on some underlying 
random variable X whose distribution governs the 
population. Values that numerically characterise the 
population/distribution, such as an expected value E(X) 
and a variance D(X) of the discrete random variable X 
are given.  
The inventory level to which inventory is allowed to 
drop before a replacement order is placed (reorder point 
level) is found by a formula: 
 

z*LT*)X(STDLT*)X(Es += ,   (1) 
 
where 
LT – constant lead time between replenishments; 

 



)X(D)X(STD =  - standard deviation of the mean 
demand; 
z - the safety stock factor, based on a defined in-stock 
probability during the lead time. 
 
The total requirements for the stock amount or goal 
stock level S is calculated as a sum of the reorder point 
level and a demand during the lead time quantity: 
 

LT*)X(EsS +=       (2) 
 
The order quantity Qi is demanded when the on-hand 
inventory drops below the reorder point is equal to the 
sum of the demand quantities between the order 
placements: 
 

X...XXQ vi1i +++= ,     (3) 
where 
v – random variable, a number of period in which order 
is placed. 
 
While the demand X is uncertain and implementing such 
a type of inventory control method, placed order 
quantity Q is expected to be a random variable that 
depends on the demand quantities. An expected value 
E(Q) and a variance D(Q) of the function )X(Q ϕ=  
are estimated using the following formulas proposed by 
Feller (1967): 
 

)v(E*)X(E)Q(E =       (4) 
and 

)]X(E[*)v(D)X(D*)v(E)Q(D 2+= ,  (5) 
 
where 
E(v) – expected value of a time period in which an order 
is placed; 
D(v) – variance of a time period in which an order is 
placed. 
 
In described above inventory control method order 
placement frequency mainly depends on the 
replenishment lead time and the variance of the demand, 
since the organisation of the regular inventory stock 
should cover the demand during the lead time. In 
suchlike systems the order placement occurs 
approximately once in lead time period or even 
infrequently, therefore . In case orders are 
placed once in each time period the variance of placed 
orders will be equal, but not smaller, than the variance 
of the demand. However, considering a stochastic 
nature of the demand, the variation of the order 
placement frequency depends on the demand variance, 
the smaller is this variance the more stable is the order 
placement process. That’s why discrete random variable 
v that determines a period in which an order is placed 
could not be smaller than one and more likely will be 
equal to the lead time or even bigger. So far we can 
conclude that the statistical estimation of the placed 

orders variance justify that the variability of placed 
order D(Q) will be bigger than the variability of demand 
D(X).  

1)v(E ≥

To investigate a probabilistic behaviour of the discrete 
random variable v is enough to estimate its numerical 
characteristics (an expected value and its variance). The 
difference between the goal stock S and reorder point s 
levels should be established to find a time period when 
an order should be placed: 
 

sS −=∆         (6) 
 
Multi-experimental realisation of the following 
algorithm: 

if X1>∆ THEN v=1 AND STOP 
ELSE generate X2 
if X1<∆ and X1+X2>∆ THEN v=2 AND STOP 
ELSE generate X3 

… 
if X1+X2+…+Xn-1<∆ and X1+X2+…+Xn>∆ THEN 
v=n 
STOP 

allows to collect statistics of v values (vi, n,1i = ) and 
evaluate their probabilities pi by relative frequencies 

of their occurrences in performed experiments. p̂i
 
Expected value of random variable is the weighted 
average of all possible values of the random variable, 
where the weights are the probabilities of the values 
occurring. The expected value E(v) of the v value 
population is estimated by a formula: 
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and its variance D(v) is estimated by a formula: 
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where 

)v(Ê  and  - experimental estimation of E(v) and 
D(v) correspondingly. 

)v(D̂

 
Described statistical analysis could be implemented in 
inventory systems that control inventories by the two 
major policies – reorder point and periodic review 
methods, and allows to justify demand fluctuation 
magnification (the bullwhip effect) as orders move up 
the supply chain in case of stochastic demand. 
In the periodic review method, a time period v in which 
an order is placed could be estimated with more 
certainty because an order could be placed only in the 
predefined review periods t. While in reorder point 
method an order placement could occur in any period. 
 
The proposed statistical approach could also be used to 
evaluate the bullwhip effect numerically. For this aim a 

 



dependence between a number of period in which order 
is placed v and realizations of the end demand Xi should 
be taken into consideration. That is, proposed formula 
(5) assumes v and X independence, but in the described 
inventory control system they are dependent in the way 
of conditional probability of v occurrence 
pv=P(X1+X2+…+Xv>S-s/X1+X2+…+Xv-1<S-s). The 
direction of the dependence (positive or negative) 
should be studied as well. 
 
SIMULATION MODEL OF FOUR-STAGE 
INVENTORY SYSTEM 

Conceptual Model 

A four-stage, single-item, multi-period supply chain is 
considered. The structure of the considered supply chain 
corresponds to the well known “beer distribution game” 
where a supply chain consisting of a beer retailer, 
wholesaler, distributor and factory is simulated (Simchi-
Levi et al., 2000). The practical re-order point method – 
min-max is used for the inventory management. In the 
min-max inventory control method, a replenishment 
order will be placed as soon as the inventory level drops 
below the reorder point (1). The order size is the 
difference between a target level (2), and the effective 
inventory level. It is important to remark that 
replenishment triggering will be based on the effective 
inventory level, which is the quantity on hand plus the 
quantity on order minus the unshipped backorders to 
customers or the quantity allocated to production. 
The amount of information that is passed on between 
stages will determine the information sharing strategy. 
Two types of the information sharing strategies are 
modelled: decentralised and centralised information. 
In the supply chain with decentralised information, each 
stage forecasts a demand based on the orders it gets 
from the previous stage. Except for the first stage in the 

supply chain, there are no stages having access to the 
end customer demand data. In the second type of the 
supply chain, the first stage observes the end customer 
demand and shares all information about its size with 
the other stages in the supply chain. Other stages in the 
supply chain can use this end customer demand data to 
forecast the demand, instead of using the orders they get 
from the previous stage. All stages use the same 
forecasting technique – moving average of the demand 
during the last ten periods.  
The inventory management objective is to manage 
stable operation of the considered supply chain, that is 
decrease the bullwhip effect. As alternative system 
configurations supply chain with different information 
sharing strategies are analysed (Figure 2). 
 
Simulation Model 

The system described above has an explicitly dynamic 
character and simulation is used to capture this 
behaviour of the system.  
It is assumed that end customer demands arrive with 
fixed time-intervals and their size is variable and is 
derived from a normal distribution. A constant lead time 
between all stages is considered. No order processing 
delay is taken into account, so all demand events are 
treated immediately by the upstream stage. We also will 
assume no capacity constraints for the last stage of the 
supply chain. In this case, stockouts will not lead to lost 
sales, but to backorders. We thus assume that we have 
loyal customers. 
The simulation model was developed using the ARENA 
5.0 simulation modelling environment (Kelton et al., 
2002). Evaluation of the inventory control parameters, 
as well as forecasting procedure was implemented using 
Visual Basic. 
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Centralized information: all stages have access 
to end customer demand data 
 

Decentralized information: all stages base their 
forecast on the direct customer’s demand 

 

Figure 2: Conceptual Model 
 
EXPERIMENTAL RESULTS 

Objective of the experimental studies is to determine the 
demand variability that occurs at every stage of the 

supply chain. The variability in the supply chain can be 
measured taking into account demand of the previous 
supply chain stage and orders placed to the next stage of 
the supply chain. All supply chain stages recalculate and 

 



if necessary place an order in every period and this 
order, actually, is a demand for the next supply chain 
member. Since the demand changes every period, the 
mean and standard deviation can be calculated, on the 
basis of last p observations.  
Performance of the supply chain is evaluated under 
various factors such as end customer mean demand E(X) 
and its standard deviation STD(X), lead time LT, safety 
stock factor z and number of observation on which 
further demand forecast is based p (Table 3) 
implementing both decentralized and centralized 
information sharing strategies. 
 

Table 3: Experimental Design 
 

Factors )X(E  STD(X) z LT p 
Values 100 30 1.96 2 10 

 
After the determination of the warm-up period, models 
were run for three replications, each replication lasting 
for 1,000 periods. As a measure of performance for 
these experiments the standard deviation of demand at 
each supply chain stage is calculated and results are 
presented in Figure 3. 
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Figure 3: Standard Deviation at each Supply Chain Stage 
 
Experimental results show that the bullwhip effect is 
present in both supply chain configurations. For the 
supply chain with centralised information sharing, the 
variation of placed orders is visibly smaller, but to give 
an indication of the seriousness of the bullwhip effect an 
overall bullwhip effect measure should be considered. 
 
OVERALL BULLWHIP EFFECT MEASURE 

The propagation of instability up the supply chain is 
proved by analytical study, the same is by simulation 
study. Therefore, it makes sense to quantify the 
bullwhip effect; that is to quantify the increase in 
demand variability that occurs at all stages of the supply 
chain. Bullwhip effect measure over the entire supply 
chain allows compare different system configurations 
from the stability point of view. 
To identify the bullwhip occurrence at each stage of the 
supply chain it is proposed to compare a standard 
deviation of demand faced by the neighbour supply 
chain stages by calculating a ratio BEi: 
 

( ) n1,i,,0
)Q(STD

)QSTD(
BEi

1i

i =∞∈=
−

:   (10) 

 
- if BEi  then the bullwhip effect exists; 1>
- if BEi  then the bullwhip effect doesn’t exist; 1≤

where 
n – number of supply chain stages; 

)Q(STD i  - standard deviation of orders placed by stage 
i  to its supplier; 

)Q(STD 1i−  - standard deviation of demand received by 
supply chain stage i. 

 
In case of supply chain stages do not perform the same 
operation strategy bullwhip effect between some stages 
could be eliminated. Therefore to evaluate a magnitude 
of the demand variability increasing over the entire 
supply chain two approaches could be offered. The first 
approach is to calculate overall increasing in demand 
variability taking into consideration ratios BEi of each 
supply chain stage in respect of bullwhip existence. The 
second approach proposes that only the operation 
performance measures (BEi ratios) of stages where the 
bullwhip effect is present should be taken into account. 
In this paper the second approach will be considered in 
details. 
To calculate the overall measure of the bullwhip effect 
for the entire supply chain the average increase in 
variability for each supply chain stage should be 
determined. There are two the most frequently used 
ways to manage it (1) to calculate a geometrical mean or 
(2) to calculate an arithmetical mean of all observed BEi 

 



ratios that correspond to increase in variability between 
stages. 
Calculating the geometrical mean of the BEi ratios by a 
formula (11) determines the existence of the bullwhip 
effect between first and last supply chain stages. Values 
of orders placed by stages 1n, −i  are the demand 
received by stages n,1i +  and they are cancelled 
performing multiplication operation. As a result the 
increase in variability of demand between the first, i.e. 
end customer and the last supply chain stages is found: 
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n
)Q(STD
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where 
STD(Q0) – standard deviation of placed orders by the 
end customer; 
STD(Qn) – standard deviation of placed orders by the 
last stage of the supply chain. 
 
The bullwhip effect existence in intermediate stages of 
the supply chain is not taken into account. 
The above described property could be eliminated by 
performing addition operation, so all BEi ratios, which 
determine the existence of the bullwhip effect will be 
taken into account. Calculating an average increase in 
variability demand of all supply chain stages, i.e. 
arithmetical mean of the increase in variability between 
all stages could be found by a formula: 
 

n
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∑
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The proposed bullwhip effect overall measure allows 
adequately determine the stability of the entire supply 
chain considering only the situations when variability of 
the demand increases. The proportional splitting of the 
increase in variability between all supply chain stages 
makes possible to analyse different supply chain 
structures and configurations. 
The standard deviation of the demand at each supply 
chain stage for the both supply chain configuration is 
presented in Table 4. 
Calculated values of the ratio BEi (10) for all four supply 
chain stages identify that the increase in demand 
variability is present in all stages (Table 5). The 
measure of the bullwhip effect over the entire supply 
chain is calculated as proposed in (11) and (12). 
The supply chain with centralised information sharing 
strategy is more stable, a destabilisation effect of 
increasing the volatility of demand as it passes through 
the chain is smaller than in the supply chain with the 
decentralised information. This result is derived from 
comparison of the both overall bullwhip effect measures 
BE a and BE g.  
The smaller is the value the less significant is the 
increase in variability as we travel up in the supply 
chain. Since there is a measure for the bullwhip effect 
over the entire supply chain the difference between the 
stability ( BE a) for both supply chain alternatives could 
be expressed in percentages – variation of demand in 
the supply chain with centralised information is by 23% 
smaller than in the supply chain with decentralised 
information. 

Table 4: Simulation Results 
 

Standard deviation of the 
Supply chain 
alternatives 

End  
customer 
demand 

1 stage 
demand 

2 stage 
demand 

3 stage 
demand 

4 stage 
demand 

Decentralised 
information 30 47 103 182 333 
Centralised 
information 30 47 74 97 112 

 
Table 5: Overall Bullwhip Effect Measure 

 
Supply chain 
alternatives BE1  BE2  BE3  BE4  BE g BE a 
Decentralised 
information 1.55 2.20 1.77 1.83 1.82 1.84 
Centralised 
information 1.55 1.59 1.31 1.16 1.39 1.40 

 
 

 



CONCLUSIONS 

The statistical analysis of the demand distortion 
phenomenon in inventory systems with a stochastic 
demand has been performed. Performed statistical 
analysis allows analytical justification of the increase in 
variability between received demand and placed orders 
in inventory systems. Experimental studies show that 
the probability of the time period in which an order is 
placed is depended from the customer demand.  
Analysis of the placed order variability for the all 
considered situations shows that even a small variation 
of the mean demand cause an increase in variability of 
the placed orders. The bigger is the initial value of the 
demand variation the more significant magnification of 
placed orders fluctuation will be observed. 
The appropriate simulation model of single-item, four-
stage, multi-period inventory system is developed to 
determine the demand variability that occurs at every 
stage of this supply chain. An impact of information 
sharing strategies on the bullwhip effect magnitude is 
evaluated through simulation. 
To evaluate a magnitude of the demand variability 
increasing over the entire supply chain the bullwhip 
effect overall measures is proposed. The proposed 
bullwhip effect overall measures could be used to 
compare the operation stability of supply chains with 
different supply chain configurations, under different 
inventory control policies, etc. 
Simulation studies indicate that a demand distortion as 
we travel up the supply chain with centralised 
information is less significant than in the supply chain 
with decentralised information, because of for a 
decentralised supply chain takes much longer time to 
react to the changing demand. However, different other 
factors should be taken into account as well for coping 
with the bullwhip effect, such as lead times, forecasting 
techniques, etc. in order to significantly reduce it in the 
supply chain. 
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As health care costs increase, there is a need for 
healthcare service providers to look for ways to 
contain costs and to achieve a higher efficiency at 
their operating facilities without sacrificing 
quality. This paper studies a case in employing 
business process reengineering techniques on one 
aspect of a health care service – surgical work. 
The system is simulated focusing on the processes 
that contribute to the effective functioning of an 
operating theatre. 

IINNTTRROODDUUCCTTIIOONN

Business process reengineering (BPR) has 
become increasingly important in recent years. 
Customers now have the choice of different 
product and service providers, to provide them 
with the same core product or service that they 
want. Over the last fifteen years, companies have 
been forced to reengineering their business 
processes to stay competitive because customers 
are demanding better products and services. 
Improving and redesigning business processes is 
paramount for businesses to stay competitive. 

With the escalating health care costs, healthcare 
service providers in Singapore are also 
continuously seeking ways to stay competitive 
and provide quality service to the customers. 
Little research has been done on the employment 
of BPR in healthcare systems. Healthcare industry 
has traditionally emphasized on breakthroughs in 
operating procedures and technology in the bid to 
stay competitive. Healthcare service providers are 
beginning to understand that BPR initiatives 
could be a better solution to achieving 
competitive advantage. 

The operating theatre suite is a critically 
important segment of any healthcare organization 

that delivers surgical care to patients. It can 
consume multitudes of resources, but at the same 
time can generate significant revenue if managed 
properly. The conflict between the national goal 
of healthcare and the high cost of surgical 
operations is a powerful incentive to improve the 
quality of management of the surgical suite. For 
this reason, many hospitals are reengineering their 
operating theatre processes in an effort to 
establish, restore or boost profitability while 
retaining quality (Harris and Zitzmann 1998; 
Gabel et al. 1999). Reengineering techniques 
enable healthcare service providers to take a 
careful look at the processes involved within the 
organization, identifying redundancy and 
inefficiency that can be removed from the system. 
This research employs the concept of BPR to 
improve the efficiency and effectiveness of 
certain processes involved in surgical operations. 

This paper intends to explore the possibilities of 
cost containment/reduction in a particular aspect 
of the healthcare industry with the application of 
BPR. A simulation model has been formulated to 
reduce any inefficiencies or bottlenecks inherent 
in the system under study. The scope of this 
research is limited to an operating theatre suite 
within a hospital. 

LITERATURE REVIEW 

The aggregate per capita healthcare expenditure 
in Singapore has risen consistently for the last 
three decades from about S$150 in the 1960s to 
S$800 in the 1997 (Tan and Chew 1997). The 
healthcare industry in Singapore, like its global 
counterparts, has been facing tremendous 
pressures since the turn of the last century. The 
challenges faced by the industry in the near future 
are as follows. 

The accelerated population ageing will have 
serious implications to the provisions of health 
care for the elderly population who will occupy 



most of the hospital beds with a low turnover rate. 
Moreover, the entry of more private-sector 
hospitals and medical service will lead to more 
attractive opportunities to health care 
professionals (Zhang 2001). 

There is a lack of health care professionals in 
Singapore. The local doctor-to-patient ratio was 
140 doctors for every 100,000 of the population 
for the year 2000. According to OECD data, the 
average ratios for the decade of the '90s for 
Australia and New Zealand were 240 and 218 
respectively (Wee 2002). 

Business Process Reengineering in Healthcare

Managers use process reengineering methods to 
discover the best processes for performing work, 
and that these processes be reengineered to 
optimize productivity (Weicher et al. 1995). 
Hammer and Champy (1993) state that BPR 
refers to the fundamental rethinking and radical 
redesign of business processes to achieve 
dramatic improvements in critical, contemporary 
measures of performance, such as cost, quality 
and speed. Business processes are sequences and 
combinations of activities that deliver value to a 
customer (Coulson-Thomas 1996). A core 
business process usually creates value by the 
capabilities it gives the company for 
competitiveness. A limited number of such core 
business processes can be identified in any 
company, and enhancing those processes can lead 
to business improvement. 

Over the last few years, the reengineering concept 
has evolved from a "radical change" to account 
for the contextual realism (Caron et al. 1994, Earl 
1995). Davenport and Short (1990) prescribe a 
five-step approach to BPR. They argue that 
process reengineering requires taking a broader 
view of both IT and business activity, and of the 
relationships between them. The rhetoric of BPR 
also encourages fundamental step, or frame-
breaking change (Coulson-Thomas 1996). BPR is 
increasingly recognized as a form of 
organizational change characterized by strategic 
transformation of interrelated organizational sub-
systems producing varied levels of impact. This 
organizational change perspective recognizes that 
business process reengineering is not a monolithic 
concept but rather a continuum of approaches to 
process change (Kettinger et al. 1997). The faster 
the speed of change the more difficult and 
stressful it is to manage (Edwards and Walton 
1996).

With 80 percent of the expenses tied to patient 
care activities, hospitals and healthcare systems 
can garner substantial savings and improve 
clinical practices by better managing their labor, 
supplies, equipment, and facilities. The benefits 
of reinventing hospitals hold the tangible and 
realistic promise of radically reducing cost while 
dramatically increasing the quality of care 
provided (Harmon 1996).  

A case study at Karolinska Hospital in Sweden by 
Jacob (1995), and Hout and Stalk (1993) reveals 
that rising costs and a weakened economy in 
1990s were forcing the government to reassess 
and reduce health care expenditures. Karolinska 
followed   Boston Consulting Group’s (BCG) 
Time-Based Management methods to reengineer 
the way work was done. BCG reorganized work 
at the hospital around patient flow by creating a 
new position of "nurse coordinator" in most 
departments. By redesigning operating procedures 
and staffing patterns, Karolinska was able to cut 
the time required for preoperative testing from 
months to days, close 2 of 15 operating rooms 
and still increase the number of operations per 
day by 30 percent.  

Operating theatre management often involves 
human resources, information systems, finance, 
physical plant design and utilization, capital 
equipment, clinical quality and efficiency and 
regulatory (Merriam-Webster 2002). 
Furthermore, surgical cases are conventionally 
classified into elective and emergency. An 
elective case is one whereby the patient can wait 
at least three days without sustaining morbidity or 
mortality. A surgical group comprises of several 
surgeons who share allocated operating theatre 
time. The term block time is the time allocated to 
each surgical group into which only the surgeons 
belonging to that surgical group can schedule 
their patients.  

Managing operating theatre suites is a difficult 
task, because individual theatres and the entire 
suite are highly complex and tense environments. 
Many personnel working in the suite are not 
under the direct control of the operating theatre 
manager. The operating theatre schedule sets the 
stage for the daily flow of patients and staff. Once 
the day starts, however, deviations from this 
schedule are frequent and expected. Emergency 
cases must be accommodated, cases may be 
longer or (rarely) shorter than scheduled, patients 
may be late or fail to arrive at all, and personnel 



may call in sick or become ill during the course of 
the day (Gabel et al. 1999). 

Modern operating theatre management requires 
an information system that includes an effective 
scheduling system. Such a system has two basic 
but critical functions: performing the actual 
scheduling of cases, which involves finding out 
the time available on the schedule, whether that 
time occurs in a surgeon’s specific block time, 
and to facilitate intelligent management of 
resources. It must provide data on how resources 
are being used in relation to their availability 
(Harris et al. 1998). Block scheduling assigns a 
surgeon (or a surgical group) a block of time that 
is exclusively for his cases.

The anaesthesia service is often a separate 
department; in some hospitals it is a division 
under surgery department. In contrast with 
surgical sub-specialties, anaesthetists specializing 
in specific clinical areas such as pediatric 
anaesthesia, obstetric anaesthesia and cardiac 
anaesthesia are not typically organized into 
distinct departments. The anaesthesia department 
must be organized in such a way as to ensure 
availability of a sufficient number of anaesthesia 
providers for elective and emergency cases, 
which requires 24-hour-a-day coverage (Gabel et 
al. 1999). 

Simulation in the Health Care Industry 

The health care industry is a dynamic system with 
complex interactions, in which the simulation 
technique would play an indirect but vital role to 
achieve the optimal result (Zhang 2001). Kelton 
et al. (1998) state that the real power of the 
simulation technique is fully realized when it is 
used to study a complex system. Numerous 
healthcare service providers such as D. R. 
Hospital in North Carolina,  and St John Hospital 
in Detroit, U.S.A. have successfully employed the 
simulation technique to help them in 
understanding their processes and to optimize 
them (ProModel Corporation 2002).   

CASE STUDY 

The Department of Surgery at the Singapore 
Hospital oversees the operations of the surgical 
theatres. The main operating theatre complex at 
Block 3 of the hospital grounds is where surgical 
operations of different specialties take place. The 
local demand for surgery services has increased 
over the last two decades. The capacity of the 
operating theatres at the complex has reached 

high levels of utilization, and action is necessary 
to ensure that the department is able to cope with 
increasing patient load. Due to the increasing 
demand by patients on the services provided by 
this operating theatre complex and the acute 
shortage of manpower in the local health care 
industry, the Department of Surgery has to 
employ reengineering practices to achieve more 
efficient and effective utilization with its existing 
resources.

There are a total of 21 operating theatres at the 
main OT complex at Block 3 of the hospital. In 
the year 2000, the number of surgical operations 
conducted at the hospital was 59,377, of which 
about 45% were outpatient (day) surgeries. The 
daily average was 162. Out of the 21 theatres, 19 
are allocated for elective surgery and operate 8 
hours a day (from 8:30 to 17:30), and the 
remaining 2 are employed as emergency 
operating theatres and operate 24 hours a day. 
Historical data was extracted from the hospital’s 
scheduling database for the period January to 
September 2001. The data includes the percentage 
utilization of all the operating theatres, and the 
surgeons’ log of all the surgical operations 
conducted within the same period. 

Every day, each operating theatre is reserved for a 
specific clinical discipline to carry out surgical 
operations. Some of the operating theatres are 
exclusively reserved for a particular discipline, 
whereas others may be used by different 
disciplines for each day of the week.

MODELING OF THE OPERATING 
THEATRE COMPLEX 

MedModel is a simulation-based powerful 
software tool for evaluating, planning or re-
designing hospitals and other healthcare systems. 
It provides a basis for the comprehensive 
evaluation of large and complex health care 
systems. MedModel is also equipped with an 
impressive collection of pre-programmed 
constructs. Before a model for the operating 
theatre complex can be developed, a flow chart of 
the operating theatre process is provided in Figure 
1 to illustrate the entities, resources and locations 
involved. Figure 2 shows the layout of the 
completed simulation model. The proportion of 
elective surgical operations for each clinical 
discipline varies greatly.  

To keep simulation as simple as possible, this 
model deals with only 8 operating theatres, each 
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Figure 2:  Layout of Completed Simulation Model 

Table 1:  Patient Types and Distribution

Patient Type Clinical code Percentage(%) Surgery required 

1 CLR 12 Colorectal surgery 

2 CTS 6 Cardiothoracic surgery 

3 ENT 9 Ear, nose and Throat surgery 

4 GES 26 General surgery 

5 GYN 11 Obstetrics and gynaecology 

6 OTHERS 9 Other surgery 

7 OTO 22 Orthopaedic surgery 

8 PLS 5 Plastic surgery 



reserved for a different category of surgery. As 
such, the number of entities and resources used in 
this model will be scaled down from the real-life 
numbers obtained. There are 2 entities in this 
simulation model, namely Patient and Setup. In 
accordance with the 8 categories of surgical cases, 
the patient is classified into 8 different types 
using the attribute aPt_Type and the user-defined 
distribution dPt_Type. The patient types and 
distribution are listed in Table 1. It should be 
noted that the number convention assigned to 
each type of surgery (such as “1” for CLR, “2” 
for CTS) is the same throughout the simulation. 

Before the entity Patient is routed into the 
operating theatre, the entity Setup is first routed 
into the operating theatre, together with the 
resource Anaesthetist. This is to model the pre-
operation procedures required to get the operating 
theatre ready for surgery on the incoming patient. 
These pre-operation procedures take 0.5 hours or 
30 minutes. As such, there is no need to classify 
this entity into 8 different types as for the entity 
Patient. The entity Setup stays in the operating 
theatre for 30 minutes with the resource 
Anaesthetist before the entity Patient is 
summoned into the operating theatre to join them.  

Locations represent fixed places in the system 
where entities are routed for processing. This 
model has 5 locations. Moreover, entrance is the 
point of entry for the entity Patient. The number 
of entries (or the number of arrivals of this entity) 
at this location is determined by an arrival cycle. 
The entity Patient is next routed to the pre-
operation area (Pre-op), where it waits for 30 
minutes before it is called to the next location on 
the process logic, which can be any of the 8 
operating theatres. Should this next location be 
full, the entity remains at this location until the 
next location becomes available. The location 
Pre-op is a multi-capacity location; its capacity is 
20 patients. The location Recovery has a capacity 
of 16. The model assumes that each patient 
spends 0.25 hours or 15 minutes in the recovery 
area.

A resource is a person or piece of equipment used 
for one or more of the following functions: 
treating or moving patients, assisting in 
performing tasks for entities at locations, 
performing maintenance on or for locations or 
other resources. In this model, there are 10 groups 
of resources. Of the ten, eight types represent 8 
groups of surgeons from the eight different 

surgical specialties, Surgeon1 to Surgeon8. The 
other two groups are Anaesthetist and Gurney.

Reengineering the Operating Theatre Complex  

It has been noted that the level of utilization for 
the operating theatres at the complex is rather 
high. The next step is to improve the efficiency of 
the system, such that it can achieve greater output 
with utilization of the same amount of resources.  

Currently, the elective operating theatres at the 
hospital operate eight hours a day, from 08:30 to 
17:30. Despite this, surgical operations often end 
beyond 17:30, due to delays occurring in the 
individual operating theatre throughout the course 
of the day. Sometimes it could simply be due to 
the complexity of the surgery.  

In an effort to improve the efficiency of the 
complex, operating theatre personnel have 
suggested the possibility of implementing a shift 
system in place of the current system. By making 
changes to the variables used, the operating 
theatre process is reengineered to incorporate the 
shift system and investigated using the simulation 
model developed above. In simulating the shift 
system, 2 changes are made to the original model. 

Arrival Cycle: Instead of patients arriving 
between 08:00 and 18:00 over a 24-hour 
period starting at 08:00, patients now arrive 
between 08:00 and 04:00 over the same 
period and with the same distribution. This 
represents 2 shifts with 10 hours to each shift.  
Number of resource units: Since the new 2-
shift model utilizes the same amount of 
resources, as before, the pool of resources has 
to be shared between the two shifts. This 
results in less number of surgeons and 
anaesthetists on duty at any one time. This is 
incorporated in the new model by halving the 
number of resource units available. 

In implementing a shift system, the system might 
not have sufficient resources to cope with the 
increased workload. In an extreme scenario, twice 
the amount of resources is needed to maintain the 
level of effectiveness of the system. This is 
simulated in a third model, by maintaining the 
number of resource units with the implementation 
of the shift system.  

When two specialties are allocated the use of an 
operating theatre on the same day, one uses the 
theatre in the morning and the other in the 
afternoon. In the extreme scenario, declassifying 



all the operating theatres means that no surgical 
specialty has the exclusive right to any operating 
theatre. This facilitates the allocation of surgical 
on a first-come-first-served basis. To model the 
new system with no classification of operating 
theatres, the attribute aPt_Room and its 
assignments are removed from the model. 
Removing it would allow the entity Patient to go 
to any operating theatre location regardless of the 
patient type. 

RREESSUULLTTSS AANNDD DDIISSCCUUSSSSIIOONN

The simulation model was run for 168 hours (7 
days), with a warm-up period of 48 hours, with 20 
replications. Table 2 gives a summary of the 
utilization of the locations. It can be seen that 
high utilization occurs at OT (OTO), which is the 
OT reserved for orthopaedic surgery. The pre-
operation area is also highly utilized due to the 
number of patients waiting for orthopaedic 
surgery. This creates a bottleneck at the pre-
operating area, and leads to patient arrival 
failures. This important issue suggested the 
possibilities for reengineering. 

Figure 3 shows the utilization of resources for the 
simulation. As the crucial resources in our model 
are the surgeons and the anaesthetists, it was 
assumed that gurneys are always available when 
needed in developing the model. It can be seen 
that of all the resources available, the group of 
anaesthetists within the system is the most highly 
utilized at 18.25%. On top of this, anaesthetists 
also have teaching and research responsibilities. 
Thus, the actual utilization hours for the resources 
used in this simulation model is higher than 
reflected in Figure 3.

The three suggested models for reengineering 
were similarly run for 168 hours with 20 
replications. The location utilization of the 
reengineered models is compared with the 
original model in Table 3. We will refer to the 
shift system model as Model 1, the shift system 
with increased staff model as Model 2 and the 
declassified operating theatres model as Model 3. 
It should be noted that for Model 3, the operating 
theatres have been renamed to OT1-OT8. The 
resource utilization of the reengineered models is 
compared with the original model in Figure 4. 
Table 4 summarizes the relevant entity states and 
efficiency for the 4 models. 

Based on the results of simulation, the most 
efficient model is Model 3, which declassifies the 

operating theatres and allows any surgical 
specialty to conduct surgical operations in any 
operating theatre. This method reduces the 
utilization of the pre-operating area from over 
90% to 69%, which indicates alleviation of the 
bottleneck seen previously at this location. The 
efficiency of this proposed system is found to be 
64.8%, an improvement from 45.6% of the 
current model. 

CONCLUSIONS

An in-depth study of the operating complex at the 
Singapore Hospital has been conducted with the 
use of simulation software, MedModel. The 
utilization of the operating theatre complex and 
its two main resources, the surgeons and 
anaesthetists, were analyzed in detail. The 
software modeled the complex operating theatre 
system accurately and with confidence in results. 
Due to the comprehensive nature of the 
simulation software tool, assumptions and 
shortcuts that have routinely characterized health 
care and hospital simulations were no longer 
necessary. The software has allowed modeling the 
gamut of operating theatre activities quickly and 
efficiently, from patient admission to disposition. 

Several possibilities for process reengineering 
were proposed to reduce the utilization of the 
operating theatres within the complex. These 
possibilities were implemented on the simulation 
model. The results of the simulation have 
indicated that operating theatres servicing certain 
surgical specialties within the operating theatre 
complex are highly utilized. The surgeons 
belonging to those specialties are also in high 
demand. The results also indicate that the 
anaesthetists serving the complex are highly 
utilized, possibly due to their anaesthetic 
responsibilities outside the operation theatre and 
the pre-operative and post-operative work they 
conduct for surgical cases.  

Thus, in order to maximize the productivity of the 
operating theatre complex without increasing the 
workload of the surgeons and anaesthetists, the 
management needs to look for a way to redesign 
the operating theatre process. It is also 
recommended that data collection with regards to 
operating theatre utilization be reviewed 
periodically for accuracy and transparency in the 
data collection process. This is crucial in order to 
obtain a true representation of the utilization 
states of the operating theatres, and in turn an 
accurate productivity index can be derived. 



Table 2:  Location Utilization

Resource Utilization

1.55 1.10
2.23

4.11

1.29

6.26

12.37

0.90

18.25

0.00
2.00
4.00
6.00
8.00

10.00
12.00
14.00
16.00
18.00
20.00

Surg
eo

n1

Surg
eo

n2

Surg
eo

n3

Surg
eo

n4

Surg
eo

n5

Surg
eo

n6

Surg
eo

n7

Surg
eo

n8

Ana
es

the
tis

t

%

Figure 3:  Resource Utilization

Location Capacity Total Entries Avg minutes per entry Utilization (%) 

Entrance 1 45.65 80.69 33.26 

Pre Op 20 63.65 3012.29 92.43 

Recovery 16 50.85 31.49 0.99 

Exit 1 50.85 0.00 0.00 

OT (CLR) 1 5.20 199.75 10.24 

OT (CTS) 1 2.75 286.62 8.18 

OT (ENT) 1 4.90 286.56 14.26 

OT (GES) 1 18.45 379.87 69.09 

OT (GYN) 1 6.10 194.34 11.58 

OT (Others) 1 6.60 1478.34 88.87 

OT (OTO) 1 6.10 1790.40 100.00 

OT (PLS) 1 2.25 350.80 8.56 



Table 3:  Location Utilization – Comparing the 4 Models
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Figure 4: Resource Utilization – Comparing the 4 Models

Utilization (%) 

Location Original Model Model 1 Model 2 Model 3 

Entrance 33.26 59.16 55.76 23.00 

Pre Op 92.43 96.40 96.06 69.36 

Recovery 0.99 1.05 0.97 1.90 

Exit 0.00 0.00 0.00 0.00 

OT(CLR)/OT1 10.24 9.23 10.29 92.44 

OT(CTS)/OT2 8.18 10.34 9.18 91.13 

OT(ENT)/OT3 14.26 13.05 15.85 92.49 

OT(GES)/OT4 69.09 78.37 69.21 93.94 

OT(GYN)/OT5 11.58 10.46 9.42 92.77 

OT(Others)/OT6 88.87 91.04 83.37 94.27 

OT(OTO)/OT7 100.00 100.00 100.00 94.15 

OT(PLS)/OT8 8.56 7.34 7.45 94.12 



Table 4:  Entity States and Efficiency – Comparing the 4 Models

Entity Original 

Model
Model 1 Model 2 Model 3 

Average time in system (mins) 1237.80 1207.46 1291.56 1314.72 

Average time in blocked state (mins) 874.34 852.37 920.46 864.70 

Total number of exits 99.40 100.10 96.55 186.95 

Total remaining in system 16.90 17.50 17.30 1.90 

Total number of failed arrivals 138.95 141.85 141.90 102.5 

Efficiency (%) 45.6 45.3 44.5 64.8 
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ABSTRACT: As in the commercial world, modeling and simulation (M&S) is increasingly pervasive 
throughout the Navy. There is a constant drive to expand the utility of these M&S through distributed M&S, 
federations, and other combinatorial simulations in the High Level Architecture (HLA), FORCEnet, and other 
such programs. The DOD and commercial sectors’ increased reliance on M&S has necessitated a method to 
provide documented proof of M&S’ credibility. Although the Navy has mandated M&S Verification, Validation, 
and Accreditation (VV&A) to provide this credibility, no single standard exists to execute the documentation 
process. 
 
Clearly, this lack of coordination and consistency begs the development of a single, clear, standard method and 
repository to facilitate the execution of this mandate. The development of Department of the Navy (DON) VV&A 
Documentation Tool (VDT) and its VV&A Markup Language (VVML) seeks to fill this need by standardizing and 
streamlining the M&S VV&A documentation process. The web-enabled VDT can not only house all VV&A 
documentation and its associated information in one repository, but can also standardize and expedite the 
documentation process through intuitive templates and inherent flexibility via its VVML base.  This paper builds 
the case for a VV&A documentation standard and details the role that VVML and the VDT play in the 
realization of standardization. 
 
1. Introduction 
 
The ever-increasing use of M&S across all areas of 
global communication, education, business, and day-
to-day functions has come to define the twenty-first 
century. Seemingly all areas of everyday life has come 
acquisitions to assessment and management, weapon 
systems testing in lieu of live firing, and ship and 
aircraft design. As this M&S presence continues to 
evolve into reuse, greater federations, and 
combinatorial simulations, the need for a standardized 
means to prove the credibility of these M&S becomes 
more urgent.  

to rely on M&S to enrich our world with greater 
capabilities at lower costs. It is not surprising then that 
the US Navy has led the way in incorporating this 
highly malleable technology to build, assess, and meet 
their technological advancement: from training and 
education to operations and experimentations, 
 
1.1 Background: Verification, Validation, and 
Accreditation (VV&A) 
 
The DON has issued a mandate for M&S VV&A 
(SECNAVINST 5200.40 [1] and 5200.40A draft [2]) to 
address this need. The key focuses of Naval M&S 
VV&A are two-fold:  1) to ensure the M&S 
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developers are producing credible models that fulfill 
their intended uses and 2) to present accurate and 
correct information to the users so that they can make 
conscientious and informed decisions regarding their 
use.  De facto accreditation has often been used due to 
the lack of V&V documentation. Because of this lack 
of a formalized VV&A standard, the credibility of the 
M&S’s pedigree is generally unsubstantiated. 
However, as M&S is increasingly relied upon to make 
realistic representations of the “real world” as well as 
critical decisions with substantial risks, it is clear that 
“it has worked so far” no longer suffices. With such 
factors as the safety of human lives and the reduction 
of cost and time dependent upon the accuracy of 
M&S, it is clear that VV&A must be accurate and 
consistent. 
 
The need for standardization of VV&A is thus a 
formalized set of processes designed to ensure the 
safety, cost effectiveness, and reliability of M&S. To 
facilitate the execution of these processes, a VV&A 
framework and processes have been outlined and in 
the Department of the Navy Modeling and Simulation 
Verification, Validation, and Accreditation 
Implementation Handbook (2001) [3] and The 
Modeling and Simulation Verification, Validation, and 
Accreditation Implementation Handbook, Volume I: 
VV&A Framework [4].  Thus, the vehicle for creating 
M&S credibility is set into motion through VV&A. 
 
1.2 Necessity: Standardized VV&A Documentation 
 
Although VV&A creates the framework and processes 
required to ensure the credibility of M&S, VV&A 
may be considered an incomplete effort without 
structured documentation. VV&A documentation 
must address the concerns of the M&S user by 
demonstrating its credibility with solid evidence. In 
other words, VV&A documentation must build on the 
M&S requirements, design and development, and 
reporting and documentation of the M&S 
performances’ end results.  The efficacy of VV&A 
hinges upon its thoroughness and consistency. 
 
The simplest way to ensure this pedigree of VV&A is 
to standardize the documentation process. The Navy 
Modeling and Simulation Master Plan includes 
standards as one of the enablers to “promote the 
development and use of standards, in order to reduce 
M&S production costs, while enabling consistent and 
comprehensive representation” [5].  As mentioned 
above, although the need for standardization, 
facilitation, and expedition has been identified, no one 
tool, template, or language exists to facilitate such 
standardization. Therefore, it is not surprising that the 
VV&A documentation process remains daunting, 
inefficient, and generally unpopular. By extension, the 
potential for legacy M&S reuse under such conditions 
has been heretofore hindered by this lack of consistent 
documentation and the arduous amounts of research 
needed to assess the applicability of an M&S in 
question for the new user’s purpose. 

 
Credible and consistent VV&A documentation has 
remained elusive. Since hesitation to conduct VV&A 
continues despite a SECNAVINST mandate and 
practitioners’ guides, something further is still needed 
to activate and facilitate the VV&A documentation 
process. In an effort to capture the problem, the Navy 
has been collecting data on VV&A implementation 
needs for the last three to four years. The dominant 
stumbling block has been the facilitation of its 
execution.  VV&A agents have consistently indicated 
that the most difficult aspect of implementation was 
the initiation: when and where to start, what to 
consider, and how to bring about structured 
management to produce precise, complete, and useful 
documentation that users can use to make informed 
decisions.  The fundamental problem is therefore 
clear: implementation guidance alone cannot meet the 
needs of consistency and reuse. A concrete, tangible 
standard for reporting information that is easy to use is 
needed. 
 
1.3 The Utility of VVML and the VDT in VV&A 
 
The clamor to simplify the documentation process 
with an intuitive format is the foundation for the 
creation of VVML.  The evolution of the Navy’s 
effort to support VV&A documentation has brought 
several key, M&S-wide desideratum to light: the 
possibility of VV&A standardization; the need to 
promote M&S reuse, and the need for easy, on-line 
VV&A collaboration. Richly structured VV&A 
processes are possible by utilizing the Extensible 
Markup Language (XML) to create universal access to 
M&S data.  The VVML concept directly addresses 
these VV&A needs by leveraging the XML-based 
framework into a VV&A-specific language, thereby 
providing a bridge between M&S requirements and 
open/commercial web-enabled standards. Further, the 
execution of VVML in the VDT, with its intuitive 
templates and user interface, solves both the initial 
documentation and reuse standardization problems. 
The associated benefits of such a marriage are 
numerous: adaptability to changes in VV&A structure 
and data, portability to enable universal, web-enabled 
access to VV&A information; the capacity to link to 
the Navy Modeling and Simulation Resource 
Repository (NMSRR) [6]; and easy maintenance and 
reference.   
 
2. Purpose: 
 
To date, no standards specify what information, 
documentation, or format is required for M&S 
VV&A.  However, observation the common needs of 
numerous M&S VV&A programs reveals that an 
efficacious and accommodating VV&A 
documentation process hinges on two key factors: a 
common documentation standard and a method by 
which to achieve this documentation. This paper will 
show that the VVML provides the extensible language 



necessary to generate a common VV&A template and 
that VDT provides a standard content and format for 
all VV&A implementation.  Continued discussions, 
collaboration, and incorporation of M&S VV&A 
needs will only provide ever greater utility of the 
VVML and VDT.  
 
Thus, this paper will argue the need and justification 
for a single M&S VV&A documentation standard; 
provide a walkthrough of the VVML concept and its 
application through the VDT; and delineate the 
evidence needed to place VVML and the VDT as 
considerations for M&S VV&A standards. By 
extension, the need for VVML and the VDT in the 
context of the Navy’s emphasis on M&S reuse and 
future endeavors will be highlighted.  VVML and the 
VDT will prove to be inextricably vital to the creation 
of a formal and consistent means to evaluate M&S 
and the creation of federative, distributive, Defense 
Information Infrastructure Common Operation 
Environmental (DII COE), and composable M&S.   
 
This argument will be laid out in three parts: the 
presentation of the VVML concept, its utility as 
facilitated by the VDT, and the justification for its 
consideration as the foundation for future 
standardization.  Finally, the discussion will conclude 
with future VVML/VDT capabilities and areas for 
consideration by the VV&A community in expanding 
VVML/VDT utility. 
 
3. Revolution: The Utility of VVML and 
the VDT 
 
VVML and its application, the VDT, provide the 
standardization and flexibility needed to create 
consistency in VV&A documentation by leveraging 
XML and providing users with a physical and tangible 
object to guide them through the VV&A 
documentation process.  VVML creates consistency 
with Navy mandate by paralleling its contextual 
structure to The Department of the Navy Modeling and 
Simulation Verification, Validation, and Accreditation 
Implementation Handbook, Volume I: VV&A 
Framework [7] while the VDT creates VV&A 
metadata files to record the VV&A process and 
progress.  For each M&S project a single metadata file 
is created that contains four related reports: the 
Accreditation Plan and Report, V&V Plan and V&V 
Report.  The resulting VVML file establishes a 
searchable index that facilitates configuration 
management, traceability and a host of other benefits 
that will be addressed in the body of this paper. The 
flexibility of this web-based language and tool will 
also save the Navy valuable time and money by 
uniformly delivering M&S projects for accreditation 
and creating M&S repositories with searchable entities 
for future reference. 
 

3.1 VDT: the VV&A Implementers’ Interface with 
VVML 
 
VV&A implementers require a quick and efficacious 
means to understand and perform the VV&A process.  
The VDT fulfills this need by formatting the required 
reports directly from the VV&A template and creating 
a manageable VV&A task list.  Correlation with the 
VV&A handbook [8] and SECNAVINST 5200.40A 
[9] provide additional clarification of those sections 
that new VV&A implementers may not understand 
and facilitates the easy creation of required documents 
and reports.  Once the VV&A agent familiarizes 
him/herself with the VDT template fields and creates a 
VV&A task list, the VVML supports the execution of 
these tasks by connecting all members involved in the 
M&S development and VV&A effort through a single 
collaborative documentation standard.  The VDT 
captures the textual documentation within specific 
contexts defined by the VVML.  The collection of 
VVML files is then stored in a single repository, such 
as the NMSRR, creating a valuable asset to the DON 
M&S communities. 
 
This standardization of process inherently makes 
systems development more formalized and rigorous. 
VVML adheres to the standard the VV&A template 
for documentation by representing the required M&S 
VV&A information while the VDT uses VVML to 
surround the VV&A content.  With the VDT portal, 
VV&A metadata can be captured for multiple projects 
and will be able to be linked with the Navy’s 
NMSRR.  Thus, VVML promotes project visibility 
and facilitates information exchange.  This specialized 
portal and/or the NMSRR will provide a robust web 
interface for searching M&S projects using specific 
VV&A criteria. 
 
4. Evolution: The Creation and 
Development of VVML and the VDT 
 
The VDT’s first iteration was as a stand-alone 
Microsoft Access database and has evolved into the 
DON VV&A Documentation Tool, Versions 1 and 2.  
Developed by SPAWAR Systems Center, Charleston, 
multiple users tested Version 1; their comments were 
incorporated in the final Version 1.  With the release 
of Version 1, numerous other comments called for 
collaboration and information-sharing utilities.  The 
success of VV&A hinges upon participation from 
various members within the program and 
organizational resources, both internal and external.  
Hence, responses to the VDT v.1’s utility and 
capabilities were addressed to several users including: 
OPNAV, Marine Corps, Navy and Army threat 
systems offices and other organizations. 
 
Strong consideration was also given to interoperability 
with the NMSRR. As the NMSRR was created to 
promote M&S reuse by providing a centralized 
collection point where a registered user can enter 



information about their M&S, the linking and 
portability of XML can allow certain fields of the 
VDT to be directly linked to NMSRR and populating 
the database with current information with the consent 
of the users.  The automation of this VDT/NMSRR 
posting will relieve M&S VV&A agents from having 
to manually duplicate the entry of this vital 
information.  Running historical information that other 
users can access in the NMSRR facilitates the 
evaluation of existing M&S for reuse based on the 
VV&A documentation. 
 
4.1 VVML: Metadata 
 
Metadata can be stored as data; as well as a resource 
indicated as a URL, i.e. 
http://www.navmsmo.navy.mil/; one resource may 
therefore contain information about itself and/or 

another resource. One goal of writing structured 
Metadata is to include as much of the syntax and 
semantics such that maximum information can be 
acquired when referencing a Metadata document. In 
the context of the NMSRR, structured content in the 
metadata is paramount to populating the database with 
useful information.   
 
To make this XML data interchange a reality, the 
establishment of a metadata standard is necessary to 
so that its content conforms to the Navy’s VV&A 
policy and complies with the World Wide Web 
Consortium (W3C) XML Schema [10]. As the 
primary goal of the VVML is inherently to provide a 
framework for tracking V&V activity, the source code 
in Figure 1 is provided to show the attribute tags used 
to track events: 
 

 
Figure 1- XML Code segment 

 
4.2 VVML: Hyperlinks and XML Sub-languages 
 
Further supporting the use of XML and web-based 
applications as the basis for VV&A documentation 
standardization are hyperlinks, which provide a 
simple, yet powerful, means of linking documents. As 
such, VVML applies the the XML Linking Language 
(XLink), XInclude and XPointer languages to 
facilitate the VVML’s role of Metadata Collector and 

future capabilities discussed later in this document. 
Because XLink allows more abstract linking than 
standard HTML, users can insert and move elements 
into XML documents with greater flexibility, the 
creation and description of links between resources 
becomes more robust. “XLink provides a framework 
for creating both basic unidirectional links and more 
complex linking structures[,] allow[ing] XML 
documents to assert linking relationships among more 

http://www.navmsmo.navy.mil/


than two sources, associate Metadata with a link, and 
express links that reside in a location separate from 
the linked resources [11].”  By using the XML syntax 
to create structures that can describe both simple, 
unidirectional hyperlinks (similar to HTML) and more 
sophisticated links, XLink’s value to VVML and the 
VV&A practitioner is that it can include a wide array 
of documents. Audio, video, database data, training 
media, schedules, and even XML-enabled test results 
can thus be added to any VV&A file. This will be 
particularly useful in the realm of regression testing by 
linking statistical applications directly to the VDT.  
 
While XLink is an XML-based language that specifies 
constructs for advancing linking in XML documents, 
XPointer is a non-XML language that allows the user 
to address the internal structures of XML documents 
by specifying link sources and targets [12]. The 
XPointer language can be used as the basis as a 
fragment identifier for any Uniform Resource 
Identifier (URI) reference. By definition, a URI is a 
series of characters used to differentiate names. URIs 
locate a resource whose Internet media type is one of 
text/xml, application/xml, text/xml-external-parsed-
entity, or application/xml-external-parsed-entity [13]. 
The XPointer’s capacity to harness URI fragments 
allows the VDT to manage validation test parameters. 
In contrast, XLink allows the management of 
parameters such parameters as schedules and costs is 
shown in Figure 03 below as a requirements matrix 
that links pre-test predictions to test results. Using the 
XPointer specification, the VDT can reference test 
results pointing directly to another application by 
simply pointing to the URI of the application. 
 
Finally, the VVML incorporates the XInclude 
specification to provide the mechanism for organizing 
and capturing non-text data such as graphics, 
embedded objects or files. XInclude provides a link 
with the attribute value of embedded resources in 
documents generated by the VDT. Such links provide 
syntax independent of media type to indicate that a 
resource is to be embedded graphically within the 
display of the document [14]. This capability has far-
reaching implications. For example, it can add the 
ability to link live schedule information or even model 
information directly from the M&S applications to the 
VV&A project file.  
 
5. UTILITY: The Benefits & Current 
Limitations of the VDT/VVML 
 
The benefits of VVML and the VDT are numerous: 
from one-step standardization and aggregation to 
universal applicability. Further utility and expansion 
into the area of M&S scheduling and management 
covers only one feature that the VDT may hope to 
achieve in the future. However, it is also important to 
note the current limitations of VVML and the VDT, 
not only its benefits. As such, this section seeks to 

provide the road ahead as well as the current status of 
VVML and the VDT’s utility.  
 
5.1 One-Step Standardization and Aggregation 
 
The main benefit of using the VDT over Microsoft 
Word® is that only the VDT facilitates standardized 
preparation of VV&A documentation and supports the 
aggregation of V&V information in an M&S 
repositories, such as the NMSRR.  The result is 
similar to using tax-preparation software to fill in your 
tax forms and file your income tax return 
electronically.  Both the preparer and the government 
easily achieve greater levels of consistency and 
efficiency by using this standardized method. 

 
The overall VDT process produces standardized 
representations that can be scaled to accommodate 
both small to large M&S projects.  Specifically, 
VVML is structured to provide the four report 
templates articulated in the M&S VV&A 
Implementation Handbook Volume I [15] in electronic 
form:  

• Accreditation Plan 
• Verification And Validation Plan 
• Accreditation Report 
• Verification And Validation Report 

These four reports contain documentation of the 
specific VV&A plan details, correlating to the VV&A 
process. These processes include: 

• Data Verification 
• Data Validation 
• Design Verification 
• Implementation Verification 
• Conceptual Model Validation 
• Results Validation 
• V&V Reporting 

Thus the VDT and its VVML underlay form the only 
tool that not only creates standardized documentation, 
robust flexibility, and XML-based utility, but also 
ensures compliance with Navy M&S mandates.  
 
5.2 EASE OF USE & UNIVERSAL 
APPLICATION 
As noted above, the Web-based VDT application 
utilizes XML to enable its underlying database to 
create an easily accessible user interface that supports 
mandated Navy VV&A standards. The VDT is 
accessible from any browser and connects to a 
specialized Navy website that serves the latest VDT 
version.  The web interface supports multiple 
platforms to ease and assist the user to produce 
standardized Navy VV&A documentation.  In order to 
consistently fulfill this tall order; verify that all 
VV&A standards are met; and ensure that any user, 
regardless of familiarization with the VV&A process, 
can easily accomplish all tasks, the VDT represents a 
tree of documentation headings with user directions 
and an edit pane that accepts formatted text and 
pictures, as depicted in Figure 02:   

 



 
Figure 2- The VDT main window displays the content associated with the “System/Process Modeled” subject of 
the V&V Accreditation Plan. 

Additionally, the current iteration of the VDT 
interface is sufficient to represent all M&S acquired, 
developed, managed, and used by DON activities. The 
fact that all categories of M&S used by DON 
activities (including live, virtual, and constructive 
simulations; distributed simulations; federates and 
federations; emulators; prototypes, simulators; and 
stimulators) can harness this tool with relative ease 
with little additional effort is in itself a revolution in 
M&S VV&A documentation. In the increasingly 
demanding world of Navy M&S management, the 
importance of the VDT for project developers, system 
engineers, system architects, testers, and management 
attempting to balance their traditional responsibilities, 
challenging schedules, and tight budgets with the new 
demands of M&S VV&A can hardly be understated. 

 
As discussed earlier, the VDT creates each report 
separately by user request to the format prescribed by 
the Navy standards for VV&A documentation.  For 
easier access and standard formatting, project VV&A 
content is sequentially placed between indexed 
documentation headers while maintaining the user-
supplied formatting intact.  Each report is then 
generated and can be previewed using the VDT using 
the universally recognizable “Print Preview” menu 
selection.  The “Print” menu selection generates and 
sends a standardized report to the specified printer.  
The following is an example of the Print Preview 
window: 

 
Figure 3- Standard Print Preview window 

 



5.3 Current VDT Limitations 
 
The VDT directly manages the VVML structure and 
document content to the new VV&A standard.  
Because the VDT can include “cut-and-paste” data 
from other editors and tools, the VDT inspires 
thoughts of composability and substantive 
interoperability between M&S components. The VDT 
can represent and relates a user’s high-level 
perspectives of the usefulness of M&S.   However, 
further development is needed for the VDT to provide 
users with these advanced features and capabilities.  
Some known issues include: 

• Dependent on Web connectivity 
• The addition of a spell check feature 
• The capacity to add a table of contents, page 

numbers, and indexes 
• Binary representation of images that occupy 

less disk space that XML-wrapped rich text 
 
5.4 The Tailoring of V&V 
 
The process of VV&A can be exhaustive and costly, 
so it is suggested that this judgment process be 
conducted using common sense, sound business 
management practices, and considerate of time and 
resources efficiencies.  We believe that organizations 
can adhere and comply with regulations to do VV&A, 
follow the guidelines, and produce meaningful VV&A 
documentation efficiently with the use of the VVML 
Documentation Tool. Documentation content is the 
sole responsibility of VV&A practitioners. As such, 
portions of the VV&A content may be left blank, 
resulting in abridge VV&A reports. 
 
6. Further Fruition: Future Capabilities 
 
6.1 Flexibility and the Additional Functionality 
 
In 2004 the release of a new standard for Navy VV&A 
documentation clarifies, characterizes, and evolves the 
VV&A process. In synergy with this evolution, 
VVML emerges as the single standard to represent 
project VV&A artifacts.  Because VVML is a 
language that can easily adapt to future requirements 
and evolving VV&A methods, software development, 
and VV&A process maturity, higher levels of 
validation categorization and new means of 
requirements traceability can be established and 
standardized through the VDT.  VVML also has the 
capacity to adapt to additional XML tags.  VVML 
extensions open new possibilities to represent 
complex relationships between M&S components.   
Often expensive, proprietary tools appear to fill the 
current void.  However, continued improvements to 
the VDT will extend and improve the management of 
the VV&A process, including: 

• Monitors and metrics of VV&A activities 
and progress 

• The provision of essential feedback regarding 
the organization of VV&A activities with 
M&S development lifecycle. 

• The collection and summarization of lessons 
learned to extrapolate possible changes and 
improvements to future VV&A processes 
and standards 

• The ability to expand data import and export 
methods including requirements traceability 
matrixes (RTM) and other tool matrixes. 

 
6.2 VDT Support of DON Web-Centricity and 
Streamlined Schedules 
 
With regard to the DON’s emerging web-centric 
approach, the VDT application has the possibility of 
improving the management of VV&A processes by 
providing timely visibility of progress, audits, 
summary analysis, and judgments of credibility.  By 
using the VDT, M&S managers can coordinate their 
efforts to respond to critical issues of performance and 
effectiveness, thereby streamlining the effort to 
quantify and mitigate risks. Future versions of the 
VDT will manage a template that extends for each of 
the project M&S components.  After the VV&A 
process is tailored to fit the project, a schedule can be 
created that associates VV&A activities and time with 
costs.  Thus, the VDT has the potential to quantify and 
track costs.  This functionality will help evaluate 
project risk as a relationship of historical costs, 
budgeted costs, and projected costs.  
 
As the VV&A Documentation Tool suggests a 
roadmap for the direction and completeness of the 
documentation based on the stage of the M&S 
development cycle, the VDT can evolve to promote 
each specific V&V process M&S development stage.  
The V&V calendar can be used as a simplified 
resource planner to organize high-level V&V tasks.  
As a Web-accessible tool, the VDT can support a 
standardized process to efficiently capture and share 
V&V data for streamlined documentation and 
collaboration while V&V activities are audited 
throughout the execution.  Hence, the VDT emerges 
from a documentation template program to a full 
service VV&A assistant that supports an 
organization’s advance into process maturity. 
 
The VDT organizes VV&A information that identifies 
how the M&S project can sufficiently execute VV&A 
and meet acceptability criteria. When actual results of 
V&V testing are available, M&S management gains a 
cohesive understanding of the M&S progress by 
tapping into this rich resource, thus casting away the 
vagueness and opacity so often noted as a frustration 
of VV&A. With such openness and clarity, the 
acceleration of the overall M&S schedule is likely as 
developers will be able to identify and focus on 
higher-priority tasks which directly relate to the most 
important M&S acceptability criteria. Because VVML 
has the capability to conjoin system-level tests with 



expected results, the applications of VVML in the 
VDT can be expanded ad infinitum to create and 
maintain a matrix of relationships that represent the 
acceptability criteria and the status of system-level 
tests and analysis. 
 
6.3 Composability  
 
The capacity for any one standardized template to be 
deployed without knowledge of the M&S developer’s 
methodology (object-oriented, functional 
decomposition, or fast-prototyping), has been noted 
during the VDT development effort. By encapsulating 
the details VVML uses to represent a structure of data, 
models, and simulation component documentation in 
the extensive template framework, documentation 
interoperability can be substantively evolved via 
VVML generation and links.  VVML supports true 
composability among M&S iteratively feeding the 
VDT new tools. This iterative process also achieves 
technical interoperability.   
 
A concerted effort by the SISO Extensible Modeling 
and Simulation Framework (XMSF) Group [16] 
promotes the concept of composable components 
using the).  In order to arrange and compose new 
M&S projects and configurations, M&S will require 
consistent and standardized nomenclature, high-level 
descriptions, and the designation of each M&S’s 
specific solution.  It is important to note that although 
VVML is designed to support associations in the 
Navy’s standard of the VV&A documentation, certain 
sections of VV&A documentation describe unique 
qualities: system components and their associated 
requirements, acceptability criteria, assumptions, 
qualifications, constraints, and test results.  Those who 
would compose an M&S need a strong understanding 
of the various implementation techniques and their 
purposes.  In such circumstances, there may be no 
better representation of the documented, analyzed, and 
approved M&S, than the project’s VVML file. 
 
6.4 M&S Reuse and Cost Savings 
 
The consistent use of the VDT and VVML directly 
aids in effort to reuse M&S by standardizing original 
VV&A documentation for ready accessible for 
reference, reducing the cost of the overall costs of 
legacy VV&A.  VV&A documentation provides a 
concrete, value-added deliverable for that benefits the 
entire M&S community.  Developers who evaluate 
M&S for reuse will not only have easily accessible 
and consistent VV&A documentation, but also access 
to the original validation test results and expected 
outcomes in one file, thus streamlining the future 
efforts to understanding of the legacy’s M&S 
performance and capabilities. 
 
7. Summary 
 

The Navy Simulation Baseline Assessment [17] for 
FY02 reported a DON-wide expenditure on M&S of 
over $380M in the areas of training and education, 
operations and experimentations, acquisitions, 
assessment, and management, science, and 
technology.  With so much riding on the line, the 
standardization of VV&A is no longer a nicety; it is a 
necessity. VVML and its implementation via the VDT 
specifically address this exigency by developing a 
single Navy VV&A documentation standard.   
 
Together, VVML and the VDT streamline VV&A by 
automatically generating standardized documentation 
and saving the information as constant VVML files. 
VVML provides a specialized XML-based language 
to create a unique Navy VV&A documentation 
template. The VDT dynamically applies VVML to 
aggregate the VV&A content. It is the VDT’s use of 
VVML that solidifies a solution that aggregates the 
VV&A documentation process and provides a more 
meaningful representation of VV&A information.  As 
the foundation of VVML is the highly malleable 
XML, future growth in addressing the growing 
demands of M&S VV&A, its management, and 
processes and flexibility is virtually limitless.  VVML, 
the foundation of the VDT, may lead to advancements 
in how VV&A results are composed, organized, 
distributed, searched, shared, and reused. 
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DII COE Defense Information Infrastructure 

Common Operating Environnment 
DON Department of the Navy 
HLA High Level Architecture 
HTML Hyper Text Markup Language 
M&S Modeling and Simulation 
NAVMSMO Navy Modeling and Simulation 

Management Office 
NMSRR Navy Modeling and Simulation 

Resource Repository 
OPNAV Office of the Chief of Naval Operations 
SECNAVINST Secretary of the Navy Instruction 
T&E Test and Evaluation 
URI Uniform Resource Identifier 
URL Uniform Resource Locator 
VDT DON Verification, Validation, and 

Accreditation Documentation Tool 
VV&A Verification, Validation, and 

Accreditation 
VVML Verification, Validation, and Accreditation 

Markup Language 
W3C World Wide Web Consortium 
XML Extensible Markup Language 
XMSF Extensible Modeling and Simulation 

Framework 
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ABSTRACT 

The simulation tools developed to support customised 
solving of a production scheduling and capacity 
optimisation problem for medium-sized UK based 
company are presented. The improvements of the 
simulation-based scheduling approach and its benefits in 
practice are given. Decorpart case study presented in the 
paper was developed within Sim-Serv Thematic 
Network project ‘Virtual Institute on Production-
Oriented Simulation’ under the EU-funded GROWTH 
research programme. 
 
INTRODUCTION 

Modern production scheduling tools are very powerful 
and offer a vast range of options and parameters for 
adapting the tool’s behaviour to the requirements of the 
real process. However, the more options exist, the more 
difficult it becomes in practice to find the best 
configuration of the tool. Even experts often cannot 
predict the effects of many possibilities.  Testing out 
even a small number of possible configurations in 
reality, and studying their effects on the real production 
process might take months and might severely reduce 
the overall performance. Hence such tests are not 
feasible in practice. It is much faster, easier, safer and 
cheaper to test and optimise a production scheduler 
using a simulation model than using the real process. 
 
In order to make the best use of an advanced and 
sophisticated scheduling tool in the piece-part SME 
manufacturing and to find an optimal configuration of 
its rules and parameters, modular simulation models of 
the entire business/production process and production 
anodising stage were built to test out the effects of 
various scheduler configurations. Testing and 
optimisation of the scheduling tool configuration was 
carried out off-line using the models. The real 
production process was not disturbed, and the optimal 
configuration was found very quickly at low cost. 
 
Simulation-based production scheduling and capacity 
optimisation case study presented in the paper was 
developed within Sim-Serv Thematic Network project 

‘Virtual Institute on Production-Oriented Simulation’ 
(www.sim-serv.com).  
 
SIM-SERV: VIRTUAL CENTRE OF 
SIMULATION SERVICES 

Simulation technology may be applied over a vast range 
of industrial, commercial, infra-structural and general 
service areas. The above-mentioned Thematic Network 
project ‘Virtual Institute on Production-Oriented 
Simulation’ itself focuses (Krauth 2002) on product- 
and product-oriented simulation. Among the significant 
areas of manufacturing the project sector range includes 
the following areas: Machine Tools, Transports, Power 
Plants and Mechanical Engineering. The main 
applications are related to Advanced Control of 
Manufacturing, Product Simulation, Waste 
Minimisation, Business Process Models, Environmental 
Protection, Accident Analysis, Process Redesign and 
Engineering and Logistics.   
 
It is widely accepted that simulation in spite of obvious 
power and benefits is not widely used in industry as it 
could be. The estimated potential for saving and 
improvement in European Industry, which could be 
achieved by proper use of simulation, is enormous. The 
main objective of Sim-Serv is to turn potential into real 
benefits. The central service of Sim-Serv on its web site 
presents a database of technical and scientific 
information about simulation, relevant case studies and 
success stories, a list of supplies and links to them, 
different services to support both potential users and 
suppliers as customised solution and technology 
providers. Industrial users could also find independent 
consultation and advice about possibilities of applying 
simulation technology to their business, the expected 
costs and benefits. An in-depth analysis of the problem 
leads to a recommendations of suitable solutions and 
suppliers who are able to deliver them. 
 
Moreover, the supply side consists of numerous small 
companies that offer in many cases highly specialised 
tools and solutions. They tend to have problems getting 
Europe-wide visibility and finding customers from a 
broad range of industry sections. Through dissemination 
and marketing activities, Sim-Serv facilitates access to 
European market even for small and medium-sized 
providers. As successful could be mentioned 
cooperation of two technology suppliers - Department 
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of Modelling and Simulation of the Riga Technical 
University from Latvia and Preactor International from 
UK, that in a very short period of less than three months 
provided customised problem solutions to UK-based 
Decorpart company that are presented in the paper. 
 
DECORPART CASE STUDY  

Decorpart that is a medium-sized company produces a 
wide range of different small, pressed aluminium parts 
in large quantities to a range of other consumer-focused 
businesses. Typical applications include spray 
assemblies for perfumes and dispenser units for asthma 
sufferers. The business lies in a highly competitive 
sector and its success depends on achieving high 
efficiency and low cost of manufacturing in all 
production steps. Production scheduling becomes 
therefore very critical. In the past, this company had 
already installed software tools supporting the 
scheduling of individual areas of the production process.  
 
To improve the overall company performance, increase 
its output and reduce the product lead-time, an 
automatic supply chain server, - an overall scheduling 
system coordinating all local systems, was planned to be 
introduced. In order to deliver the best possible solution 
to the customer, the supplier of the scheduling tool, 
Preactor International decided to use simulation for 
finding the optimal configuration of the scheduling tool.  
 
The problem is to build simulation tools, which will 
embrace the arrival of orders and sequencing of 
production to meet these demands. An important aspect 
is to model the production process itself in order to 
ensure that its main stages are optimally loaded at all 
times. The important anodising stage has to be modelled 
in most detail. The overall impact of simulation is 
expected to be higher plant throughput with lower unit 
costs.  
 
The following key objectives are stated in the problem: 
to model interrelated business and production processes 
at the company, to determine the overall lead time of 
orders, to test the sensitivity of the overall lead time of 
the production process to optimisation, particularly at 
the anodising production stage. 
 
This simulation tool to be introduced is aimed to use for 
testing configuration of the finite-capacity scheduling 
and advanced planning Preactor software tool and for 
iterative optimising its performance off-line prior to its 
implementation and integration at the customer’s site. 
The envisaged scheme is aimed to complement and link 
together, localised advisory systems previously installed 
on individual areas of the production process. 
 
IMPROVEMENT APPROACH 

A custom-built business/manufacturing model was built 
that simulates the arrival of orders; it shows the queuing 
of the orders for processing. The individual machines in 

each process stage were modelled as a group of 
machines with an overall capacity per day or per week. 
The model was built in a modular style so that each 
production stage could be further modelled to a greater 
level of detail. The anodising stage of the production 
process was modelled in a greater level of detail 
following successful validation of the initial model. 
 
The batch anodising process stage sub-model was 
refined to model the individual anodising tanks, so that 
colour changeover and set-up times have been be 
modelled. Queue ranking rules were developed to 
minimise the colour changes to test whether the overall 
lead- time of orders is sensitive to optimisation of the 
anodising process stage. The Production Simulation 
System Promodel that allows easily to built-in Excel 
files was used as a basic tool for simulation software 
development.    
 
The simulation scope then required an amalgamation of 
the Preactor scheduling tool with: (1) a high-level 
business/ manufacturing system model, and (2) 
production process anodising stage sub-model detailed 
representation.  
 
These two models that developed by the simulation 
supplier, i.e. Riga Technical University, were used for 
testing an initial configuration of the Preactor scheduler 
and iterative optimisation of its parameters and rules 
off-line prior to its implementation at the customer’s 
site.  
 
BUSINESS/MANUFACTURING SIMULATION 
MODEL  
The high-level business/manufacturing model is aimed 
to model interrelated business and production processes 
at the company, to analyse and optimise business 
processes at the planning department dealing with 
processing of incoming enquiries and planning 
production orders already confirmed by customers. 
Comparison of two alternatives planning scenarios 
using the simulation model was done to check the 
benefits of introducing at the company an automatic 
advanced production planning and capacity optimisation 
tool with a maximum response time of 0.1 hour per 
inquiry.   
 
This custom-built entire business/manufacturing model 
(see, Figure 1) was developed that: (1) simulates the 
arrivals of enquiries and their processing time, (2) 
generates orders becoming confirmed by customers and 
orders planning time, and (3) shows the queuing of the 
production orders for processing. There are two types of 
incoming enquiries − PH_Enquiries or Pharmaceutical 
Enquiries, and PC_Enquiries or Personal Care 
Enquiries. Production itself consists of the following 
processing stages: Pressing, Degreasing, Jigging, 
Anodising, and Packing. In each stage the individual 
machines were modelled as a group with an overall 
capacity per day or per week. 

 



Based on analysis of historical data and taking accounts 
their stochastic nature, the following probability 
distributions (Table 1) were derived in order to generate 
in the model the time between arrivals of Enquiries, 
processing times of the Enquiries, average response 
time from the customer and actual planning time of 
Confirmed Orders. About 33 % of all incoming 
enquiries are PH_Enquiries. Probability of Enquiries 
becoming an Order decreases as function of planning 
response time including queuing time and is given in 
Table 2. The value of confirmed orders received by the 
company increases as a function of the planning 
response time and average value per enquiry is defined.    

 

 
Table 1: Probability Distributions (all values are given 

in minutes) 
 

Data Distribution 
Type 

Distribution 

Time between arrivals 
of Enquiries 
              PH_Enquiries 
              PC_Enquiries 

 
 
Exponential 
Exponential 

 
 
E(60) 
E(20) 

Processing time of 
Enquiries 

Uniform U[35,5]  
U[4,6]  

Response time from a 
customer 

Constant 24 * 60 

Actual planning time of 
Confirmed Orders 

Uniform U[55,5]  

 
Table 2: Probability of Enquiries Becoming an Order 
 

(Enquiry becoming 
Confirmed) 

Planning Response 
Time 

50%  <1 Hour 
20%  1 – 8 Hours 
10%  24 – 48 Hours 

 
Average lead-time for an order in each production stage 
was defined by the triangular distribution with the 
following parameters: min=1080, mode=1440 and 
max=1800.  No queues were defined for model 
locations such as Pressing, Degreasing, Jigging, 
Anodising, and Packing.  
 
Currently PH_Enquiries are processed by 1 planner, and 
PC_Enquiries are processed by another 3 planners that 
spent about 70% of their time on planning operations. 
Working day duration is equal to 8 hours per day, from 
9:00 till 5:00. Employment costs per year for planning 
staff are fixed.  
 
The entire business/manufacturing model diagram is 
illustrated in Figure 1. The following controllable 
variables are defined in the model: 1) a number of 
planners that process enquires, response to customers 
and plan confirmed orders for production; 2) the 
response time for enquiries, and 3) planning time for 
confirmed orders. The time between arrivals of 
enquiries, customer response time to confirm or cancel 
enquiries, the probability an enquiry becoming 

confirmed or becoming an order, and order processing 
time for different production stages are regarded as 
environmental variables in the model.  
 Customer  

Response  Probability 
 
 
 
 

 

 
 
                     Figure 1: Black-box Diagram 
 
The following simulation output data such as Total 
Revenue, Average Lead-time, Percentage of Cancelled 
Enquiries and Utilisation of Planners and are defined as 
the model performance indicators.   
 
Visualization of the entire business/manufacturing 
simulation model is presented in Figure 3. On-line and 
off-line statistics is provided in the model. Outputs 
reflecting model dynamics could be followed on the 
model main screen. Simulation results are also 
automatically saved in a database and formatted in 
Excel sheets. 
       
ANODISING STAGE SIMULATION MODEL  

The anodising stage sub-model (Merkuryeva, et.al.) is 
aimed to determine whether the implementation of 
specific production orders queue ranking rules will 
improve the processes at a batch anodising plant. The 
model itself simulates the individual anodising tanks so 
that colour changeover, set-up operations and 
processing times can be modelled. Based on the 
historical data about order processing the most probable 
list of incoming orders to be weekly processed is 
generated in the model.  
 
Orders scheduling rules are simulated and tested in 
order to decrease their total processing time of all 
aluminium parts to be anodised. Production rate that is 
an average number of flight bars processed per hour and 
frames utilisation coefficient are used to measure 
effectiveness of the anodising plant itself.  The real 
system to be simulated is conceptu lised in Figure 2.  a

 

Anodising  process Scheduling rules Total processing time

Number of frames Processing times Incoming orders:

- Order quantity
- Colour 
- Frame type

 
                     Figure 2: Anodising Model Diagram 
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Figure 3: A High-level Business/Manufacturing System Simulation Model Visualisation 
 

 
 

Figure 4: The Anodising Stage Simulation Model Visualisation 
 
The following controllable variables are defined in the 
model: sequence numbers of orders to be processed in a 
week and the number of frames of specific types that are 
available at the plant. 
 
The order quantity, part colour and used frame type for 
incoming orders are regarded as environmental or 
independent variables. If these properties are given, the 
other properties of orders in the order list can be 
determined. Other environmental variables are the 
number of frames in stock, the time it takes to load and 
unload flight bars, the time it takes to set-up flight bars 
between the processing of different colours and the 
processing time necessary to anodise one batch of 
components. 

The most important performance indicator is defined as 
the total processing time of all orders in the order list. 
Among other performance indicators that could be used 
to control an anodising process in the real system, the 
following performance measures can be mentioned: an 
average production rate, frame loading efficiency, flight 
bars utilization and plant productivity. 
 
The General Order List is created based on analysis of 
historical data about the orders that were planned and 
processed at the plant in a certain period. It includes the 
following input data: Week Number, Order Number, 
Order Quantity, Colour, Frame Type and Capacity, 
Frames in Stock, Number of Batches and Sequence 
Number (Tables 3, 4).  

 



Table 3: Fragment of General Order List (1) 
 

No 
  

Week 
  

Order No  
  

Order Qty 
(x 1000) 

Colour 
  

Frame
Type 

1 1 1135 1 0001 100 Bright Silver C1 
2 1 1135 1 0134 100 Bright Gold C1 
 

Table 4: Fragment of General Order List (2) 
 
No 
  

Week
  

Frame 
Type 

Frame 
Capacity 

Frames 
in stock 

Number 
of batches

Seq No

1 1 C1 1292 15 26 8 
2 1 C1 1292 15 26 6 
 
The last four digits of the order number Order No in 
Table 3 refer to the code of the colour that the 
components should get. Each frame type had a different 
number of components that can be placed upon it, which 
is called the frame capacity. The number of frames of 
specific type available is called as Frame in stock. Only 
three frames can be loaded on each flight bar. 
Processing time of one batch of components in a flight 
bar depends on the program that is used in the anodising 
process is defined by a Sequence Number (Seq No) in 
Table 4. 
  
Based on the General Order List analysis done within 
Excel environment, processing times are described by 
the triangular distribution and generated in the 
simulation model. For example, for sequence 8, which 
is used by orders with colour code 0001 the triangular 
distribution with the following parameters min=54, 
max=72 and mode=58 minutes is used in the model. 
Frequency of order colour and order quantity in the 
General Order List as well as of the frame type to be 
used are defined by empirical distributions. For 
simplification it is assumed that order quantity and 
frame type depends on the product colour to be 
anodised.  
 
Based on fitted probability distributions the Input Order 
List to be processed in a week is generated using so 
called transformation tables (Merkuryeva, et. al.). 
Example of the completed Input Order List is presented 
in Tables 5, 6. Let note that parameters of the 
probability distribution that fit processing times (such as 
minimum, maximum and most likely value), the number 
of batches that order should be split up in and the 
number of frames necessary to process all batches are 
also included in the Input Order List.  
 

Table 5: Fragment of the Input Order List (1) 
 
  
No 

Colour 
code 

Qty 
(x 1000)  

Frame 
Type 

Frame 
Capacity 

Processing 
time (min) 

1 0058 28 7 3456 54 
2 0003 225 2 1900 64 
3 0001 224 6 3456 54 

A screenshot of the model visualisation presented in the 
Figure 4 was created by animation of four pictures from 
the real company that simulates in the model order 
arrivals and storage as well as colour change over, set 
up and order processing operations. The user could 
follow the flow of batches from the arrival location and 
analyse the current stage of the anodising process for 
each order. Different colours are used for incoming and 
processed entities. Entities that are processed move on 
to the storage location. 
 

Table 6: Fragment of the Input Order List (2) 
 

No 
  

Processing 
time mode 

Processing 
time max 

Batch 
No 

Frames 
No 

Frames 
left 

1 58 72 3 9 0 

2 87 92 45 135 0 

3 58 72 22 65 2 

 
On-line statistics is provided by three counters display 
the following performance characteristics of the 
anodising plant: the number of orders that are left to 
process, the number of batches left to process and the 
average number of processed batches per hour. Two 
additional counters along with the flight bars indicate 
the current number and the colour of the order that is 
currently being processed. Total processing time of all 
incoming orders, frames loading efficiency and plant 
utilisation can be found in the General Simulation 
Output Report.  
 
OPTIMISATION OF BUSINESS PROCESSES 

Based on the sensitivity analysis of the above-described 
high-level business/manufacturing system model it was 
concluded that decreasing response time for enquiries 
by 5 % would lead to increase of the company total 
revenue by about 10 %.  
 
Response surface based simulation metamodelling 
analysis performed with MiniTab software showed that 
for both types of Enguiries the simulation model outputs 
are more sensitive to Enquiries processing time rather 
than to orders planning time. For example, for 
PC_Enquiries the following business/manufacturing 
regression-type simulation metamodel was received: 
Lead-time (PC) = 9277.03 – 21.05 * Enq + 4.83 * Ordr 
+ 0.62 * Enq2 + 0.41 * Enq * Ordr.  
    
Optimisation of the model parameters within available 
system recourses that was performed using Promodel 
Simrunner Optimiser showed that total revenue 
maximal value could be received if inquiry response 
time would not exceed 6 minutes (Table 7). Actually 
this response time could be only achieved by 
introducing an automatic PREACTOR Supply Chain 
Planning Server at the company. Note, that the second 
optimal design defines optimal combination of enquiries 
and orders planning time minimising lead-time model 
indicator.       

 



Table 7:Comparison of Two Optimal Designs 
 

 

Enquiry 
planning 
time 

Order 
planning 
time 

Revenue  
€ 

Lead-
time PH 
(min) 

Lead-
time PC 
(min) 

Maximised 
revenue U(4,6) U(2,8) 49,900,000 9218.2 9261.1
Minimised 
lead-time U(1,11) U(3,7) 48,210,000 9244.4 9134.7
 
Finally the following two planning scenarios were 
compared in the case study using the entire 
business/manufacturing simulation model:  (1) Scenario 
1 that corresponded to the current situation with 
maximum response time equal to 1 Hour per enquiry, 
not including queuing time; (2) Scenario 2 that uses 
automatic Preactor Supply Chain Server to respond, this 
time does not exceed. 0.1 Hour.  
 
Results of simulation experiments while comparing 
above planning scenarios showed increasing of the 
Total Revenue, as well as decreasing the Average Lead 
Time, percentage of cancelled enquiries and essential 
decreasing utilisation of planners  (Table 8). Shorter 
enquiry processing time provides faster response to the 
customer leading to higher probability for enquiries to 
become an order.  
 
Table 8: Comparison of Alternative Planning Scenarios 
 

 
Lead Time 

(min) 
Total Revenue Cancelled enquiries

(€) (%) 
 PH PC  PH PC 

Scenario 1 10805 10414 17.170.588,24 57% 57% 
Scenario 2 9793 9617 41.758.823,53 44% 39% 

 

 Utilization 
 PH Planner PC Planner 1 PC Planner 2 PC Planner 3

Scenario 1 93% 99% 98% 97% 
Scenario 2 52% 73% 61% 52% 

 
The total revenue was calculated only for replication at 
the process stable stage. The counters for completed 
orders were stated for the replications including the 
model warm-up period. The last one was estimated 
almost by three weeks. The replication length was 
defined as twice as warm-up period. While planning 
department works only on weekdays, production 
process is carried on 24 hours a day, seven days a week. 
After ten replications the variance in the output variable 
such as average lead-time was small enough to get a 
half range of five percent average. 
 
TESTING PRODUCTION ORDERS 
PROCESSING SEQUENCING RULES  

The scheduling of orders processing at a batch 
anodising plant could be interpreted as a finite capacity 
scheduling problem. The last one is defined as “the 
process of creating an operation schedule for a set of 

jobs that are to be produced on a limited set of 
resources”. There is a limited set of resources in the 
case study, i.e. the number of frames in a stock and the 
number of flight bars that the frames are loaded on. 
Generally, in a batch anodising plant the following two 
problems can occur. 
 
The first one is caused by multiple performing of set-up 
operations between the processing of orders with 
different colours. So, decreasing the number of 
necessary set-up operations will result in reducing the 
total lead-time at the plant. The second problem relates 
to a limited number of frames that are available for a 
specific frame type. Let assume that the last production 
orders in the list make use of the same frame type. Since 
this frame type is limited, it will cause queues of orders 
waiting for free frames, while the flight bars could be 
empty. The same problem could occur in case when the 
last order in the list that request a limited frame type is 
quite large.  
 
As a result, the following order processing sequencing 
rules that provided simulation scenarios in the case 
study were analysed. Scenario A0 represents the initial 
situation, in which no specific sequencing rules are 
applied and the incoming orders are processed 
according to their arrival mode. In the other three 
scenarios, different sequencing rules are introduced. In 
scenario A1, the orders with the largest quantity of 
components are processed first. In A2, one handles the 
orders of one colour first, followed by the next colour. It 
is expected that this will reduce the total set-up time and 
hence will solve the first problem mentioned above. In 
scenario A3 the colours that appear less frequent in the 
list are processed first while within the group of the 
same colour, the orders with the largest number of 
components are processed first. Because the orders are 
grouped per colour, this could partly solve the first 
problem and processing of the largest order within one 
colour could solve the second one.  
 
In order to determine if the implementation of one of 
these sequencing rules improves the anodising process, 
the orders in the input files are rescheduled in the way 
the scenarios describe. Then difference in the total 
processing time of all incoming orders is calculated for 
scenarios with sequencing rules and the scenario in 
which no specific rule is applied.  In this case, for each 
replication, common random numbers are used to 
simulate both scenarios that lead to a lower variance in 
the estimation of the difference in total processing time 
between different sequencing rules. 
 
While treatment simulation experiments, the length of 
the anodising model run is accepted equal to the time 
between the start of the week that represents the initial 
situation in the real system and the time that all week 
orders were processed. As probability distributions are 
used both in the generation of input data and in the 
simulation model itself to define the time it takes to 

 



anodise the parts at flight bars, the number of necessary 
replications was determined while generating the input 
data as well as running simulation experiments. The 
number of random seeds initially set to twenty was 
reconsidered while comparing alternatives. 
 
In the case study, mean difference between each specific 
sequencing rule and the initial scenario was estimated 
with 0.95% confidence interval. While comparing 
scenarios A0, A1, 20 replications were performed and 
the resulting mean difference was estimated by 11,51 
hours with 95 % confidence interval equal to (3.82, 
19.9) hours. As a result, it was concluded that a 
significant improvement could be provided at the plant 
if the rules of scenario A1 are used in for order 
planning.   
 
Performing What-if analysis allowed testing whether the 
implementation of the A1 scheduling rule would still be 
an improvement if the number of frames in stock could 
be increased. In this case frames are not considered as 
limited resource in the real system. The results of 
comparison of specific sequencing rules with unlimited 
frames showed that in the last case A1 scenario will not 
make a significant improvement compared to scenario 
A0 (Table 9). Actually, sorting the orders by colour 
according to scenario A2 will decrease the total 
processing time at least by 5.65 hours. At the same time, 
there will be no significant difference between scenario 
A2 and A3. 
 
Table 9: Comparison of Alternative Sequencing Rules 

 
 Scenarios 
 

Mean 
difference 
(hours) 

95% 
confidence 
interval 

Signi
ficant 

A0 A1 0.01 (-0.55,0.58) No 
A0 A2 6.27 (5.85,6.89) Yes 
A0 A3 6.23 (5.59,6.86) Yes 

 
CASE STUDY BENEFITS 

The modular simulation models provide an inexpensive 
tool for an overall guidance of piece-part SME 
manufacturing and testing advanced scheduling middle-
scale software packages prior to their implementation at 
the customer’s site. To test and optimise a production 
scheduler using the simulation software is much faster 
and easier than using the real process.  
 
System performance output such as overall lead time 
and process stage lead time by order, average overall 
lead time of production and average lead time at each 
stage, received from the simulation models provides 
system set-up advice on: 1) production activities in 
order to maximise equipment utilisation decreasing unit 
manufacturing cost; 2) forward projections for delivery 
times for new orders, and 3) schedules for product 
change over at each stage.  
Comparing two alternative planning scenarios using the 
entire business/manufacturing model proved the 

benefits of introducing automatic PREACTOR Supply 
Chain Server with maximum respond time 0.1 hour per 
inquiry. In this case percentage of cancelled enquiries 
could be decreased by 14-18 % providing increase of 
the total value of confirmed orders at least twice. 
Another benefit is expected in utilisation of planning 
staff as instead 4 planners only one could be needed. 
Amount of employment costs to be saved is evaluated 
by 150 000 Euro per year. 
 
The results of simulation experiments with the 
anodising stage sub-model demonstrated that 
introducing new specific sequencing rules for incoming 
orders could provide significant improvements. The 
total lead time of anodising all aluminium parts from a 
week order list could be decreased at least by 4 hours up 
to 19 hours.  As a result, production rate at the 
anodising stage could be increased by 10%, and a 
significant increase in equipment utilisation and 
reduction in a unit manufacturing cost could be 
received. 
 
CONCLUSIONS 

The simulation tool presented in the paper could be 
proposed for piece-part SME manufacturing in order to 
test advanced planning and capacity optimisation 
middle scale software packages. Iterative optimisation 
of initially configured scheduler parameters and rules 
could be performed by testing them using business/ 
manufacturing simulation models built in a modular 
style. It should be noted here that the approach used – to 
test and optimise planning and control tools off-line by 
using simulation models rather than using the real 
process – can be applied to many other software tools, 
to higher level (MRP; ERP tools) as well as to lower 
level control tools (MES, warehouse control systems). 
On other side, development of such simple simulation 
tool in different industrial sectors could provide also an 
inexpensive approach to an overall guidance of SME 
manufacturing towards the optimal conditions without 
resource to high cost integration of expensive ERP 
systems and downstream control systems.  
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ABSTRACT 
 

This paper illustrates the use of statistical inference 
techniques to improve the scheduling performance of a 
distributed simulation and scheduling tool based on the 
XLA-RTI architecture. Specifically, the timing of 
federation synchronisation events can be customised 
according to the local failure characteristics of the 
physical system so as to reduce the necessary delays in 
information and communications exchange among 
federates. Ultimately, these improvements can only be 
beneficial if they have measurable effects on the 
production performance of the physical system. The 
paper refers to an industrial application case to measure 
the production benefits that may be accrued by 
implementing the proposed methodology. The 
application context is the manufacturing and installation 
of railways switch point assemblies, which, to a large 
extent, are custom-made products in that they come in a 
multiplicity of assembly types and ultimately need to be 
customised to fit the specific application requirements. 
 
INTRODUCTION 
 

The research presented in this paper builds from the 
outcomes/developments of a project aimed at improving 
the manufacturing and installation processes of railways 
switch point assemblies. The original project focused on 
the activities of an Italian company that produces 
railways switch point assemblies for the national 
railway network as well as for industrial users. Part of 
the assemblies are produced for installation by third 
parties while others are installed directly by the 
company’s own installation crew. Earlier studies on the 
performance of the company’s operations led to the 
development of an improved HLA federation of 
simulation and scheduling modules, which reduces the 
impact of communication delays on scheduling 
performance, while retaining the benefits of de-coupled 
scheduling procedures and process control. The initial 
project involved the development of a simulator to 
analyse the current performance of the company and 

search for possible process improvements. An initial set 
of simulation-based experiments targeted the 
assessment of a number of performance measures 
including the percentage of on-time deliveries, 
resources utilisation, and production lead-times 
(Gunasekaran, 2001). During the course of the analysis, 
the drilling and the planning machines were identified 
as critical because their production rates appeared 
consistently lower than the others’, thus creating the 
conditions for potential bottleneck effects. While this 
observation suggested that an investment might be 
advisable for the company in order to increase the 
capacity of these machines, the lack of a structured 
approach to the scheduling of incoming orders emerged 
as a critical performance issue. The company, which is 
relatively young (they have been in the business for 
approximately two years), had never really invested 
time and effort in the development of appropriate 
scheduling policies, and production performance clearly 
suffered, as reflected by the large percentage of late 
product deliveries (over 35%). A scheduling tool was 
then developed and linked to the existing simulation 
models of the manufacturing and installation processes 
to test the impact of alternative scheduling policies in 
relation to the current status of the machines on the shop 
floor and to the status of the installation process on the 
designated site (Chang and Maskatsoris, 2001). When 
the system is used in the loop with the production and 
installation processes, the first step is to rank the 
existing orders by due date and estimated production 
time. Then, based on the progress status of the current 
production and installation activities, the system decides 
whether to produce an assembly for third party or for 
own-crew installation. 
 
   The additional research presented in the paper refers 
to the integration of the simulation and scheduling 
modules into an HLA-RTI federation architecture, 
which enables the maintenance and update of the 
modules in separate locations: the scheduling module 
near the decisional centre and the simulation modules 
near the production centre. The integration of the 
modules into a single federation raises important 
performance issues related to the frequency of 
communication exchanges among federates (Juhasz et 
al., 2003; Hwang, 1993). To address these issues the 



paper proposes an approach based on statistical 
inference techniques to tailor the timing of 
synchronisation to the process characteristics of the 
simulated system with the double objective of reducing 
wasted simulation time and thereby improve the 
performance of remote scheduling (Bandinelli et al., 
2004). The paper shows how this is achieved by 
applying the methodology to the scheduling of 
manufacturing jobs in the production and installation of 
railways switch point assemblies as described in the first 
part of this introduction.  
 
   Prior to illustrating the methodology a brief 
description of the actual production and installation 
processes will be provided to highlight the key 
characteristics of the processes and provide the context 
for the statistical analysis. As far as results the paper 
will provide a comparison between the scheduling 
performance corresponding to the standard 
synchronisation approach and the one measured using 
process statistics to time synchronisation. 
 
MANUFACTURING AND INSTALLATION OF 
RAILWAY SWITCH POINT ASSEMBLIES 
 

Railway switch point assemblies are pre-fabricated units 
including all the rail elements and connecting devices 
that are required to lead a train from its current track 
onto a different one, an example is shown in figure 1. 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 1: Example of Railway Switch Point Assembly 

 
Each assembly consists of seven or more individual rail 
elements, depending on the particular design (single,  
double, or intersection) and on the required deviation 
angle. According to the industry practice, some rail 
elements may be recycled from old, decommissioned 
rail systems, others are processed from scratch starting 
from standard twelve-metre long rail segments. The 
different rail components pertaining to a given order 
follow similar manufacturing steps prior to their 
assembly into the final unit. These steps include cutting 
to the required length, drilling, bending, upper surface 
planning, and lower surface planning. The last two 
activities, depending on the type of component and on 
the design specifications, may be followed by a quality 
check on the deviation angle and re-bending, if needed. 
Most of the machining jobs take one to two hours to 

complete with the exception of upper and lower surface 
work that may take four to seven hours, depending on 
the particular size and design of the assembly.  The 
production sequence includes cutting, drilling, bending, 
planning and milling, final bending, and partial 
assembly. The layout of the shop floor is shown in 
figure 2. 
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Figure 2: Layout of Manufacturing & Assembly Floor 
 
The installation steps include excavation, placement of 
transverse units, placement of the switch point 
assembly, filling with gravel, levelling and alignment, 
and connection. 
 
PROCESS SIMULATION & PRODUCTION 
SCHEDULING  
 

Simulation is a widely accepted means of supporting 
real-time production scheduling because it provides 
estimates for the state of every machine at the time 
when a new order needs to be sent to production 
(Bandinelli et al., 2003; Williams et al., 1999). The 
scheduling tool provides correct results when fed with 
the current production parameters, machine status, and 
order status for the entire production system (Proud, 
1999). The simulation models for the representation of 
the manufacturing and installation processes described 
in the previous section were developed using a 
commercial simulation package, ARENA 7.0. When 



simulation is used in the loop for on-line scheduling, 
time-performance becomes critical towards the choice 
of the right scheduling policies: the simulation estimates 
need to be available prior to the completion of the 
current job on each machine (Bandinelli et al., 2003; 
Bandinelli et al., 2004).  
 
   In the distributed simulation of stochastic processes, a 
major driver of time-performance is wasted simulation 
time related to the timing of synchronisation events 
among federate simulators. This is especially true when 
the simulated processes are stochastic: for instance the 
current production capacity of a plant depends on the 
number of machines that are currently down due to 
failures, while the ability to manufacture a particular 
item depends on the availability of the required raw 
materials in stock. The state of a machine (up or down) 
and the stock levels for different raw materials are 
random variables that need to be described through their 
probability distribution in the process simulation 
models.  
 
   For the representation of the mean times between 
failures of the individual machines, triangular 
probability distributions were built based on both 
historical data and on-site observations. Historical data 
for the entire period of operation of the company (nearly 
2 years’ worth of data) were also used to build 
probability distributions for the monthly order inter-
arrivals. The strong variability in the data collected for 
this project, partly explained by the fact that the 
company is relatively young, causes the required length 
of the simulation run to be fairly long (57 months) as 
shown by the MSPE curve. 
 

 
Figure 3: MspE Curve for Production Lead-Times 

 
On the other hand, the scheduling tool was devised 
outside the ARENA modelling environment and 
physically located in the vicinity of the decisional 
centre. This approach provides the advantage of 
separating the development and the maintenance of the 
physical model from those of the scheduler. On the 
implementation side, this approach requires an 
infrastructure to handle the exchange of information 
between the physical model and the scheduler. Due to 

the high level of control that needs to be achieved over 
the production plan, and due to the choice of HLA-RTI 
as a framework for Inter Process Communication (IPC), 
an additional software had to be developed for the 
implementation of the framework. The additional 
software handles the interactions between the ARENA 
simulator and the RTI environment, and between the 
RTI environment and the control system. Specifically, 
the role of this software is to collect the information 
exchanged by the RTI environment in an asynchronous 
way, and to communicate this information to the 
physical model and to the controller, which work in a 
synchronous way. 
 
   The realisation of this software component may 
follow two different approaches (Tucci et al, 2001). The 
first one can be summarised in the definition of a 
Delegated Simulator module, which co-ordinates the 
logic of information exchanges among federates. The 
second solution proposes the introduction of a software 
tool “living” between the simulator and the RTI. This 
software, namely a proxy, is in charge of the two-way 
communications between the RTI environment and the 
simulator (Orsoni et al., 2003). The additional flexibility 
provided by the use of a proxy led to choose this second 
approach, which makes the Proxy entirely responsible 
for the information exchange between the federates and 
the RTI. While the simulator performs communication 
tasks ina synchronous way, by TCP-IP, the RTI 
performs these task in an asynchronous way: the proxy 
is then required to store the information coming from 
the RTI and transfer it to the relevant federates at the 
nearest synchronisation event and vice-versa. 
 
   For the purposes of time-management, a “next event” 
approach was chosen because the times when 
information exchanges would be needed could not be 
known a priori. In order to optimise the times when the 
federation stops simulating to allow for information 
exchanges between the physical model and the 
controller, a methodology based on statistics from the 
MTBF distributions of the critical components has been 
used. Details on the methodology and its application to 
the industrial case are provided in the following section. 
An important advantage of the devised infrastructure is 
the possibility to develop the scheduler as a separate 
unit using either a simulation package, such as ARENA, 
or an independent programming language. 
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   A typical iteration of the communication process 
could be described as follows. Upon completion of a 
production/installation activity an event occurs which 
stops the simulation clock. The new state of the physical 
model is communicated to the proxy and thereby passed 
on to the RTI environment, which in turn delivers this 
information to the scheduler. The jobs sequence 
determined by the scheduler is then communicated to 
the physical model by the RTI, where the relevant job 
attributes (i.e. type of activity, activity identification 
code, work centre identification code, start time, and 



activity duration) are stored as an XML string. 
Additional details on this infrastructure can be found in 
[Bandinelli et al., 2003].  
 
In order to validate the model and obtain suitable test 
results, some simplifications were introduced. In the 
first instance, the scheduling procedure was based on 
simple rules and the communication between the 
scheduler and the simulator was emulated to validate the 
proposed scheme and test the performance benefits of 
the methodology (Sargent, 1999). Because in the 
authors’ opinion, HLA is still the most complete and 
mature IPC Standard, a simplified emulator of such 
infrastructure was built to reproduce the Next Event 
time management procedures for the communications 
between the scheduler and the physical model. In this 
respect it is important to remember that the aim of this 
work was to provide a new methodology to reduce 
delays in communication and information exchange, 
and not a new IPC standard. 
 
PROCESS STATISTICS  FOR THE TIMING OF 
SYNCHRONISATION  
 

Changes in state and in the values of the dynamic 
process attributes are first recorded at the federate level 
and can only be communicated to the other federates 
(i.e. other simulation models, control system, scheduling 
module) when a synchronisation event occurs at the 
federation level. Because of the random nature of state 
and variable changes it is impossible to schedule 
synchronisation events a-priori that match the timing of 
such occurrences. The correct frequency of 
synchronisation and thus of communication/information 
update among federates is always the result of a trade-
off between the time spent on communication (too long 
if communication is frequent), and the likelihood of not 
sharing the occurrence of asynchronous events with 
other federates for too long a time (if communication is 
infrequent), which may invalidate large batches of 
simulated time. Ideally, the timing of federate 
synchronisation should reflect the characteristics of the 
simulated processes building from the most critical 
points, intended as the ones that are most likely and thus 
most frequently affected by asynchronous occurrences.  
Prior research work by the authors developed a 
methodology to improve the performance of federation 
runtime infrastructure in the scheduling of 
manufacturing processes (Bandinelli et al., 2004) The 
methodology addresses the issue of communication 
delays among federates by introducing predicted failure 
events that are tailored to the process statistics of the 
physical system. Specifically, the methodology refers to 
the Mean Time between Failures (MTBF) distributions 
for the critical process components to generate histories 
of predicted failure events that can be fed to the 
federation control level to customise the timing of 
synchronisation. By these means, the impact of 
asynchronous events - generated locally at the 
individual federate level -  on the time performance of 
the federation can be significantly reduced. Preliminary 

results for a simple manufacturing application case 
(Bandinelli et al., 2004), have shown a potential for the 
reduction of wasted simulation time up to 35%. 
Building from these results, the example analysis 
presented in this paper, establishes how the time-
performance benefits accrued at the simulation level 
may improve scheduling and production performance in 
the physical system. With reference to the critical 
machines (i,e, the planning and drilling machines) a 
series of random extractions were made out of the 
corresponding MTBF distributions to obtain statistical 
estimates of their likely “next-failure” events. The 
timing of each predicted failure event was obtained 
comparing the average time to the next failure for each 
machine over a set of 20 extraction. The shorter value 
was then corrected adding a fraction of the 
corresponding standard deviation, as predicted failure 
events should follow the actual occurrence. A series of 
test runs were conducted to experimentally set the value 
of this fraction so as to minimise communication delays. 
Ideally, the objective is to schedule each predicted 
failure event right after the occurrence of an actual 
failure in the physical system, so that the occurrence can 
be seen by the federation with a minimal delay. The 
fraction of the standard deviation that is used to correct 
the average estimated time to next failure for the system 
is context specific, and for this application was 
experimentally set to 0.4. The process is iterated until 
predicted failure events have been scheduled to cover 
the entire simulation horizon. 
 
EXAMPLE APPLICATION & RESULTS 
 

For the purposes of this example application, the timing 
of federation synchronisation was customised using the 
process statistics identified in the previous section. By 
running the federation in the new condition it was 
observed that the percentage of on-time deliveries had 
increased by 40% (from over 35% late deliveries to less 
than  20%) and the cumulative delays in late deliveries 
has decreased by 28%, which show a relative 
improvement in the performance of remote scheduling 
with respect to the original federation. 
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Figure 4: Improvements in production lead-times 
 
A comparison between the production lead times 
observed in the physical system when scheduled using 



the standard and the improved synchronisation time 
management is presented in figure 4. The figure 
compares the lead-times for the main types of switch 
point assemblies produced by the company in the two 
cases. 
 
   Figure 5 presents a comparison between the 
percentage of late deliveries when scheduling 
production using the standard and the improved 
synchronisation time management approaches, 
respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Reduction in the percentage of late deliveries 

 
In this figure the types of switch point assembly are 
grouped into three main categories: single, double and 
intersection types. A relative improvement can be 
observed for each of these categories. 
 
   In summary, the analysis applied to the manufacturing 
and installation of railways switch point assemblies 
shows that the improved communication among 
simulation federates makes the scheduling tool more 
responsive to the dynamic needs of production and 
installation. Both scheduling and production 
performance are improved as indicated by the increase 
of on-time deliveries and by the reduction of the 
cumulative delays on late deliveries. 
 
CONCLUSION 
 

The availability of timely updates on process state 
variables makes scheduling of manufacturing and 
installation processes far more effective, as indicated by 
the relative increase in the number of on-time deliveries 
and by the reduction on cumulative delays for late 
deliveries. 
 
   The strength of the statistical inference method used 
to determine the appropriate timing of communications 
among federates is that it reflects actual process 
characteristics, which makes the timing of 
communication as responsive as possible to the 
occurrence of otherwise asynchronous events.  
 
   Future work will focus on the development of a 
detailed fault model to capture patterns of failures 

across production units and processes. AI techniques 
based on Artificial Neural Networks will be used to 
establish correlations between local failure modes and 
their impact on the productivity of other production 
units with the aim of supporting rescheduling activities 
around predicted failure events. Further research will 
also look at AI techniques as a more efficient way of 
generating histories of predicted failure events based on 
the characteristics of the MTBF distributions for the 
critical process components, and on the nature and 
location of the last failure event. 
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ABSTRACT

Self-optimization in mechatronic systems is not restricted to
inner processes within a technical system. By communica-
tion between different technical entities of the same or simi-
lar kind using appropriate communication structures, a tech-
nical system can use the experiences of other entities to
optimize its own behavior. Multi-agent systems together
with agent-based controllers are an excellent means to
model the software of such collaborating systems. This
paper suggests a multi-agent system for the self-optimiza-
tion of the active suspension system of small railway vehi-
cles. It also presents an architecture for the distributed opti-
mization of this complex mechatronic system. The shuttles
use their experience to find an optimal trajectory for the
active suspension along the track, thus using the ability of
the active suspension to deviate a small distance from the
actual track trajectory.

INTRODUCTION

Mechatronic systems are complex technical systems whose
dynamics are controlled using actuators, sensors and mod-
ern information processing. The continuous improvement of
microprocessors and control units allows a more and more
complex information processing, which is used to further
improve the dynamic behavior of mechatronic systems. In
the end, systems are supposed to adapt to changing environ-
mental and internal conditions on their own, which leads to
self-optimizing systems (SFB614 2004; SFB376 2004). In
order to achieve this goal it is necessary to combine modern
control theory with methods of artificial intelligence. The
optimization can be done locally within the control system,
where each controller is managed, monitored and optimized
by its own agent (Oberschelp et al. 2002). These systems
will be called agent-based controllers from here on.

It is quite obvious to interconnect agent-based controllers, in
order to exchange experiences between systems of the same
kind or to reformulate the objectives. While doing so it is of

utter importance to consider as many influences as possible.
The collaboration of agent-systems leads us to multi-agent-
systems (Ferber 1999). The following pages present a con-
cept that shows self-optimization by multi-agent-systems.
As application example the authors choose the Railcab-sys-
tem (Railcab 2004) - a novel railway-system based on driv-
erless autonomous shuttles driven by linear motors, which
transport passengers and goods directly to their respective
final destinations. The focus lies not on the logistics but
rather on the organization of knowledge within a complex,
distributed system and how to use this information to opti-
mize the dynamic behavior of the system.

The system behavior can be improved in many ways. The
physical plant, consisting of actuators, sensors and support-
ing mechanical structure, can be improved, but usually not
during operation. The main handle for optimization is thus
the controller. Here, usually the controller parameters are
changed. The overall behavior of a system depends however
not only on internal processes, but also on external reference
values. Many control systems have to move from one state
to another by moving along a given trajectory
(Föllinger 1994). If this trajectory can be chosen freely, as
with industrial robots, the overall behavior of the system can
be changed by optimizing the trajectory. If the quality of the
trajectory can be assessed by given accessible objectives,
optimization can be done with a model or directly with the
real system.

Figure 1. Common Control Structure

Fig. 1 shows the general structure of a control loop accord-
ing to (Aström et al. 1989). The procedure described in this
paper optimizes the desired behavior by means of the modi-
fication of trajectory defaults.
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the process can be repeated often enough. The recorded val-
ues of computed objectives for each repetition can be called
experience of the technical system, that can be weighted and
used to optimize the system behavior. In the example here a
shuttle shall run along a fixed track sector with optimum
comfort, limited only by the technical constraints of the sus-
pension. As all shuttles are considered here to be basically
the same, the experience of the shuttles can be used for opti-
mization. Each shuttle is thus a probe for comfort. In order
to use the shuttle experience it is necessary to communicate
its knowledge and optimize in a distributed way.

In conventional systems the reference trajectory is com-
puted offline based on static data (Wahl and Gilles 2003). In
addition to this it is even not usual to control behavior of an
active suspension via given trajectory (Streiter 1996). The
usage of a static approach is only feasible if the environment
is static and easy to measure. A centralized trajectory opti-
mization on a global model is also possible but due the fact
that the optimization problem results into many local opti-
mization problems a decentralized optimization is more suf-
ficient.

This paper presents a multi-agent-system for distributed
optimization of trajectories, which practically corresponds
to learning through individuals.

The remainder of the paper is organized as follows:

First we give an overview of the railway system and classify
its relations to multi-agent systems. Then we present the
active suspension system in detail. After this we discuss the
use of the multi-agent approach to optimize the course plan-
ning. At last we give a short conclusion and an outlook to
our future work.

STRUCTURE OF RAILWAY SYSTEMS

Modern railway systems have to compete with individual
transport in respect of comfort, flexibility and cost. A
research project which accepts the challenge is the Neue
Bahntechnik Paderborn. The project has been initiated and
worked upon by several departments of the University of
Paderborn and the Heinz Nixdorf Institute. In the project, a
modular rail system is being developed; it is to combine
modern chassis technology with a new linear motor similar

to that of the Transrapid and the use of existing rail tracks.
The interaction between information technology and sensor/
actuator technology paves the way for an entirely new type
of mechatronic rail system. The vehicles designed apply the
linear drive technology used in the Transrapid, but travel on
existing rail tracks. The use of existing rail tracks will elimi-
nate an essential barrier to the proliferation of new rail
bound transport systems (Hestermeyer 2003).

Distributed Information Processing. While classic rail-
way-systems use centralistic approaches to control the trains
on the railway network, this is virtually impossible with the
high number of vehicles in the NBP system which move
without time table on routes according to their demands.
Thus, several decentralized approaches are being tested for
realization of the logistic system, which manage shuttles and
track using varying structures. However, all have in com-
mon, that the overall functionality is structured in a decen-
tralized and function-oriented way. This requires the task
distribution to different autonomous components, which
have to exchange information, execute plans and perform
actions on their own initiative. An approach that can fulfil
these requirements on the information processing is the
multi-agent-technology. It is therefore obvious to model the
whole information processing on the planning level accord-
ing to this scheme (Epple 2000).

The example in this paper uses the following hierarchical
structure: A regional track network forms a region on the
uppermost level. This region comprises a multitude of sta-
tions, junctions and tracks, which are again assigned to a
local region. The local region is arranged in stations,
switches and track segments. The latter are formed by track
sections between stations and switches. This example con-
centrates only on the level track segments and track sec-
tions.

The overall system is administered by a multi-agent system,
which performs partly hierarchically, partly cooperatively
functions of the administration, as track allocation, energy
management or shuttle localization. As a consequence, the
resulting agent structure corresponds to the hierarchical
structure of the railway system. The shuttles themselves
form autonomous elements within the system. The liberty is
limited, however, as each shuttle has to submit to a local
management and cannot act in a completely free way.



Figure 2. Hierarchical organization of the rail system

This information structure - set-up according to the func-
tional and technical structure - now allows a clever distrib-
uted optimization using learning through individuals. The
described approach assumes that a large number of vehicles
can move nearly autonomously (not freely!) on a complex
track network. During its journeys a vehicle collects data,
which can be used as experience. This can be - like in the
example here - measured data about the dynamic behavior
during the transit of a certain track. This data is passed on to
other vehicles. Separate measurement runs are not necessary
any more.

At first look it seems a good idea to have each shuttle with
all the others in order to exchange their experience. How-
ever, finding a shuttle with a certain feature, like one that
has measured data about a certain visited track section is
costly. In addition a shuttle has to save data about a given
track section even though this data might be already obso-
lete because of experience made by other shuttles - an
adjustment of the data of all shuttles would be necessary. It
is therefore preferable to collect data at a track section and
to have it administered by an agent that is assigned to a fixed
local track section. Each passing shuttle communicates its
experience in form of measurement data to this local knot
and requests already processed experience of other shuttles.

The shuttles and track sections therefore form a multi-agent-
system, that can be used for the management of the experi-
ence made by different shuttles. The connection of the agent
technology to the technical processes in a shuttle requires a
closer look of the technological and information structure of
the vehicle and the integration in the overall system.

Structure of the Multi-Agent-System. Basically, the shut-
tles have a cognitive behavior to individually process the
knowledge coming from other entities. However in this
example an essential feature of a cognitive agent, its auton-
omy, is replaced with a Master-Slave-Cooperation (Nwana
et al. 1996). For two agents connected by this relationship,
the master sends its commands or arrangements to the slave
and the slave will act as the master instructs, providing the
feedbacks and results to the master. This means that the
planning of the trajectory is done by the track sections (Mas-
ters). They send the trajectory parameters to the shuttles
(Slaves) which have to execute them (see Fig. 3). 

Figure 3. Master-Slave-Cooperation

Agent Micro-Achitecture. The software realization of the
described structure requires a modular approach that fulfills
the requirements of control theory (real time requirements,
stability) while offering a link to multi-agent systems. In
addition, single modules shall also be equipped with the
ability for self-optimization. An approach to fulfill this
requirement is the operator-controller-module. It is a struc-
ture-concept for the development of agent-based controllers
(Oberschelp et al. 2002).

The basic idea is the separation of the control code into three
different levels, which have different requirements. The
lower level motor level implements the basic functions of
the control which have direct impact on the technical pro-
cess. This level is managed by the reflective operator, which
is located on the next level. Control of reconfiguration
within the controller, which includes emergency routines,
but also the realization of parameter changes are some of the
tasks of this operator.
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Figure 4. Scheme of the Operator-Controller-Module

On the top level we have the cognitive operator. This ele-
ment is of utmost importance, since it is here, where the
actual agent functions are located. The cognitive operator
optimizes the system and also includes the interface to other
agents. While controller and reflective operator are subject
to hard real-time conditions, the cognitive operator can work
asynchronously to real time. The reflective operator man-
ages the change suggestions of the optimization in the cog-
nitive operator and realizes them when suitable conditions
(e.g. a certain controller state) arise. This ensures a save
controller operation (Oberschelp et al. 2004).

ACTIVE SUSPENSION WITH TRAJECTORY 
TRACKING

Trajectory Tracking. Trajectory Control systems do not
only serve to make a dynamic system insensitive to distur-
bances and to keep it within a well-defined state, but also to
control a dynamic process. An example for this are machine
tools: The tool must run along a given programmed trajec-
tory despite all disturbing external forces; the controller pro-
vides a decoupling of the trajectory from the dynamics of
the machine tool. In many technical applications, however,
the trajectory is linked to the dynamics of the machine.
Manipulators position a part at a given position. The trajec-
tory can be chosen freely except for its endpoints, the work
space of the robot and constraints like collision avoidance.
In order to determine an appropriate trajectory, dynamic
properties of the manipulator are considered in the optimiza-
tion. With the dynamic properties, the quickest trajectory or
the trajectory with the lowest energy consumption can be
determined.

Figure 5. Trajectory tracking for the body movement

The approach can also be applied to active suspensions (see
Fig. 5).

Active Suspension. Today, active suspensions can be found
in upper-class cars and in some trains. In cars they are used
to increase comfort while increasing safety at the same time
(Streiter 1996). In trains active suspensions are before all
used for tilt in order to be able to reach higher curve veloci-
ties. The NBP suspension system integrates both properties
in an overall concept. The active suspension developed there
allows the modification of lateral and vertical dynamics and
also active tilt (RailCab 2004). It is based on air springs,
which can be damped actively by base displacement of the
springs. It dispenses completely with passive dampers paral-
lel to the springs. Thus the car body is linked to the under-
carriage and the train exclusively by air springs, resulting in
an excellent decoupling of the car body from high-frequent
excitation of drive or rails. The active control of the spring
base displacement can be restricted to relatively low fre-
quencies around the natural frequency of the car body. All in
all this system can improve the ride comfort noticeably
especially with higher frequencies.

The employed air spring bellows have as well horizontal as
vertical stiffness so that excitations from all spatial direc-
tions can be cushioned. The active spring base displacement
is done by hydraulic cylinders. Three hydraulic cylinders,
arranged in a plane, move the bases of the air springs via an
intermediate frame, the “suspension frame”. This arrange-
ment allows damping forces in lateral and vertical directions
(see Fig. 6). In addition it is also possible to regulate the
level of the car and add active tilting of the car body.
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Figure 6. Active suspension system

Suspension Control. The classical control algorithm of an
active suspension system uses acceleration measurements to
determine the absolute velocity of the car body and dis-
placement measurements to determine the distance between
track and car body (relative position of the car body). The
relative position of the car body and its first time derivative
can be used to create pseudo spring and damper forces by
creating additional airspring displacements proportional to
the desired forces. The absolute car body velocity forms a
virtual damper attached to a so called "sky hook", which
suppresses the movement of the car body. For comfort rea-
sons the sky-hook damping should be as large as possible.
However, as the sky-hook damper suppresses the car body
movement, a vehicle with large sky-hook-damping is not
able to move up a slope or to go around a curve - after all,
this requires vertical or lateral movement, respectively. If
the sky-hook damper is linked to a trajectory along the opti-
mal way across a slope or around a curve, only movement
apart from the necessary movement for the desired motion
would be suppressed. This technique makes it possible to
have large sky-hook damping.

AGENT-BASED TRAJECTORY PLANNING

This section demonstrates how a self optimized trajectory
planning can be modelled in a Multi-Agent-System.

The optimization process. The optimization is based on the
measured data of the actual trajectory and the actual acceler-
ation of the body. The aim is to maximize the comfort,
which is often defined via the dying out behavior. A simple
evaluation function can be obtained from the quadratic
defective area against the rest position in the z-direction
against the location x.

 (1)

 is the measure of comfort,  is the body position and

 is the body acceleration.  and  are weighting fac-
tors.

The gain of comfort can most simply described as the reduc-
tion of the body acceleration if the relative amplitude does
not have to be considered ( ). What we need, for the
iterative improvements, is a correlation between the trajec-
tory and the vertical acceleration to vary the trajectory. The
improvements of the trajectory can be measured through the
comparison of the actual acceleration data versus the previ-
ous ones. Therefore we divide the sections, as shown in Fig.
7, in intervals (n) and calculate the quadratic deviation
between the previous acceleration curve and the actual
acceleration curve. The result is the measure of improve-
ment or worsening and can be directly used for the calcula-
tion of the new interpolation points for the trajectory..

Figure 7. To optimized trajectory

The evaluation function of the variance of acceleration is: 

(2)

The signed result is a criterion if the last step was successful
or not. A positive algebraic sign means success, a negative
one failure. The amplitude of the change can be used for the
calculation of the next increment. Here the step  is a
function of the defective area and the previous increment

.

 (3)

q is simply a weighting factor which can be varied against
the number of successful steps.  defines the change

of the direction and  the change of increment.

The search algorithm. The here used method is a modified
Hill-Climbing-Search Algorithm (Russel and Norvig 2003).
We don’t need to start with a random trajectory but with a
mathematically optimized one calculated by the track sec-
tion, if there are no informations about the track characteris-
tic available, the algorithm starts with zero-trajectory. The
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shuttle follows this trajectory and sends the experienced ver-
tical acceleration during the ride back to the track section
(see Fig. 8). Based on an assessment of the actual accelera-
tion versus the previous acceleration, the track section cal-
culates a new trajectory for the next shuttle. The problem
that the Hill-Climbing-Search Algorithm can stay in a local
maximum/minimum is ignored since our only intention is to
improve the offline mathematically optimized trajectory
(even though we know that we could overcome this obstacle
by using Simulated Annealing which combines the effi-
ciency of Hill-Climbing with the completeness of a random
walk). However we have to consider two important aspects
in our scenario. The first is that our algorithm has to remem-
ber the history to decide the intensity and the direction of the
search. In case it has experienced a worse state the algorithm
jumps back to the last best state and adjusts its search
parameters. This process is continued until a defined stop
criterion is met. The second aspect is the occurrence of
dependent states (interpolation points). The change of one
state (interpolation point) can have significant negative and
positive effects on the other ones.

Figure 8. Structure of our algorithm

The optimization process. The trajectory parameters are
the interpolation points of a spline-curve. A vehicle that
approaches a track section receives the interpolation points
for the default trajectory from the section administration.
During the passage over the track section data about the ver-

tical acceleration of the body is measured and sent to the
respective section administration.

 Since for the default trajectory only continuous functions
are permitted, a compact description by spline-curves is suf-
ficient for this scenario. Here one date per interpolation
point is sufficient if only equidistant interpolation points are
permitted.

SIMULATION ENVIRONMENT

In the scenario described above we have to combine discrete
and continuous simulation. We model the technical system
by means of ordinary differential equations (ODE). The
Computer-Aided Engineering (CAE) tool CAMeLView
(iXtronics 2003) automatically derives differential equations
for the mechatronic part which is described by multibody
system models .

For this purpose, nonlinear differential vector state equa-
tions are used as follows :

(4)

(5)

with   the state vector,  the output vector,  the input
vector, and t the time.

We use ODE solvers which are a part of the CAE environ-
ment for the computation of the model. Since the used
solver fulfills real-time requirements we are able to use the
same model in offline as in online simulation (Hardware-in-
the-loop).

In addition we choose the IPANEMA library as the simula-
tion platform. IPANEMA allows the distributed real-time
simulation of ODE-based models as well as finite-state
machines. In addition it is possible to include external C-
code (Gambuzza and Oberschelp 2003). To fulfill the
requirements of an agent-based environment IPANEMA is
extended by the PUB library (Paderborn University BSP-
library) which allows an automatic distribution to massively
parallel clusters for a realistic parallel simulation.

The PUB library simplifies the implementation of massively
parallel programs according to the BSP model (bulk-syn-
chronous parallel model). The BSP model subdivides a pro-
gram sequence into so-called supersteps. At the end of a
superstep a synchronisation between single parallel pro-
cesses take place. During these synchronizations, messages
from the previous superstep are received. For this purpose
the process will be suspended. The next superstep is exe-
cuted after all messages are received (Bonorden 1999).

For the simulation of mechatronic systems, modelled as
time-based ODE models, the BSP model is very suitable. To
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each IPANEMA model a single process is allocated. The
synchronisation in time is realized by means of the synchro-
nization mechanism of the PUB library. During a single
superstep IPANEMA models are evaluated for the time
interval ∆T. During synchronization messages between
agents can be exchanged. 

SIMULATION RESULTS

For an example, the optimization of a trajectory with track
disturbance (track irregularities) is shown. Under the
assumption of an ideal reference reaction of the control
loop, it is sufficient to add the second derivative of the track
disturbance to the acceleration of the body mass, which cor-
responds to the second derivative of the default curve. With
the chosen distance of the spline bases, the reference reac-
tion can be assumed to be ideal. With shorter distances a
stronger curvature of the curve is possible, which requires a
higher bandwidth of the actuator. The result of the addition
is an incompletely corrigible disturbance of the comfort
which, however, can be compensated for by the optimiza-
tion.

Due to the chosen boundary conditions an analytical optimi-
zation of the curve can also be performed. In our case this is
desired, since now the quality of the result can be examined
more easily. In reality the disturbance is essentially
unknown and the reference reaction of the body mass is not
ideal.

In the following example the optimization of a section con-
sisting of ten segments was accomplished. Fig. 9 shows the
trajectory before and after optimization. The original curve
displays relatively strong curvatures. By the optimization
this curve can be smoothed to a high degree in approxi-
mately 65 steps:

Figure 9. Initial and optimized trajectory

Fig. 10 represents the acceleration of the body mass. As can
be seen, the accelerations are very strongly reduced. Since
an ideal reference reaction was assumed, the acceleration of
the body mass coincides precisely with the second deriva-
tive of the trajectory:

Figure 10. Initial and optimized acceleration

EXCURSUS

The active adjustable stroke of the body kinematics is appr.
12 cm; if one considers the accuracy of the track and accel-
eration sensors a resolution of 16 bit is more than sufficient.
In the example the distance between the interpolation points
is 6 metres. Therefore, at a total length of 600 metres, 100
parameters per section are needed; this corresponds to a data
volume of 400 bytes per section. In our example the shuttle
has a maximum speed of 200 km/h. Thus the shuttle needs
11 sec. to pass the whole length which demands a transmit-
ting of at least 37 bytes per second. Afterwards the shuttle
transmits the gauged data of the actual acceleration back to
the track section. In this scenario the entire net data flow
from the shuttle and back adds up to 111 bytes per second. 

CONCLUSION

The paper shows how distributed learning with multi-agent
systems can be used for the optimization of dynamic pro-
cesses in complex technical systems. The distributed optimi-
zation is especially suitable for systems, where experience
of many individual systems can be used and is thus applica-
ble for other similar applications.
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ABSTRACT

In this paper we present a part of a Preventive Monitor-
ing Information System. First, we describe the global
architecture of the multiagent decision support system.
Then, we focus on one organization of agents calledfac-
tual agents whose aim is to represent semantic features.
We also expose our ontology with its modeling. Our goal
is to store and to use general and specific knowledge and
information, in order to compare factual agents.

INTRODUCTION

We propose to help managers evaluate all the aspects
of the current situation using data coming from differ-
ent information sources like databases, managers, sen-
sors. . . The goal is to build the most accurate image as
possible of the significant elements of the current situa-
tion. In other words, the system must help the actors to
analyse the description of the current situation in order to
assist management of operational decision-making. From
this viewpoint, the information system is able to inform
them about the current situation and past facts related to
it. This system can also be used in a situation of crisis
because it provides a synthetic view of the situation and
it evaluates this situation in order to anticipate its poten-
tial consequences. The goal is to improve the decision-
making process of the actors by providing them, as soon
as possible, with the information about what occurs and
what could occur.

In this paper we present a part of the information sys-
tem which we call Preventive Monitoring Information
System - PMIS (Boukachour et al., 2002). We will focus
on knowledge representation and the organisation of fac-
tual agents which deals with it (Boukachour et al., 2003).
We shortly present the functionalities of the PMIS, its ar-

chitecture and its different components focusing on se-
mantic features, factual agents and related ontology.

This paper breaks up into four parts: a presentation of
the architecture of our multi-agent system with a detailed
description of our model, a definition of the semantic fea-
tures, a description of the agentification and particularly
of the factual agents and, finally, a conclusion.

The structure of the factual agents uses known models
and has a generic management structure for behaviour
designed using an automaton. For these agents, we de-
scribe the mechanism of reinforcement and weakening of
the agents which is managed at this time by the semantic
features arrivals or by the interactions between agents.

MODEL & FRAMEWORK

The PMIS is based on a model using agent organisations.
The agent paradigm allows to take into account the dy-
namic aspect produced by the evolution of the situation.
The organisation of factual agents deals with the dynamic
information representation process; this description in-
cludes the presentation of weighted graphs of the knowl-
edge representation. An ontology is used to give mea-
sures to compare factual agents.

Our multiagent system (MAS) is made up various fam-
ilies of agents charged to recognize, to interpret, and to
detect anomalies by correspondence with known or iden-
tified situations.

Global System Architecture

The system provides information about the current state
of the situation. It receives facts and information com-
ing from different sources and must: validate informa-
tion, place information in relation to the situation con-
text, evaluate the possible evolutions of the situation and
give their potential consequences, dynamically increase
the relevance of the situation description.

Our PMIS is made of three interfaces and a kernel
based on different agent organisations (Boukachour et al.,
2002) (Boukachour et al., 2003): a Human-Computer In-
terface for the decision-making actors, a query interface



which has access to different Information Systems. In-
deed, information about the situation can be retrieved us-
ing various Distributed Information Systems. A conjec-
tural interface which has access to a base of scenarios.
The system kernel makes the connection between these
three interfaces allowing them to communicate. This ker-
nel contains the organisation of factual agents.

The situation is represented by an organisation of fac-
tual agents which is dynamic. This property allows to
benefit from emergence mechanisms that lead to a dy-
namic configuration of the organisation representing a
summary of the current state of the situation.

Graph Framework

Graph Node

target

source

Transition

Token

State Label

Figure 1: Graph Framework

We have created a framework calledGraph that is
made up of six classes (see figure 1). This framework
is used to describe both ontologies for semantic features
comparisons and automata for agent behaviours. We
carry out alabelled graph to represent it. This graph
is both itself a framework, and a part of the frame-
works defining aspectual agents and ontology represen-
tation (see below).

This framework contains the classes required for the
construction of labelled graphs. A graph aggregates
nodes; nodes are linked by transitions. A label inputs
informations into the graph coming outside from sensors
or agents for example. The state notion has been created
to be shared both by nodes and tokens. Token is usefull
to simulate the travel through a graph for example a ve-
hicle in a road map, a token in a Petri net, several objects
or agents sharing the same automaton, etc. A label de-
fines a generic type of object for communication from a
node-state to another one.

A transition has the label’s signatures as behaviour, and
it is able to transmit the received messages to a linked ob-
ject of label type. The differentiation between transition
and label is usefull when informations are present in two
or more transitions. A classical example is an objectway
shared by two transitions representing two possible direc-
tions.

In an ontology graph, the labels are qualifiers of the
links between nodes. We have for example: links of se-
mantic relation: "is a specialization of", "is a general-
ization of", "is similar to"; links of causality or depen-
dence; links for composition or aggregation; links of ac-
tion which can carry out an action.

In an agent, one automaton describes the different
states that determine its behaviours. We use the token no-
tion because the same automaton can be shared by several
agents or, for the same agents, to describe different roles.

Creation of an Ontology

Agents have to communicate in a way that makes sense
for them, so they must share the same language and vo-
cabulary. This is evident according to FIPA communica-
tive acts. However, we define our own vocabulary and
semantics for the content of the semantic features. This
means defining an ontology. In other words, an ontology
is an explicit, partial specification of a conceptualization
that is expressible as a meta-level viewpoint in a set of
possible domain theories for the purpose of modular de-
sign, redesign and reuse of knowledge-intensive system
components (Guarino, 1996).

SemanticFeature
0..1Position

0..1Date

Semantic
Object

Semantic
Qualifier

Semantic
Value

SemanticState

State

Figure 2: Categories of semantic elements

We have created different ontologies to represent the
relationships between terms coming from different en-
vironments. These terms are included in the semantic
features. The relationships existing among the terms are
modelized with labeled transitions according to our graph
framework.

SEMANTIC FEATURES

Presentation

Our system uses a model based on both a system of re-
ception and an analysis of elementary information. These
elementary informations are presented in the shape of se-
mantic features. Each semantic feature (SF) is regarded
as a fact, it is sent to the MAS which assimilates it by
creating its corresponding factual agent. These agents
treat these SFs (messages) and can decide whether to
take into account the contained information (Wooldridge
et al., 2000). The comparisons between semantic fea-
tures will be done using factual agents which contain the
SF. The organisation of the agents in groupings with the
use of algorithms of clustering (Coma et al., 2003) will
allow the comparison between the clusters of agents and
scenarios.



Information translates both particular and partial as-
pects of an observed situation. It produces a set of SFs.
Each SF represents an elementary information. The mod-
eling of the SFs allows to obtain a homogeneous structure
in the studied information system. This homogeneïty is
of primary importance because it allows to establish com-
parisons between SFs. Actually, with these comparisons,
the system is able to evaluate a current situation by com-
paring them with referred situations (called scenarios).
These situations of reference result from passed experi-
ments, studied situations, deductions, analysis or extrap-
olations. We need to define the set of the observations
sent to our system, that is the goal of the followed sec-
tion.

Let us define a SF (semantic feature) by several proper-
ties. Each observation is an information with an index of
confidence (not yet used) and asemantic value. A SF is
an elementary information coming from the environment
and the semantic value produces some semantic features.

The SFθ is an elementary information and it is part
of the observationω. It consists of five values. It inte-
grates the event date and the location of the information.
The over three informations of the SF constitute a triplet
made up of an object, a qualifier of this object and a value
attached to this qualifier (see figure 2). This triplet is de-
fined by:

1. first component of a semantic feature is an object
related to a certain type of objectc ∈ C,

2. its qualifierq ∈ Q,

3. a set of possible valuesVc,q which are related also
to a type of objectc.

Our model takes inspiration from a real case study. At
the beginning of this study, no type of object was defined
a priori . This study allows us to test our model and to
define these types of objects.

The index of confidence and the origin of the infor-
mation must be treated upstream (ontological treatment
and determination of confidence) of the creation of the se-
mantic feature. They will not be treated here as an indica-
tion of confidence of the observation (or rough relevance
of information). The two others parameters constituting
the SF are the date of the observation, and the location of
the fact described by the information.

The different types of objects issuing from the study
can take five identified values:phenomenon, action, ob-
ject, person andmean. Phenomena and actions have dy-
namic properties, for these objects, it is necessary to as-
sociate complete temporal data: time of beginning, dura-
tion, time of observation. . . The other types of objects are
regarded as descriptions of a persistent situation (at least
until it is invalidated by new information). The objects,
the means and the persons are called entities or persistent
objects. To summary our study, we distinguish two types
of objects: dynamic objects and persistent objects. Phe-
nomena and actions are activities respectively observed
(or indirectly noted) and started (or ordered). An action

is an activity with a known origin and a determined im-
mediate goal. Phenomenon is an activity which is not an
action, it has an unknown origin or it is the result of an
action or another phenomenon.

We define various qualifiers and their associated val-
ues. For example:

• Qualifiers shared by the actions and the phenomena:
"is-a", "state-change", "beginning-hour", "space-
localization", "scale".

• Some qualifiers are specific to an action: "activity",
"localization", "target-object".

The valuevqc
associated to the qualifierqc can be, in

some cases, identified by its type.
Persistent objects (objects, persons and means) are en-

tities that seem persistent, objects are real entities like, for
example, "vats", "valves", "vehicles". Persons are partic-
ular objects, they have an obviously significant value in
the problems of management of risks and crisis where
they are a goal of preventing except they are victims.
They also have the characteristic to be able to have un-
defined behaviors. Means are sets, they join together ob-
jects and/or persons. This gathering of various entities
allows specific actions. A mean may be also the way to
qualify the property of particular action.

It appears, with the sight of the experiment, that each
qualifier can be typed. The typing ofqc allows to define
the set of the possible valuesvqc

. This typing is signifi-
cant in order to be able to establish clearly and formally
rules of comparisons. The qualifiers have a representation
close to the attributes’ representation in a class. For ex-
ample, the objects have a space localization and an iden-
tity.

The values are quantitative or qualitative, the qualifiers
depend on the types of objects which they are linked up.
Managing comparisons between the quantitative quali-
fiers is more easy than establishing a relationship between
the qualitative values. However, the ontologies permit to
define some proximities between qualitative values.

Proximity

The proximity of the semantic features is useful to be able
to have a distance between two SFs. We aim to lay out in
a formal way of one or several functions which compute
the distance between two SFs or two families of SFs. Es-
tablishing distances between SF allows to reinforce or to
weaken the factual agents carrying the SFs. We limit the
properties of the distances to define our proximities and
we adopt dissimilarities (a dissimilarity does not respect
the property of the triangular inequality).

We distinguish three types of proximities: time prox-
imity (Pt), spatial proximity (Pe), and semantic proxim-
ity (Ps). We introduce time proximity to take into ac-
count that more two events are distant, more the proxim-
ity is small. For the spatial proximity, the same reason-
ning is applied. We can speak about time and spatial dis-



tances. The global proximity between two SFs multiplies
together these three proximities.

PSF = Pt × Pe × Ps

Let us use∆t be the difference of time.

Pt =
4e−∆t

(1 + e−∆t)2

∆e is the difference of space.

Pe =
4e−∆e

(1 + e−∆e)2

These two proximities (for time and space) are a sig-
moid function, it takes into account the negative values.
It is written to remain on the interval[0, 1]. It brings the
five following advantages: its continuity, its derivability,
the knowledge of its primitive, its definition on� entire
(including negative values) and its symmetry in zero.

The definition of a semantic proximity is related to the
definition of an ontology. Proximity between two seman-
tic featuresθ1 andθ2 provides a value on[−1, 1]. For
example,Ps(θ1, θ2) = 0, 8 signifies that the two SFs are
relatively close semantically speaking. Such measure-
ment of proximity must relate to an ontology. This ontol-
ogy graphically appears as elements in relations the ones
with the others. These elements can thus be represented
like nodes of a graph linked by labelled transitions. We
carry out a representation using the labelled graph (see
figure 1). The labels are qualifications of the links. Some
of these labels can be very close such as "causes" and
"can create an event". It is necessary to clearly define
each field with regard to each label.
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Mean Person0.8

Object

�
�
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Figure 3: Graph for proximities between objects

We have created three ontological graphs. We have the
graph of proximity between the five types of objects. We
build this graph by taking the following values of prox-
imity (see figure 3). The two others define proximities
between qualifiers, and proximities between values.

STRUCTURE OF FA

Information is coming from different sources and we do
not know if a specific datum will be important or not. So,
we inject the data in the MAS to let emergence detects

some subsets of all the information (Boukachour et al.,
2003).

We design factual agents for managing a semantic fea-
ture. The agent must be able:

• To represent a semantic feature.

• To compare with other SFs, i.e. to compare with
other FAs in respect with the ontology.

• To try to achieve its goal (modelled by a multi-state
automaton).

• To measure its own evolution and to compute its
strength.

Behaviour Description

We will now describe the states and the transitions of the
automaton which models the behaviour of the FA. Factual
agents are both reactive and cognitive.

Initialisation Decision ActionDeliberation

Figure 4: The inside automaton of a factual agent

As shown in figure 4, the four states of the automaton
are ((Sfez, 1992)(Cardon, 1997)):

1. initialisation which is the state where an agent is cre-
ated. The created agent receives messages (i.e. SF)
from other agents, it updates its internal variables
when it detects than some SF are close - in respect
to the ontology - to its own SF. Agents stay in that
state until internal variables increase enough to go
over the threshold value and then change to the next
state.

2. deliberation. In that state, the agent asks all the oth-
ers to receive information it can use to determine if
the sender is close, neutral or opposite to its SF. In
that state, the agent will be more active than in its
initialisation state.

3. decision is the state when the global activity of this
agent rises. As in the previous states, it keeps lis-
tening to SF. But, it starts to be active by attacking
one of its enemies (with opposite SF) he knows. The
strategy here is to attack one of the weakest enemies.

4. action is the strongest state of the four. The goal of
the agent is to try to reach that state. In that state,
the other organisations of agents, as for example the
clustering part, need to consider the semantic feature
embedded in the agent to be of some interest to rep-
resent the current situation. If the support for that
feature decreases, the agent goes back to the pre-
vious state. Here the strategy for aggression is to
attack some of the strongest enemies chosen in the
accointance network.



Going from one state to another is based on a compar-
ison between some threshold values and the internal en-
vironment of the agent. The structure of each FA assim-
ilates information which comes to it both in the form of
SFs and in the form of interactions between FAs. These
last interactions are of three types: aggression, defense
and collaboration. The behaviour of each FA is given ac-
cording to a state contained in an automaton.

As we explain in previous section, each semantic fea-
ture (SF) creates a factual agent (FA) in the system. The
behaviour of a FA depends of its state that is a part of its
knowledge. The state is a node of the automaton of the
FA.

The knowledge of a FA consists of four families of
fields : semantic feature, strength (force, energy and
power of this agent), state (that determines the behaviour)
and automaton (instance of a graph, proactiveness of this
agent). The current state is a token moving in the au-
tomaton. So, implicitely, the automaton determines the
behaviour of the agent.

Strength

Semantic Feature

Automaton

State

Factual Agent

Figure 5: Fields Categories in a Factual Agent

An Agent is an atomic unit of automomous behaviour.
The core concept of Agent is independent of how the
autonomous behaviour is embodied. An agent has pur-
pose, means of receiving information from its environ-
ment, means of performing actions, mental state (knowl-
edge and beliefs) expressed as relationships between the
agents, a specification of how it responds to what it per-
ceives in order to carry out its purpose.

Behaviour includes reasoning and decision-making
processes that affect mental state, and mental state in-
cludes behaviour-related elements allowing it to perform
complex, goal-directed (Caire et al., 2001). The inter-
nal behaviour of an agent can be described as a repeating
three-stage cycle:

• Perception: an agent perceives its environment
through Information.

• Decision: an agent decides what tasks and actions
to perform on the basis of his objectives and knowl-
edge and beliefs.

• Reaction: the agent performs the actions that it de-
cided upon.

Scale & Thresholds

Scale represents the importance of an activity (impact on
its environment) or the size of a persistent object (occu-
pation of space or cardinality). All distances are related

to a scale. For example, if the studied problem relates to
atoms, a distance of 1 m is of a gigantic size; while it is
infinitesimal for an astronomical study.

For the proximity computation, the used reference
value is 0 that is to say neutral action of the arriving SF.
If the value is different to 0, it intervenes in the computa-
tion of the strength of the FA. Some different positive val-
ues with their signification are represented in the figure 6.
The negative values mirrors the positive ones (replacing
close by different).

Restricting the values in a given range allows to apply
the strategy to any problem independently of the real val-
ues. The different indicated marks in the figure just help
the user to fix the coefficients for the semantic distances.

The thresholds are the values used in the transitions of
the FA’s automaton (see above in the behaviour descrip-
tion).

0

Neutral

0,4

Quiet

Close

0,7

Close

0,9

Very

Close

1

Equal

Figure 6: Scale for proximities

Strength of a FA

The reinforcement or the weakening of a factual agent is
computed by the use of the interest measurement (also
calledPSF . We use the range[−1, 1] to indicate the in-
terest of a SF for a FA viewpoint. This interest value
modifies the force of the factual agent.

A factual agent (FA) has a weightmFA and a speed
of �vFA. It receives a semantic feature (SF) with the
force �FSF . The power given by the SF to the FA is
P = �FSF . �vFA. The initial energy of the factual agent
is EFA = 1

2mv2
FA. This energy is increased with∆E =

T =
∫

P.dt called the work of the force.
The force �FSF applied to the FA is function of the

proximity between the SF and the encapsulated seman-
tic feature of the FA. The new speed of the FA becomes

vFA =
√

2(EF A+∆E)
m

The speed, the force, the power, and the energy char-
acterize the strength of the FA.

CONCLUSION

The introduced framework built on factual agents has
been developped with an empirical validation from a real
world case study. The case study we use is defined with
data coming from Total’s minutes book derived from a
crisis training. The informations of this French petroleum
company permit us to create a specific ontology, to de-
termine objects in the ontology graph and to define the
different elements of a semantic feature.



This work is part of a long term project. We are devel-
oping a prototype to test the collective behaviour of our
factual agents and to correct values embedded in the on-
tology. One of the next steps is to connect factual agents
to other organisations such as the clustering part which
is developed by other members of the team (Coma et al.,
2003). Clustering agents characterise the factual agent
organisation in order to provide a synthetic view of the
current state of the situation. They identify groups. In-
deed, if a group containing factual agents in great devel-
opment during the same period is identified, these agents
probably contain important semantic features according
to the current situation.

Among the further works we have to do, we can list:
to develop automatic acquisition of new semantic fea-
tures not correctly described by the ontology, to learn new
scenarios to fill the base of scenarios (actually manually
done). But we also have to wonder about some decision
we took: is a graph the most suitable representation for
the ontology, do we have to add or change the internal
variables of the factual agent?

At this time we are developing a graphic system to
track the behaviour of the factual agents and to improve
the representation of the current situation by the organi-
sation of the factual agents.
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ABSTRACT 
 
In this paper, we propose an interaction model which 
allows more realistic interactions for simulations of 
human societies and limits the communication cost. 
Interaction is a central concept when designing a multi-
agent system. Classically, interaction between two 
agents contains two elements: communication and the 
action which is the result of this information exchange. 
This view of interaction has underpinned most research 
in the multi-agent domain. However, if we draw an 
analogy with human behavior, the notion of interaction 
is more complex and we show that the classical ways of 
interaction managing are not adapted. To reach this 
objective, the environment could be used to mediate 
interaction between agents. A toy problem shows that 
our proposition helps the agents to adapt their 
perception of communications in the light of their 
interest and limits the communication cost in case of 
complex interactions between agents. A real application 
stemming from the transportation domain illustrates the 
use of our proposition to help agents to adapt their 
behavior to the context. 
 
INTRODUCTION 
 
Interaction is one of the central concepts for the design 
of a multi-agent system (MAS). In the methodology 
called Vowel (Demazeau 1995) interaction is placed at 
the same level as agents, the environment and 
organization. That is why a multi agent based 
simulation has to make a choice about this component. 
As it is recalled in (Weiss 1999) for the multi-agent 
paradigm, interaction between agents contains two 
elements: communication and action which is the result 
of the information exchange. This dichotomy has 
underpinned most research. In the reactive agents 
community, communication is limited to the exchange 
of signals and the action result to the activation of the 
associated reflex. In the cognitive agents community, 
the communications are organized by protocols which 
determine the order in which the messages are 
exchanged. The action element is based on the analysis 
of high–level languages and on the analysis of the 
content representation language. However, this classical 

view has limits. Whereas the action of a communication 
on the receiver is taken into account, there does not 
seem to be any work concerning the action of a 
communication on the other agents of the multi-agent 
system. If we define the agent context (in the broad 
sense) as the set of information and events of which it 
has knowledge, the interaction context of an agent can 
be defined as the constituent of its context relative to 
interactions. Since the impact of an interaction is limited 
to the protagonists and has no impact on the activity of 
the MAS, the classical view of interaction is a powerful 
limit to the interaction context of an agent. In the same 
way that has been identified a problem of scale when 
using the classical concepts of interaction in MAS for 
the modeling of modern human societies (Malsch and 
Schaeffer 1997), this paper shows that the classical view 
of interaction is insufficient for the modeling of highly 
interactional systems such as control centers (Salembier 
1994). Interaction is based not only on pre-established 
protocols but also on the attention of the interactional 
activity of the participants. In multi agent based 
simulation and particularly in the domain of simulation 
of social theory (Castelfranchi et al 1992) or simulation 
of real human activity (Balbo 2002) (Dugdale et al. 
2000), there is a need for complex interaction. The 
question is: what happens when agents located in the 
same place communicate? Indeed if the modeling of 
human operator is a difficult problem (Norling et al. 
2000), enable them to interoperate in a realistic way is 
another difficulty. This paper shows that the use of 
classical means to organize interaction increases the 
communication cost. In multi-agent simulation area we 
propose the use of a medium (the environment) to 
enable the agents to participate in common 
conversations according to the context. For the 
receiving agent, the matching of the reception 
conditions of a message with the content improves the 
understanding of the interaction context. 
The second section presents the issues addressed; the 
third section explains the modeling of Environment as 
Active Support of Interaction (EASI). The fourth 
section shows the evaluation of our proposition for a toy 
problem and its use for the treatment of a real problem. 
The last part is our conclusion and suggests future lines 
of research. 



 
TOWARDS A CONTEXTUAL INTERACTION 
 
Interactional gaps 
  
Traditionally, the communication mode of reactive 
agents (non-addressed communication) is contrasted to 
that of cognitive agents (addressed communication). In 
the case of a non-addressed communication, the 
environment enables the agents to interact by the 
perception of stimuli or modifications to the 
environment. In this framework, the sender of the 
stimulus does not know the receivers of its information 
and it is the environment which, with physical rules 
such as proximity, determines the protagonists of the 
interaction. Each agent is potentially a participant in 
every interaction and its characteristics and those of its 
sensors determine whether or not the interaction will 
happen. The reception context of a stimulus is thus 
dependent on the application of physical rules which are 
beyond the control of the protagonists. Reactive agents 
do not exchange structured messages in compliance 
with protocols and have therefore mainly been used for 
simulations of insects on which such work was based. 
 
Interaction by means of addressed messages allows the 
creation of complex protocols. For an agent, the context 
of an interaction is thus often dependent on the current 
protocol. To facilitate the matching of the sender’s 
needs (requests) with available competences within the 
MAS, much research suggests specializing agents in the 
processing of interactions (Decker et al. 1997). But, 
whereas human beings working in the same 
environment have other sources of information (their 
senses) to perceive the activity of their partners, agents 
are unable to perceive the interactional activity of the 
other members of the MAS. However, it has been 
agreed in the definition of the agent paradigm that an 
agent has to perceive the world in which it evolves. If 
the simulation environment of an agent contains a 
communication part then the simulation needs a specific 
interaction protocol to avoid the agent isolation. The 
problem is that if the knowledge necessary for 
interactions is delocalized within specialized agents, it is 
not able to perceive the interactional context. 
Nevertheless, an interactional act between two agents is 
itself a piece of information. For example, in a control 
center the attention of the operators is not limited to 
their own interactions but also to those of the others. 
The concepts of floating perception (Salembier and 
Zouinar 1998) or mutual awareness (Dugdale et al. 
2000) illustrate this need and are used to express the 
operator’s way of managing their attention to events. 
These events can take various forms: a message which 
is easily usable in MAS, an agent signaling interest for 
another agent. In this case, information does not concern 
the message itself but the perception of the exchange of 
messages between two agents at a particular moment. 
Consequently, the interest of the agents is guided by the 
interactional context in which they function. 

 
Using the environment as medium 
 
It is clear that the use of the environment by the reactive 
agents in order to interact does not allow an exchange of 
complex messages. Similarly, the use of addressed 
messages often supposes a more or less distributed 
management of the knowledge necessary for the 
interaction. These two interaction modes have gaps but 
their combined use opens a third way. This third way 
has to enable cognitive agents to design their 
interactional context. In other words, the aim is to allow 
an agent to specify the conditions in which it wishes to 
perceive interactional events. To reach this objective, 
cognitive agents should use the environment as a 
support for their communications. 
The principle of an environment common to the agents 
is central in the reactive agents community. In this 
paradigm, the agents have sensors so as to perceive the 
environment, and effectors so as to act on it. If extended 
to cognitive agents, the common environment would be 
an interaction medium that each agent could modify by 
its own interventions (i.e. sending of messages) and 
perceive by means of sensors. An MAS is no longer 
designed as a sum of communications which are 
organized with protocols, but as an interaction medium 
where each message can be perceived independently of 
the initial needs of its sender, its receiver and their 
current protocol. 
It must be possible to exchange complex messages 
(cognitive agents) and the agents must be able to 
perceive in the environment the messages they should 
receive (reactive agents). The exchanged messages can 
be addressed or not. The exchange of addressed 
messages supposes the use of pre-defined protocols. The 
use of the environment conditions the reception of a 
message to the perception capacities of the agents. In 
this way, each agent defines its own interactional 
context.  
 
The aim of the present research is to propose a model 
extending the use of interactions between agents. The 
problem is to bind an interactional need of an agent not 
only to its own state but also to the state of the world. 
The introduction of the notion of context in the 
interaction protocols allows the agents to specify the 
conditions in which they wish to be concerned by an 
interaction and by extension to reconstitute more easily 
the context in which they are receivers of a message. 
 
ENVIRONMENT AS ACTIVE SUPPORT OF 
INTERACTION: EASI 
 
The reactive agents community has produced a 
modeling of the agents from their perception of the 
environment to their reaction. This could be extended 
by modeling the perception filters of the environment 
used by cognitive agents.  
The example below illustrates the various components 
of the proposal. It is followed by a presentation of the 



EASI model, which is a generalization of our initial 
work (Balbo 2002). A use of our model is presented in 
the last section. 
 
Example 
 
To illustrate our model, let us take the following toy 
example: simulation of interactions within a classroom. 
The teacher and the individual students are each 
represented by a different agent. The classroom 
constitutes the common environment where interactions 
(exchanges of messages) between cognitive agents are 
perceptible to all. The figure below contains possible 
interactions.  
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Figure 1. Representation of interactions in a classroom 

The teacher gives information to the students who can 
ask questions (questions which the teacher answers). 
The students can also communicate between themselves 
to ask questions or to make comments. In the 
interactional context-building scenario, an agent 
chooses to perceive certain events according to its 
expectations. For example, a student wishing to go out 
of the room waits for another student to ask the teacher 
a question before carrying out its action. This agent is 
therefore interested in the interactional context of the 
MAS and not in the content of the exchanged message. 
 
EASI model  
 
In the following section, we give the minimal 
definitions which are necessaries to the understanding 
of our proposition. 
For the reactive agents community, a tropic agent 
(Ferber 1995) is defined as a tuple: 

a = < Pa, Percepta, Reflexa> 
Where: 
− Pa: set of percepts associated to an agent 
− Percepta: perception function which associates a 

percept to every state of the world 
− Reflexa: function which associates an action to a 

percept. 
 
By extension, a cognitive agent perceiving 
communications in the environment is defined as: 
− Pa: messages deposited in the environment and 

accessible to agent a. In theory every message in the 
environment is accessible to the agents present. 

− Percepta: set of perception filters enabling agent a to 
receive messages. It is the filters allowing the perception 
of communications which define the subset of messages 
perceptible to an agent. 
− Reflexa: activation of the reasoning process 

according to the message received (content and filter). 
How the agents consider the message will depend on its 
content and also on the filter that enabled its reception. 

 
The environment is modeled using filters enabling 
agents to receive messages. The elements present in the 
environment will be noted: 

Ω = <ΩA, ΩM> 
Where: 
− ΩA:  the agents of the MAS 
− ΩM:  the messages of the MAS 
Each element in the environment is recognizable by a 
set of properties which are accessible by the 
environment. 
 
Definition 1: an entity 
An entity is any element of the environment that is 
made up of properties: 

ω ∈ Ω, ω = {p(ω) ≠ null | p ∈ P(Ω, DΩ)}  
Where  
P(Ω, DΩ):  set of the properties of the MAS 
DΩ = p

p
DU : union of the definition sets 

 
Definition 2: an agent 
Let A be an agent category and a an agent of A, then  

∀ a ∈ A, a = { p(a) | p ∈ P(A, DΩ)} 
 
An agent category is a set of common properties. An 
agent is defined as a member of a category and differs 
by the values of its properties. An agent has other 
components (knowledge or skill), but they are not useful 
for our interaction model. 
 
Example: There is an unique agent category, that we 
called person. For each person we have three properties, 
the position in the classroom (Position), a unique 
identifier (Identifier) and the agent’s role in the 
simulation (Role). The teacher agent (noted T) is 
defined with the tuple:  
 T: {0, 1, teacher} 
 Where: 
  Position (T) = 0 
  Identifier (T) = 1 
  Role (T) = teacher 
A student, for example student 3 (noted S3), is 
identified with the tuple:  

Student3: {3, 3, student} 
With: 
  Position (S3) = 3 
  Identifier (S3) = 3 
  Role (S3) = student 
 
Definition 3: a message 

∀ mo ∈ ΩM,  



mo = < Sender, Receiver, Subject, I
n

l

l
ijkC

1=
> 

Where:  
− Sender: identifier of the sender. 
− Receiver: identifier of the receiver.  
− Subject: subject of the message 
− Cijk = <pi, fj, vk> 

−  pi ∈ P(ΩA, DΩ) 
−  fj: Dpi x Dpi -> DBool 
−  vk ∈ Dpi 
−  Dpi : domain of definition of property pi. 
− P(ΩA, DΩ) : set of properties of MAS. 

− I
n

l

l
ijkC

1=
, The conditions under which the receiving 

agent has to meet to receive the message 
 
A condition Cijk (ω) is true if : 

ω ∈ Ω ∧ fj (pi(ω), vk) 
 
The definition of a message corresponds to the 
definition of the properties and gives us the semantics of 
the messages. This semantics is common to all the 
agents. By construction, the description of a condition 
becomes a property of a message.  
Remark: the content of the message is not a parameter 
of our semantics. 
 
Example: let M1 be the message: 
M1 = <1, unknown, "question", <role, =, student> > 
M1 is a message sent by the teacher agent (identifier = 
1) to an unknown receiver (the sender does not know its 
identifier) but with a property role value which is equal 
to student. That corresponds to the broadcast of a 
question (subject value) from the teacher agent to the 
student agents. 
 
Definition 4: a filter 
Let F n  be the nth filter of the environment. 
m ∈ ΩM , a ∈ ΩA,  

I II II
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Where:  

− I
l

aC
a

l

l
ijk

1
)((

=
: Conditions concerning the receiving 

agent of the message. 

− I
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l

l
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: Conditions concerning the message 

processed. 

− I
l

eC
e

l
l

l
ijk

1
)((

=
: Conditions concerning the other entities 

identifying the interaction. 
la, lm, le: number of conditions for each entity category. 
 

A filter links a message m to an agent a. An agent 
designs a filter with conditions relative to other agents 
and to messages el, thus allowing many possibilities in 
the management of its interactions. For example, an 
agent A can design a filter allowing it to receive the 
messages of agent B and conditioning its reception to 
the following interactional event: agent C sent a 
message to agent D. Consequently, it is not possible to 
represent the parameters of a filter without using sets of 
conditions. 
 
Each filter enables an agent to receive messages 
according to conditions concerning some of the entities 
present in the environment. This set of conditions 
constitutes the interactional context in which the agent 
wishes to be contacted. 
 
Example: F1 is the filter allowing agent S3 to receive 
question sent by a student (identified by the variable a1) 
to the teacher. The receiver will use the message for its 
content or as the event identifying an interactional 
context. 
F1 (m, a): <<sender(m), =, b>, 

<subject(m), =, "question" >,  
<receiver(m), =, 1>, 
<Identifier (a), =, 3>,  
<Identifier (b), =, ib>,  
<role (b), =, student>> 

 
Having studied the first definitions necessary for the 
establishment of our model, let us now examine our 
example. 
 
INTERACTION PROTOCOL COMPARAISON 
 
Each student has a parameter called attention. This 
parameter determines the basis of the student behavior. 
It could take three values: 
 #0: the student is inattentive; nothing that happens in 

the classroom has interest for him. Each received 
messages will not be treated except the teacher remarks.  
 #1: the student listen but does not participate. The 

received messages are taken into account but he does 
not answer questions. 
 #2: the student participates. He answers each 

question.  
 
This basis attitude of a student evolves during the 
simulation. Each agent follows this rule: the higher is 
attitude, the less stable its behavior. This parameter is 
used to modify the interactivity level of our simulation. 
 
In order to evaluate our proposition, we have compared 
it with standards of the multi-agent paradigm:  
a) Broadcast: when the receiver of information is 
unknown, the receiver broadcasts the message to all 
agents.  
b) A middle-agent: a specialized agent is the 
compulsory intermediary between agents. It receives 
and forwards each message only to agent having their 



attention parameter value superior to #0. Because this 
parameter evolves during simulation, the agents must 
inform the middle-agent in case of modification of their 
state.  
c) Mixed: the use of a specialized agent is required 
only when the number of messages may be decreased.  
d) EASI: The value of the attention parameter is 
accessible by environment. Each agent has its own 
communication filter.  
 
Scenario 
 
In this scenario, the teacher sends questions to students 
and remarks to inattentive student. A student (S3 in the 
scenario) wants to use this event to become inattentive 
if its neighbor is itself attentive. This scenario supposes 
that S3 adapts its behavior according to two different 
information sources. Moreover, the aim of S3 must 
remain secret and that suppose that there is no particular 
protocol to optimize the communication cost. 
 
To remain this intention private, each agent has to know 
the value of the parameter attention of the other. This 
hypothesis is necessary to simulate a student who 
observes the behavior of the other in the classroom. 
That is why the interaction protocol has to deal with the 
value updating of the attention parameter (Figure 2). 
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Figure 2: Interaction Protocol. 

Since the two information sources are independent, only 
agent is able to evaluate them according to its interest. 
The consequence is that during the simulation each 
information has to be sent to each agent. That is why a 
mechanical increase of the simulation time (figure 3) 
and of useless messages (figure 4) is observed.  
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Figure 3: time evaluation 

At each message a process time is associated. Because 
of the behavior rule and the design of the simulation, the 
value of the average attention determines the number of 
exchanged messages (update and answer message). 
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Figure 4: useless messages 

For a student, a message is useless if its attention is null. 
For MAS, a message is useless if it is due to the 
protocol and not to its activity. The update messages are 
useless because they are the consequence of a protocol 
(the interaction knowledge is delocalized). 
 
APPLICATION 
 
The first domain in which, the proposal was applied is 
that of transport. Our application, called SATIR (Balbo 
2002), illustrates in a very dynamic situation (regulation 
of an urban transport system) how an event-based 
interest in interactions was used to manage the 
inconsistency in the location of vehicles and how the 
reception context of a message enabled the agents to 
adapt the way they manages the inconsistencies. 
 
Urban public transportation systems are naturally open 
systems (vehicles appear in or disappear from the 
network according to their activity) and distributed 
systems (vehicles move on a network).The multi-agent 
paradigm makes it possible to model and simulate those 
systems where the distribution of control and 
knowledge facilitates problem solving. Therefore, a 
multi-agent approach was chosen to model the system in 
order to 1) diagnose disturbances in the bus lines (bus 
delays, bus advances), 2) detect inconsistency in 



positioning data sent by buses to the central regulator, 3) 
dynamically compute schedules, 4) monitor and process 
disturbances 5) simulate and choose feasible solutions. 
This research was part of the SATIR project done with 
the participation of the French Transportation Research 
Institute (INRETS). 
Only the part related to the dynamic timetable 
management and management of data inconsistencies 
will be presented. 
 
Timetable management involves three steps: 1) making 
up the theoretical timetables; 2) monitoring the network 
activity (modifying the timetables according to where 
the vehicles actually are); 3) managing the 
inconsistencies of the data from the sensors which 
locate the vehicles. 
To automate these three functions, we propose two 
categories of agents:  

1. The STOP agents, which represent the 
theoretical structure of the network and compute the 
theoretical timetables. 

2. The BUS agents, which represent the dynamic 
part of the network. Every BUS agent is the abstract 
model of an actual vehicle running on the transportation 
network and reports its movements to the STOP agents. 
 
When a vehicle passes a stop on the actual network, a 
warning message is sent from the BUS agent to the 
STOP agent concerned. The STOP agent updates its 
timetable by removing this vehicle from the list of 
vehicles due. A STOP agent which does not receive any 
message detects an anomaly and triggers the disturbance 
processing.  
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BUS b1 BUS b2

BUS b3

Area 2: STOPs expecting b2

Area 1 : STOPs expecting  b1
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Figure 5: Inconsistencies management 

 
One of the difficulties of timetable management 
concerns the management of inconsistencies which arise 
from the data sent by the location sensors located in 
built-up areas (Figure 5). Some vehicles may not be 
located at a significant number of stops and this may 
result in the triggering of false alarms. The incorrect 
location of a vehicle may lead to inconsistent situations 
with "virtual overtakings" (a vehicle is announced 
before the vehicle which precedes it). From the point of 
view of the STOP agent, there are two different 
problems. In the first case, there is an information defect 

and in the second case, there is a problem in the 
reception of the information. Each STOP agent 
concerned must be informed as soon as the vehicle is 
located again (in the first case, the BUS agent sends a 
message to a STOP agent). In the second case, it has to 
recognize an inconsistent situation. 
 
The STOP agents have a filter which intercepts a 
warning message concerning a transit announcement 
that has been sent by the BUS agent whose interceptor 
is waiting to a STOP agent whose position is higher 
than that of the intercepting STOP agent (Figure 5: 
Interception Protocol). 
The STOP interceptor thus receives a message with a 
reception condition concerning the reference of another 
STOP and it can reconstitute the context of the 
reception of the message. Using the context, the STOP 
agent is able to deduce that the vehicle was wrong by 
located. In this case, the content of the message enables 
the STOP agent to update its state and the interactional 
information enables the agent to modify its role in the 
processing of a disturbance. In this case, it is the filter 
which, by its function (interception of location 
message), determines the processing context of the 
message. 
In the case of “virtual overtaking”, a STOP agent 
receives via the reception filter addressed messages 
(according to the identifier of the receiver) a transit 
announcement which the sender has sent to it. It is the 
comparison of the reference of the sender to the 
reference of the BUS agent it is waiting for that will 
modify its behavior (Figure 5: update protocol). In 
addition to taking this information into account for the 
update of its state, the contacted STOP agent sends a 
warning message to the STOP agent which precedes it 
in order to warn it of this event. If this preceding agent 
is also expecting this BUS (which is early and not 
correctly located), it updates its timetable and forwards 
the message to its own predecessor. If the STOP agent 
is not expecting this BUS, it will not forward the 
message. In this case, it is the content of the message 
(the reference of the sender) which allows the receiver 
to reconstitute the context of the interaction and to adapt 
its behavior. 
For the same message, a transit announcement, we thus 
obtain an identical basic processing (the STOP agent 
updates its timetable) but a different reaction depending 
on the context of its reception:  
− Message sent to the receiver by the expected sender: 

the local state of the network is normal. 
− Message sent to the receiver by a different BUS 

agent: the vehicle has been "virtually" or "actually 
overtaken", the situation is disturbed. 
− Message sent to a different receiver by the expected 

sender: the vehicle is wrongly located, the situation is 
possible "disturbed". 

 
In summary, it is the interactional reception context of 
the same message which will vary the agents answer. 
 



CONCLUSION 
 
This paper has presented a proposal to use the 
environment as an interactional medium. This work 
represents an abstraction of our first proposal called 
ESAC Environment comme Support Actif de 
Communication. In the first version the problem was to 
define a “communication logic” enabling each agent to 
find its interlocutor according to the characteristics it 
was searching for in this agent. The new EASI proposal 
includes this problem and we have shown, with a toy 
example, how the model enables to limit the interaction 
cost in case of complex interaction. The proposal 
extends the classical view of interaction 
(communication organized with protocols) by allowing 
each agent to bind its interactional needs to the context.  
In MABS, our proposition enables agents to be aware of 
interaction with a minimal cost. This work will be 
extended by modulating the interest of the interaction. 
The filter matches the reception condition to the 
context. Nevertheless some contexts (or messages) may 
be more important than others, which is why it may be 
useful for agents to modulate their interest in 
interaction. 
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ABSTRACT

This paper proposes a participatory and cooperative
approach to acquire necessary knowledge to build a
MultiAgent-Based Simulation (MABS). This approach is
based on role-playing, meeting and Computer Supported
Cooperative Work (CSCW) principles. During a meeting
firm actors simulate problem solving processes by play-
ing their usual roles. The result of several meetings is a
corpus which is analyzed to provide a set of scenarios. It
allows the building of a multiactor model.
In this study, we apply the approach to acquire knowledge
to model and then simulate decision-making processes in
poultry firms. In particular, we seek to understand the
probable impacts of individual behaviors in the decision
process of managing raw material.

INTRODUCTION

MultiAgent-Based Simulation (MABS) is an efficient
way to understand multiactor systems, through the Multi-
Agent System (MAS) modelling processes and the anal-
ysis of the simulation behaviors when run (Edmonds,
2001). This is due to the MABS’s ability to cope
with simple entities as well “groups” and “organiza-
tions” (A.Drogoul, Vanbergue and Meurisse, 2002; Ed-
monds, 2001), and interaction between entities and
groups.
MAS methodologies (Burmeister, 1996; Fishwick, 1997;
Wooldridge, Jennings and Kinny, 2000) and methodolog-
ical proposals for computer simulation (Fishwick, 1996;
Gilbert and Troitzsch, 1999) define processes and mod-
els to represent computational agents, their interactions,
organizations and environments. An important step in
MABS building is to identify the agents to be intro-
duced into the model. Unfortunately, most methodologi-

cal proposals (Ferber and Gutknecht, 1998; Iglesias, Gar-
ijo, Gonzalez and Velasco, 1996; Parunak, Sauter and
Clark, 1997) underestimate the difficulties faced when
building computational agents. They consider that agent
identification is a straightforward operation during two
modelling phases: analysis and design phases. Our goal,
is to propose a method for “real agents” identification and
knowledge acquisition to build socio-economical simula-
tion models.

Document Analysis or Knowledge Acquisi-
tion?

Generally, the modelling process of a MABS is based
on the knowldge provided by descriptive documents.
Thanks to those documents, the agents can be identified
through a linguistic analysis (Parunak et al., 1997).
Multiactor systems, particularly within a non-delimited
organization (see definition in Section ) are often char-
acterized by the difficulty to get documents describing
the organizational functioning of such organization. In
this case, a Knowledge Acquisition (KA) step is neces-
sary to build agent-based simulation. During a KA phase,
domain experts (also calledthematicians(A.Drogoul
et al., 2002)) are called up.
Actually, there are two main reasons to introduce the
target system actors to the modelling process during
KA process. First, those actors hold the necessary
domain knowledge. Second, as shown in (A.Drogoul
et al., 2002; Bousquet, Barreteau, d’Aquino, Etienne,
Boissau, Aubert, Page, Babin and Castella, 2002), most
of thematicians enter the design of the multiagent simu-
lations because they are interested in understanding the
global target system. Indeed, in situations where they
cannot explain their contributions and the consequences
of their decisions, neither deductively or analytically, the
knowledge acquisition phase is necessary to explicit such
knowledge.
An agent-based simulation encompassing individual and
collective knowledge provides a useful tool to evaluate
the consequences of individual decisions on the global
target system. Our case study is understanding the im-



pacts of individual behaviors and knowledge in the de-
cision processes of managing raw material in a poultry
chain (see Section ).

A new methodological framework

To deal with these two issues, namely the lack of de-
scriptive documents and the need to identify the pertinent
agents of an organization, we propose a new methodolog-
ical framework. Our approach is to be used during the
analysis step of modelling process. It provides a domain
model calledmultiactor model, to be used by the mod-
ellers during the design phase (see Figure 1). The multi-
actor model is used to build defined agent models in MAS
methodologies.

Multiagent Model
Conceptual agents

Multiactor Model

Real agents (actors) 

MAS 

Methodology

Proposed

Approach

Figure 1:The multiactor model position in MABS design
process

The main objective of the approach is to gain some un-
derstanding of the organizational patterns and decisional
processes of firms, on the basis of initial model objec-
tives. In fact, a knowledge acquisition process is essential
for the building of a simulation model.
In order to collect and acquire the necessary individual
and collective knowledge to build a MABS, our approach
uses the meeting and cooperative work principles. It is
inspired from the Computer Supported Cooperative Work
-CSCW- techniques. This method is also based on role-
playing during meetings. It involves several roles: the-
maticians, expert thematicians and modellers. (see sec-
tion ).

Concepts

A “role” is what the actor is expected to do (Yu and My-
lopoulos, 1994), in accordance to his commitments and
organizational rules. Moreover, an actor cooperate with
other actors in accordance to their commitments. He also
exchanges knowledge and coordinates his activities.
A “non-delimited organization” represents an unbounded
organization, without a legal status. For example, a wheat
chain or a national book market.
“Target system” characterizes the organization to be mod-
elled and various decision processes within it. Decision-
making processes are seen as a series of interactions be-
tween stakeholders (Bousquet et al., 2002).
In the next section, we present our own approach, which
leads us to present, in section , a real case study. we pro-
pose an example of decision-making processes in a poul-
try chain. In the section , we discuss some related works

to our research area. We finish with some concluding re-
marks and further works.

PROPOSED APPROACH

This approach aims at: (i) understanding the structure
and functioning rules of the target system through the
building of MABS model; (ii) dealing with “real agents”
identification (iii) and leading to a domain model, called
multiactor model, to be used to design MABS.
In this approach, we postulate that we can understand
multiactor systems when “real agents” are interacting.
We assume that actors behave more instantaneously
when reacting to some events in their environment (e.g.
information requests, activity requests, etc.).

Involved roles to apply the approach

The notion of role in a modelling process has already
been introduced in several works (Bousquet et al., 2002;
A.Drogoul et al., 2002; Edmonds, 2001). Our approach
is based on the attendance of several actors, with various
roles: expert thematicians, thematicians, and modellers.
Modellers are in charge of building the simulation mod-
els (Fishwick, 1996). The expert thematicians and the-
maticians are domain experts. The differences between
the two roles are the knowledge handled, their MABS in-
terest and objectives. Expert thematicians are domain re-
searchers, policy makers, etc. who handle general knowl-
edge and observations of the target system. The themati-
cians are professional experts (e.g. firm managers). They
have a specialized point of view.

Simplified view of the approach

Figure 2 is a scheme of our approach. The analysis
process of a non-delimited organization follows several
steps:

• The process starts with an abstraction step, which
depends of the model objectives. The abstraction is
built after several individual expert interviews have
been carried out.

• A knowledge acquisition process is necessary to un-
derstand organizational functioning and collect do-
main knowledge. It can be acollectiveor an indi-
vidual knowledge acquisition. Acorpus document
results from this step.

• The analysis of the corpus provides a more pre-
cise view of handled knowledge (micro and macro
knowledge), relationships between actors, interac-
tions, etc.

• finally, amultiactor modelis built.
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Figure 2:Simplified view of the proposed approach

Abstraction

An abstraction gives a simplified structural view of the
target system. In this stage, the expert thematician and
thematician roles are involved. Each expert has a subjec-
tive point of view (Edmonds, 2001) of the target system
and the model. Thus, the refinement degree of our model
is to be chosen.

Φ = 〈F, E〉 (1)

whereF = set of identified groups (subsystems), and
E =Evolution environment ofF

Example (see Section ) A poultry chain consistes in a
set of competing firms. Each firm has its own organiza-
tional structure, strategies, etc. A firm is then considered
as a group within the poultry chain.

Collective knowledge acquisition

Collective knowledge acquisition consists of role-playing
meetings. A meeting (Figure 3) is characterized by a set
of common objectives and a set of participant actors (the-
maticians). A meeting objective can be an initial model
objective or be defined by the participants themselves.
The thematicians interact to solve proposed objectives.
The knowledge acquisition runs using:

• a communication framework. It is an information
dialogue framework, composed of laptop computer
network that can be moved to any meeting room.
Each computer contains a generic application, with a
very simple interface, and communicates with other
applications via CORBA (Common Object Request
Broker Adapter) layer.
This framework also contains aspy programthat

Coordinator

Observer

Meeting Objectives

Corpus

�
�
�
�

Spy Program

Cooperative Knowledge Acquisition

Meeting room

Figure 3:Cooperative Knowledge Acquisition of a Group

collects all exchanges. The stored data is calledcor-
pus documents. For each exchanged message, the
spy program associates a sequencing identifier (in-
cluding serial number within a conversation). It also
stores the sender and receiver of each message, as
well as the message’s content.

• meeting principles (face-to-face). Each meeting par-
ticipant uses the application installed on his own
computer. He is able to: (1) play his usual role in
the firm (2) describe this role (3) communicate with
actors he chooses (4) use, or define some keywords
or domain concepts. Communications are done with
natural language.

• Observer and coordinator participation. Meetings
are coordinated by the modeller (calledcoordinator
in this case). An expert thematician (meetingob-
server) observes the meeting development.

Important Remarks (1) For each meeting, function-
alities can be used or referenced by actors, such as
databases, computational resources (like linear program-
ming -LP- optimization); (2) If an unvailable role seems
to be relevant and is called up by a meeting participant,
then a new role player is invited.

Analysis step

After several meetings, the corpus documents are an-
alyzed (Figure 4) : (1) by conversation representation
(UML diagram sequencing, state machines, Dooley
graphs) -see Section -; (2) by role analysis, which allows
to discover activities and decisions (see example below);
(3) by role dependencies (Yu and Mylopoulos, 1994)
analysis, which allows to discover goal and resource
dependencies.

Example

• Role =Purchaser: carry out a new raw material pur-
chase;

• Decision =Buy (Yes/No)?;
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Figure 4:Analysis Step

• Activities = Request critical informationfrom other
actors (potential use?, global profit?),provide re-
quested data.

Notion of scenario

For each discussed objective during a meeting, ascenario
is built as follows (detailed example in section ):

Scenario Scenario name
Objective Raw Material Purchase
Participant roles Purchaser, etc.
Interactions Exchange contents,

conversation models
Decisions Buy (yes/no?)
Activities/Role Compute profit

A scenarioS is a 4-tuple

S = 〈< SO >, IS,CR, R〉; (2)

In a scenario, a role is defined as an abstract actor. Let
n be the number of identified roles.
SO=“Scenario Objective”,IS=Interaction sequences,
CR=Conversation Representation,R = {Ri}i=1..n a set
of pertinent roles, and

Ri = 〈< RoleName >,Ai,Ki〉;
Ai=Acquaintances ofRi, Ki=Ri’s handled knowl-

edge;

After several meetings, alibrary of scenarios is
progressively built and enlarged.

Remark In order to verify or refine collected knowl-
edge, some feedback is necessary. It can be a collective
knowledge refinement (i.e. new meetings) or individual
interviews.

Note. Generally, the chosen groups during the abstrac-
tion step have a heterogeneous organizational structure.
This allows various scenarios for the same objective.

Individual knowledge acquisition

Individual knowledge is the results of individual inter-
views. A thematician can be asked to explain his sen-

tences (requests, answers too ambiguous), and also to de-
scribe an activity process, that he mentioned during meet-
ings.
The individual knowledge acquisition is a refinement and
verification step of the collected information.

Multiactor model

Let p be the number of involved participants andm be
the number of scenarios after several meetings.
The multiactor model encompasses the accepted knowl-
edge by domain experts which is:

1. a simplified view of the target system that we call
theabstract systemΦ (Equation 1);

2. a set of pertinent “real agents”A involved in the set
of scenariosS. A = {Ak}k=1..p;

3. for each actora, a ∈ A, (i) his roles (ii) his knowl-
edge base; (iii) his methods base; (iv) his acquain-
tances; (v) his language (words, concepts, etc.);

4. a set of role dependenciesD, D = {Dl}l=1..d (d is
the number of discovered dependencies);

5. a library of common objectivesO, O = {Ol}l=1..o

(o is the number of solved objectives during the var-
ious meetings);

6. a library of standard scenariosS, S = {Si}i=1..m.

Given the sets (1) and (2), the multiactor modelΓ is
defined as

Γ = 〈Φ, A,O, S,D〉; (3)

CASE STUDY: The Poultry Chain

Our research aims at designing a poultry chain model to
understand the contributions of individual actors to the
use of raw materials. It will be used to simulate the con-
sequences of new regulations, price and production tech-
nique variations.
Our multiactor model was developped in four phases:
The abstraction, the collective knowledge acquisition, the
information analysis and finally the setting up phases.

The abstraction phase

A poultry chain is a very complex organization. To con-
ceive its abstraction, we have carried out severalindivid-
ual interviewswith domain experts (expert thematicians)
and industrial actors (thematicians).

The abstract architecture (Figure 5) represents a poul-
try chain as composed of a set of competing firms within
the agricultural raw material market and poultry market.
Each firm has its own organizational structure, objectives,
functioning rules, and a set of local knowledge and skills.

ΦPoultryChain = 〈F,E〉; (4)



Dynamic evolution
constraints

Firm B Firm D

Firm CFirm A

Upstream 

Downstream
Data

Data
Raw MaterialsRaw Materials

Finished Products Finished Products

Downstream
Data

Poultry Market

Raw Materials Market

(M
arkets, regulation)

Poultry C
hain E

nvironm
ent

Structure
Organizational

Structure
Organizational

Figure 5:Poultry Chain Abstraction

F={Firm A, Firm B, Firm C, Firm D, etc.}
E =

⋃
Ei, andE1 = Raw Material Market,

E2 = Poultry Market

The collective knowledge acquisition phase

Initially, we invited to a meeting actors, chosen by a firm
manager (firm A, in Figure 5 and Table 1).

Thematician Roles (as defined by actors)

Purchaser Proposes new raw material
Formulator Provides cheapest diet

formula following nutritional
and economic constraints

Manufacturer Manufactures animal meal
constrained by stock capacities,
technological constraints

Nutritionist Introduces/modifies
nutritional constraints

Quality Ensures best product quality
coordinator
Manager Proposes global strategies

Assigns tasks

Table 1: Meeting participant Actors

The meeting objective is chosen by thematicians: “new
raw material (RM) opportunity, do we buy it?”. Then, a
meeting is hold.

The interaction sequencing

To solve the proposed objective, Table 2 shows a se-
quence of exchanged messages between participant ac-
tors. This sequence is a part of the corpus documents.

Information Analysis

We represent the conversations (as depicted in Table 2)
using Speech Acts(Parunak, 1996). Conversations are
analyzed using three tools: UML diagram sequencing,
state machines, and Dooley graphs.

Sender Receiver Message content
P F Opportunity(wheat,price,

wheat characteristics)
Can we use it?

F M planning and stock possibilities?
M F I can use it in 07 days.
F OK ! I compute operation profit
F P Yes, we can buy it,

but wheat can’t be received
before 07 days

P F OK! I negotiate the delay

F=Formulator, P=Purchaser, M=Manufacturer

Table 2: Interaction sequencingIS

Identified roles

Given the initial set of meeting participants (see Table 1),
we identified three pertinent roles (Table 3) .

Actor/roleRi AcquaintancesAi KnowledgeKi

Purchaser Formulator data=RM,Price,

Opportunity RM characteristics

Formulator Purchaser method=Optimization

new RM Manufacturer program

data=RM

characteristics table

Manufacturer Formulator method=stock

new RM control program

data=stock capacities,

production planning

RM=Raw Material

Table 3: Acquired knowledge

R ={Purchaseropportunity,
FormulatornewRM ,ManufacturernewRM .

Conversation representation: state machine

Figure 6 diagrams the state machineSM1 of the previ-
ous conversation (see Table 2). Note that to refine the ac-
quired knowledge, some individual interviews have been
udertaken.
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Figure 6: State machineSM1: case raw material pur-
chase



Identified scenario: The“RM Opportunity” scenario

The scenarioS1 was identified. Following Formula 2 it
is writen as:

S1 = 〈“RMopportunity′′, IS, SM1, R, A,K〉

IS=Interaction sequences, as depicted in Table 2,
SM1=state machine, Figure 6,
R = {R1, R2, R3},
R1 = 〈Purchaseropportunity, A1,K1〉,
A1 = {R2},
K1 = {RM, Price, RMcharacteristics}.
R2 = 〈FormulatornewRM , A2,K2〉,
A2 = {R1, R3},
K2 = {OptProgram, RMcharacteristics}.
R3 = 〈ManufacturernewRM , A3,K3〉,
A3 = {R2},
K3 = {stockControlProgram, stockCapacities,
productionP lanning}.

Dependencies between roles

A number of role dependencies are identified. For exam-
ple:

1. d1 =Dependency(Purchaseropportunity,
FormulatornewRM , resource): a material re-
source dependency (optimization program, handled
by the Formulator) betweenPurchaseropportunity

andFormulatornewRM roles;

2. d2 =Dependency(FormulatornewRM ,
ManufacturernewRM , resource): an in-
formational resource dependency (stock ca-
pacities) between FormulatornewRM and
ManufacturernewRM roles.

The multiactor model setting up

Following the scenarioS1 and the Formula 3, the devel-
opped multiactor model represents only one firm (Let be
Firm A) of the poultry chain. It is defined as:

Γ = 〈ΦPoultruChain, A, D, O, S〉;
Where
Φ= Poultry chain abstraction, defined by (4)
A ={Firm A:Purchaser,
Firm A:Formulator,Firm A:Manufacturer}
D={d1, d2}
O={Raw Material Purchase}
S={S1}

Additional results

After several meetings, we distinguished several individ-
ual and collective decision tasks (e.g. raw material pur-
chase). Moreover, two standard scenario classes have

clearly emerged:strategicandtactic scenarios. The for-
mer can be related to strategic objectives, such as con-
sequences of regulation variation or the increase of firm
profits. The latter can be associated with usual problem
solving, such as raw material purchase.

Remark

After several meetings, a lack of interaction issue
emerged. Some meeting participants did not interact to
solve objectives. In such cases, these actors can be con-
sidered as not pertinent for the model. This issue is a
restrective parameter to be addressed.

RELATED WORKS

To build a MABS, two main proposal classes are taken
into consideration. The first class consists of partici-
patory approaches which are based on knowledge ac-
quisition processes. These approaches define a domain
model to represent the expertise knowledge of stakehold-
ers (Barreteau, Bousquet and Attonaty, 2001; Bousquet
et al., 2002; Bars, Attonaty and Pinson, 2002). A knowl-
edge elecitation process integrates acquired knowledge
into the expertise model (Iglesias et al., 1996; Fishwick,
1997) of the conceptual agents. The second class is MAS
methodologies. These methodologies base the MABS
building process on the analysis of the descriptions of
the target system and model objectives. However, most
MAS methodologies (Parunak et al., 1997; Burmeis-
ter, 1996; Kendall, Malkoun and C.H.Jiang, 1996) con-
sider that agent identification is a straightforward op-
eration. Because of this lack, such methodologies are
not easily applicable to human or cognitive organizations
modelling.
From our understanding of the litterature, until now
the proposed knowledge acquisition approaches to build
social MABS have been based on individual inter-
views (Barreteau et al., 2001; Bousquet et al., 2002). Our
approach is based on a cooperative knowledge acquisition
to avoid skews, possibly resulting from the individual KA
techniques.
Very few MABS studies (Edmonds, 2001; A.Drogoul
et al., 2002; Barreteau et al., 2001) explicitly de-
scribe participatory approaches as well as the roles in-
volved in the design process. On a side, Drogoul and
al. (A.Drogoul et al., 2002) introduce three roles: the-
matician, modeller and computer scientist. Each role in-
tervenes in a model building stage. Those authors pro-
pose to define several agents that can learn the expert
knowledge. To do so, experts and non-experts exchange
knowledge by role-playing games to interactively define
agent behaviors. On other side, F. Bousquet (Bousquet
et al., 2002), O. Barreteau (Barreteau et al., 2001) and M.
Lebars (Bars et al., 2002) build multiagent systems on the
basis of individual knowledge acquisition and led partic-
ipatory simulations on these MAS. In their studies, they
simulate the impacts of actor choices during role-playing



games on shared natural resources, and then use the sim-
ulation results to resolve conflicts between the stakehold-
ers.
MAS methodologies propose models for conceptual
agents. The agents are identified following several ap-
proaches, based mainly on the analysis of the furnished
descriptive data. For instance, Parunak and al. (Parunak
et al., 1997) define a set of agents and agent types us-
ing a linguistic case analysis of the problem description.
This activity focuses roughly on the Burmeister agent
model (Burmeister, 1996). The initial set of agents is
used to acquire expert knowledge and behaviors by role-
playing or computer simulations. In fact, some actor be-
haviors are considered as strainforward, thus an expert
validation step is necessary.
In role-based methodologies (Wooldridge et al., 2000;
Ferber and Gutknecht, 1998), the properties of a
role (Wooldridge et al., 2000) are used to create a sys-
tem behavior model. Roles are then defined and mapped
to various conceptual agents. To define the agent behav-
iors, these methodologies require the designer to have ex-
pertise in the target system, so the roles can be identified
correctly.
These proposed approaches are individual-centred and
neither deal with the descriptive aspects of organiza-
tions nor address the tacit knowledge acquisition issues.
Our approach introduce participation principle to design
socio-economical MABS. It uses cooperative processes
to discover and acquire collective (macro-knowledge) as
well as individual knowledge (micro-knowledge). Its
main principle is to cause an effective participation of ac-
tors, so it is pictured as a fly trap.

CONCLUSION

This paper describes our proposed approach to collect
necessary knowledge for MABS building. It is a par-
ticipatory approach, based on role-playing, meeting and
CSCW principles. It also provides a dialogue framework
as a communication tool for participanting actors. In or-
der to understand organizational structure and function-
ing of multiactor systems, actors simulate cooperation
processes within firms by role-playing games. The in-
teraction sequences are saved and analyzed to build a do-
main model calledmultiactor model.
Our approach has, as a first challenge, to introduce
MABS development processes within industrial organi-
zations. To do so, we have explored some experiments in
different firms. At this time, we are using the collected
knowledge to develop a poultry chain multiagent based
simulation.
The strongest contribution of our approach is its ability
to aquire precise collective as well as individual knowl-
edge. However, until now the acquired knowledge is
hand-coded, thus it presents a weakness point to be ad-
dress in further works.
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ABSTRACT 

Agent Based Simulation is successfully applied to 
enterprise modeling and social sciences, and is 
considered as a third way to represent models, 
alternative to the verbal argumentation and the strictly 
mathematical approach. The advantage over the other 
two is its high portability on a computer, in order to be 
executed, and its flexibility, which makes it the optimal 
tool to represent complex systems. The purpose of this 
paper is to discuss the possibility of using the Multi 
Agent paradigm to simulate a database, in regard to the 
security policy applied; databases are very complex 
objects, and thus an Agent Based approach should allow 
to exploit the interactions among users and the results 
deriving from a particular security policy. Besides, the 
necessity of granting a certain security level for data 
access often compromises the efficiency of data 
retrieval, and thus the optimal balance of the two is a 
difficult task to accomplish. The creation of an Agent 
Based simulation, which models a database security 
environment, allows what-if analysis and case study, at 
the variation of defined rules and parameters, without 
trying to change the security policy in the real 
environment. An operative framework with rules, to be 
used for the creation of a model representing a generic 
database, subject to a Discretionary Access Control 
policy, is then proposed and studied, in order to 
simulate the effect of security rules, through the 
modification of some initial parameters. 
 
INTRODUCTION 

According to (Ostrom, 1988), simulation can be 
considered a third way to represent social models; in 
particular, it can be a powerful alternative to other two 
symbol systems, the verbal argumentation and the 
mathematical one. Simulation has a great advantage 
over the other two, which is its high portability on a 
computer, through a program or a particular tool. In 
particular, Agent Based Simulation is optimal for 
modeling complex systems, which couldn’t be ported to 
a computer in any other way. This approach allows to 
observe the emergence of complex behaviour, through 
the creation and study of models, known as Artificial 
Societies. Thanks to the ever increasing computational 
power, it has been possible to use these concepts to 
create software models, based on intelligent agents, 
which aggregate behaviour is often difficult to predict  

 
just studying the single parts, without considering the 
interaction among them and with the environment. 
 
In this paper we’ll propose an operative framework for 
the creation of a Multi Agent Based Model of a generic 
database, to simulate the security rules applied to it, and 
to verify the various effects they have on efficiency, 
time and data corruption, by modifying some core 
parameters. A database is always a very complex object, 
managed by many different rules, hence the idea of 
simulating the security environment using a Multi 
Agent Based Model. Besides, the necessity of granting a 
certain security level for data access often compromises 
the efficiency of data retrieval, and thus the optimal 
balance of the two is a difficult task to accomplish. The 
creation of an Agent Based Simulation, which models a 
database security environment, can give answers to 
what-if situations, at the variation of defined rules and 
parameters, without trying to change the security policy 
in the real environment. 
 
MULTI AGENT SYSTEMS 

A software agent can be described as a flexible system, 
capable of dynamic, autonomous actions, in order to 
meet its design objectives, that is situated in some 
environment. The main features for a software agent 
are: situatedness, that is ability to perform actions 
according to a particular input received from outside, 
and which can, in turn, change the environment itself; 
autonomy in performing actions, without intervention of 
humans; flexibility and adaptability. Some particular 
agents can also be proactive, which means they are 
goal-directed, and social, in the way they can interact 
with other artificial agents, robots, and humans. Such an 
intelligent agent can be referred to as a Belief-Desire-
Intention (BDI) one. There are many agent based 
paradigms that can be applied to simulation: 
 
• Symbolic: highly structured agents, described 

through expressions of modal logic. This paradigm 
is perfect when there is a single agent, which must 
interact with the environment, but it's not versatile 
when used to simulate big communities 

• Sub-symbolic: simple agents, which can be 
described through metaphors. Here the stress is on 
interaction and cooperation and not on the single 
entities. A multi-agent context of this kind allows 
the emergency of complex behaviour and self-



 

 

organization. Intelligent behaviour is a product of 
the interaction among agents and environment, and 
of the interaction among many simple behaviours. It 
can be really hard to describe the real world under 
every aspect: on the single agents can thus be 
defined some fundamental macro-actions, which 
allow cooperation with the environment and with 
other agents. The concept of Multi Agent System for 
Simulation of Complex Systems is thus introduced: 
the single agents have a very simple structure. Only 
few details and actions are described for the entities: 
the behaviour of the whole system is a consequence 
of those of the single agents, but it's not necessarily 
the sum of them. This can bring to unpredictable 
results, when the simulated system is studied. 

• Hybrid Architectures: at the lower levels, we find 
reactive agents, like the ones described above, while 
at the upper levels there are more complex and 
structured agents. In this way, we can combine 
reactive capabilities with planning. 

 
DATABASE SECURITY 

A Data Base Management System (DBMS) is defined 
as a software package, designed to store and manage 
databases, which are very large, integrated collections 
of data. A DBMS allows to reach the following 
objectives: 
 
• Data independence and efficient access 
• Reduced application development time 
• Data integrity and security 
• Uniform data administration 
• Concurrent access, recovery from crashes 
 
It is then obvious that one of the fundamental goals of a 
DBMS is to reach a security level which could prevent 
users with no specific grants to read data. It’s also very 
important to reach a satisfying level for data integrity, 
by preventing users without an authorization to modify 
them. On the other side, it’s necessary to reach an high 
efficiency for data retrieval, when the users have the 
specific rights. A security policy applied to a database 
must specify who is authorized to do what, and a 
security mechanism allows to enforce a chosen security 
policy. There are two main mechanisms at the DBMS 
level: Discretionary Access Control (DAC) and 
Mandatory Access Control (MAC). 
 
The former is based on the concept of access rights or 
privileges for objects (i.e. tables and views), and 
mechanisms for giving and revoking users privileges; in 
this model, the creator of a table or a view automatically 
gets all privileges on it. The DMBS keeps track of who 
subsequently gains and 
loses privileges, and ensures that only requests from 
users who have the necessary privileges, at 
the time the request is issued, are allowed. The 
fundamental command, in this paradigm, is GRANT: 
 

GRANT privileges ON object TO users [WITH 
GRANT OPTION] 
 
 
In this way, the specified users get the privileges on the 
object belonging to the DB; usually, the privileges are 
the following ones: 
 
• SELECT: Can read all columns (including those 
added later via ALTER TABLE command). 
• INSERT(col-name): Can insert tuples with non-null 
or non-default values in this column. Similarly, 
UPDATE. 
• INSERT means same right with respect to all 
columns. 
• DELETE: Can delete tuples. 
• REFERENCES (col-name): Can define foreign keys 
(in other tables) that refer to this column. 
 
If a user has a privilege with the GRANT OPTION, he 
can pass it on to other users, in turn with or without 
passing also the GRANT OPTION. Privileges can of 
course be lost, through the REVOKE command; if a 
user looses his privileges on an object, also the ones 
who had them from him will lose them. A user can 
receive the same privileges from different subjects and, 
in this case, he would loose them only if all these users 
loose those privileges on the object. 
 
While in SQL-92, privileges are assigned to 
authorization ids, which can denote a single user or a 
group of users, in SQL:1999, and in many current 
systems, privileges are assigned to roles, that can then 
be granted to users and to other roles. This approach 
reflects how real organizations work and illustrates how 
standards often catch up with de facto standards 
embodied in popular systems. 
 
Differently from the model described above, the MAC 
is based on system-wide policies that cannot be changed 
by individual users. Each object in the database is 
assigned a security class and each subject, user or user 
program, is assigned a specific clearance for a security 
class. The rules based on security classes and clearances 
govern who can read or write which objects. The MAC 
was born to overcome a typical flaw of the discretionary 
system, known as Trojan Horse. In fact, user A could 
create a table, on which he has all the privileges, and 
then can grant to user B the INSERT privileges on it. 
User B has privileges on, and thus can access, another 
table, containing secret data, which are forbidden to 
user A; then, user A modifies the code of an application 
program used by user B to additionally write those 
secret data to the newly created table, and so user A can 
now access these secret data. Bell-LaPadula model 
defines the main rules for the management of MAC. In 
this model we find: 
 
• Objects (e.g., tables, views, tuples) 



 

 

• Subjects (e.g., users, user programs) 
• Security classes: Top secret (TS), secret (S), 
confidential (C), unclassified (U) 
• An order for the classes: TS > S > C > U 
• Each object and subject is assigned a class:  

- Subject S can read object O only if class(S)   
class(O) (Simple Security Property)  
- Subject S can write object O only if class(S)   
class(O) (*-Property) 

 
The main idea is to ensure that information can never 
flow from a higher to a lower security level. This, 
obviously, avoids the Trojan Horse problem. The MAC 
rules are usually applied in addition to any discretionary 
controls that are in effect. 
 
AN AGENT BASED MODEL FOR DB SECURITY 

In the following description of the model, we will 
represent a database organized according to the DAC, 
which is simpler and easier to port to a programming 
language. The use of an Object Oriented Language 
(OO) is assumed; this kind of languages (C++, Java) 
allows the creation of many independent objects, 
without having to write specific code for each of them. 
Besides, in an OO language, there are proprieties such 
as inheritance and polymorphism, useful for this model. 
 
We can think of a set of agents, which are the users of a 
database, organized into a hierarchy; in general, a 
community of agents which can access data according 
to specific rules. When the single agent needs a datum, 
he first looks for it and, if he can’t access it directly, he 
asks other agents, who have the specific permission on 
it. Hierarchy and proximity relations are defined among 
the agents: there are n levels, organized into a pyramid. 
Level 1 is the upper one, while Level n is the bottom. 
Besides, on the same level, proximity relations can be 
defined: a list could also exist, called Project 
Colleagues, containing the IDs of the agents working on 
the same project, so that if one of those creates a table 
or an object, the other agents will automatically have 
the access to them. Data inside the database are 
modelled as very simple objects, which have: a unique 
number, so that they can be called and retrieved; an 
identifier, signalling if the datum is corrupt or fine; the 
ID of their creator. Besides, there is a variable, 
associated with the datum, which signals whom 
accessed it for the last time; this is used to keep track of 
whom damaged it, if the datum is not fine anymore. 
Each user agent has his own unique ID, representing the 
name of the subject; a number, identifying the level to 
which he belongs and a list of the privileges on data; 
each element of the list is an array whit the following 
elements: 
 
1)  datum number (code) 
2)  read privilege (yes/no) 
3)  ID of the subject that granted the privilege at point 2 
4)  write privilege (yes/no) 

5)  ID of the subject that granted the privilege at point 4 
6)  delete privilege (yes/no) 
7)  ID of the subject that granted the privilege at point 6 
 
Besides, each agent has another list, containing the 
privileges he granted to others. Again, each element of 
the list is an array, with these elements: 
 
1)  datum number (code) 
2)  IDs of the subjects to whom read permission has 
been granted 
3)  IDs of the subjects to whom write permission has 
been granted 
4)  IDs of the subjects to whom delete permission has 
been granted 
 
Obviously, an agent can’t grant a privilege on a datum 
if he hasn’t got it himself. When a subject creates an 
object, an array is automatically inserted in his list, with 
the new datum number (code) and all the privileges on 
it. Besides, Colleagues List described above could be 
implemented and in this case, when an object is created, 
all the subjects in this list will automatically have the 
privileges on it. Each user has also an unreliability 
index, which is increased each time he damages data, 
after a write operation. When an agent must complete 
an operation on a certain datum, he tries to access it 
directly, by looking in its list if he has the needed 
privileges on it. If he has the privileges, he access the 
datum in a single time unit, t. This process is shown in 
Figure 2: the user B, belonging to the third level of the 
pyramidal hierarchy, wants to access datum_8, in the 
central database. When he contacts the DBMS (1), the 
datum attributes (2a) are compared to the list of the 
privileges of the user (2b). If the user has the needed 
privileges, he can immediately access the datum (3), 
and the operation is finished in a time t. 
 
 

 
 

Figure 1 – access attempt, with privileges 
 
 
 



 

 

If ha hasn’t got the needed privileges, he asks the datum 
who its creator is; this requires a time equal to that of 
retrieving the datum directly, that is t; as a reply, the 
creator ID is returned. According to the adopted 
security policy, which in the simulation can be changed 
by the user, the agent will ask for the grant directly to 
the creator or, in the most inflexible case, he will have 
to move up in the hierarchy, asking for the grant to an 
user at the lever which is immediately upper, and so on, 
till when he meets one that has the needed privileges. In 
the worst case he will need to go all the way up to the 
creator; obviously, each request will consume some 
time, which can be considered equal to t/2. When the 
user meets an agent with the required privileges, he asks 
him to pass them to himself, consuming again a time t/2.  
 
According to the inflexibility of the security policy, 
selectable before the simulation starts, and according to 
the unreliability index of the subject, the privileges will 
or won’t be granted. If they are granted, the user will be 
able to access the datum, in a time t; again, according to 
the security policy, the privileges can be kept by the 
user or can be immediately revoked after the operation 
has been completed. If the privileges are not granted, 
the user which owns them will access the datum on 
behalf of the requesting agent in a time 2t. Of course, if 
the same user has to access the datum again, he will 
have to pass again through all these steps. In Figure 3, 
we show an example of the described case: user B must 
access datum_8 (1), but after verification (2a and 2b), 
he realizes he can’t do that directly. The datum then 
returns the ID of its creator, that is user A (3), who is on 
the same level as B can thus be contacted directly (4) by 
B. 
 

 
 
 

Figure 2 – access attempt, without privileges 
 
 
With some simple calculations, we see that in the most 
inflexible situation, if the agent accessing the datum is 
not its creator, the access time, for each operation, is: 
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where ∆  is the distance between the level of the user 
requesting privileges and the creator of the object that is 
being accessed. This time must be compared to time 3t, 
needed for data access in the most flexible situation, in 
which privileges are always granted. When an agent has 
the write privilege on a datum, there is a probability 
function which determines the possibility that this 
operation compromises its integrity. During the write 
operation, the user could modify the flag variable of the 
datum from 1 to 0. 
 
The next time this datum will be necessary, the problem 
will emerge: this will increase the index of system 
unreliability and will waste a time 2t, to restore the 
datum. The user who damaged it, whose ID is stored in 
the Last Access variable of the datum, will have its 
personal unreliability index increased and, according to 
the security policy adopted, will loose or not the 
privileges on that datum. When a user looses his 
privileges on a certain datum, also the agents who had 
the privileges from him will loose them. It could be 
possible that an agent had received the same privileges 
from more than one user: in this case, he will keep the 
privileges, unless all the granting agents loose them. 
The need of the users to access data is controlled by 
random functions, and so it the probability function for 
data corruption. 
 
This probability increases with the growth of the delta 
between the level of the creator and that of the user 
accessing the data. During the execution of the 
simulation, two real-time graphs will be created: one 
will represent the average time for data retrieval; the 
other one will represent the general unreliability index 
of the system, derived from the average of corrupted 
data. By varying the security policy, through the initial 
parameters, it will be possible to compare different 
situations, after the same number of simulation steps 
and with the same random seed. The security policy 
affects the probability for an agent to grant the 
privileges to another user, on certain data. A probability 
equal to 0 means that no agent will receive the 
privileges, so that only the owners can access the data 
they created. In this case, the general unreliability index 
will be very low, but the time for data retrieval will 
reasonably be very high. A probability equal to 1 means 
that the privileges are always granted, no matter who 
asks for them: of course this will bring to an opposite 
situation. The intermediate cases, i.e. a probability 
between 0 and 1, are the most interesting and difficult to 
predict, but also the most useful to model real 
situations. 
 
Also the creation of new data is managed in a random 
way, and at the beginning of the simulation some steps 



 

 

will be dedicated to this activity. We can think of a 
number of data with an inverse proportion in respect of 
the level or, in alternative, we can put in the simulation 
the exact situation that we observe in the organization 
we want to model. 
 
The last case that needs to be considered is the request 
of privileges on certain data by an user who is at an 
upper level than their creator; there could be an 
automatic grant or, if we want to be more realistic, the 
request could be addressed directly to the creator, 
without needing to move down in the hierarchy, but 
using the rules defined in the security policy, that 
consider the personal unreliability of the requesting 
agent. 
 
A BASIC IMPLEMENTATION 
 
While the research is still in progress, we created a 
working example of the “worst possible case”, to show 
that the simulation is feasible and that Agent Based 
Technology can be successfully applied to database 
security simulation. In this first implementation, we had 
to simplify several rules, when compared to the ones 
described in the previous paragraphs; these will be 
added in future implementations of the model. 
 
The implementation is an agent based simulation 
realized with Java Agent-Based Simulation library 
(http://jaslibrary.sourceforge.net), by Alessandro 
Cappellini (cappellini@econ.unito.it). This simulation 
can represent an ordinary un-secure database, or a 
normal data warehouse, (e.g. a “soho” fileserver and its 
directories); in fact we haven’t got any restriction, and 
everybody can access everyone’s data. This is not the 
only simplification introduced in this first 
implementation: there is just a single level of agents (no 
hierarchy); just two basic operations are defined on data 
(read and write); no new data are created; damage data 
are not repaired; no access policy is defined. 
 
The results are quite straightforward, since even if the 
probability to corrupt data is very low, sooner or later 
the database will collapse (100% failures, as shown in 
Figure 4). 
 
Though, this simple model is just the basis to implement 
all the other rules described above. At each "tick" the 
agents access a random datum inside the db; they can 
access the datum to read it (probability 70% ) or to 
modify it (probability 30%). They check the owner of 
the datum and its integrity; if the datum is corrupt, the 
access fails. When they access the datum to modify it, 
there's a probability (10%) that they can corrupt it. 
 

 
 
 

 Figure 3 – The Basic Case being Simulated 
 
 
CONCLUSION AND FUTURE DIRECTIONS 
 
In this paper, we have described a complete framework 
with rules, for the creation of a software Agent Based 
Model, to be used to simulate the behaviour of a 
DBMS, with regards to database security under a DAC. 
Three are the fundamental features, considered for the 
simulation: data integrity, time for retrieval and 
flexibility of the security policy used. While the first 
two are the dependant variables, the last one is the 
independent variable, which is the one that can be set by 
the user, through some parameters, before the 
simulation starts. The main purpose of this work is to 
demonstrate the feasibility of an agent based software 
simulation of database security, which would allow a 
what-if analysis for designers and users. A simplified 
working model is then shown, in which many rules 
described in the theoretical framework are not yet 
implemented. This is already interesting, since it shows 
that an agent based model of a database is indeed 
feasible. Since the research is still in progress, we 
intend to further develop the simulation tool, by adding 
all the features described in the theoretical framework, 
thus converting it into an operative model of a real 
database. 
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ABSTRACT 

Agent- based modelling and simulation is a powerful 
tool in studying complex systems. For the purpose of 
designing related simulation models, it is helpful to 
utilize already existing problem- related design 
patterns: reference models. 
The PECS reference model provides capabilities for 
object- oriented model specification Its application area 
is settled in the field of agent- based simulation, 
especially for models deriving from studies in sociology, 
economy and psychology. Major aspect is the modelling 
of human acting and deciding, interaction of human 
beings with each other and with their environment, 
where a human being is considered a psychosomatic 
unit with cognitive capacities embedded in a social 
environment. Accordingly, the PECS architecture takes 
into account physical conditions, emotional states, 
cognitive capabilities and social status that are 
represented each by specialised components: Physis, 
Emotion, Cognition and Social Status from which the 
name of the PECS reference model derive. 
The presented case study is supposed to explain the 
interplay between the PECS components in order to 
control and to coordinate the available reactive, 
deliberative and reflective behavioural patterns that 
enable a PECS agent to show the most complex form of 
human behaviour: emotional intelligent behaviour. 
 
INTRODUCTION 

Agent- based methods are suitable for constructing 
simulation models in which human behaviour is of 
importance. Human behaviour must not be reduced only 
to cognitive capabilities. More complex theories, among 
them the ψ- Theory by Dörner (Dörner 1999), 
additionally take into consideration physical and 
emotional circumstances as well as human interplay 
with a social background. In order to follow that 

approach, it gets necessary to model all known modes 
for the control of behaviour: reactive, deliberative and 
reflective behaviour. A description of these behavioural 
patterns is provided in (Schmidt 2000). 
The PECS reference model described in (Urban 2000) 
and (Urban 2004) provides capabilities to model these 
forms of human behaviour. Taking into account a close 
interrelation between the components Emotion and 
Cognition, it is possible to model furthermore the most 
complex form of human behaviour called emotional 
intelligent behaviour, specified in (Mayer & Salovey 
1997). 
As a domain independent methodology-founded scheme 
of construction as proposed in (Klinger 1999), the 
PECS reference model acts as a pattern for the agent 
Adam. The agent itself is implemented as a Simplex3- 
simulation model. A detailed description of the model 
Adam can be found in (Schmidt 2000). Its 
implementation realises the ideas and principles 
introduced in this article and enables the agent to show 
emotional intelligent behaviour. 

1 REFERENCE MODELS AND ARCHI-
TECTURAL PATTERNS 

A reference model describes a standard solution for an 
entire class of problems and serves as a blueprint for a 
class of real systems having a common deep structure 
and that do differ only in superficial qualities. Major 
aim in using reference models is to reduce the 
complexity of design tasks and thereby reducing the 
effort in time and work concerning the simulation 
model development. A reference models capacity 
depends on the size of its set of solvable problems. 
 
With the PECS reference model, an architecture is 
proposed that applies to a wide range of systems where 
human behaviour plays a part. The principal 
architecture proposed here claims to be applicable for 
more than just special ad hoc cases. Adopting the 
general reference model to individual peculiarities of a 
real system is possible by filling in the empty spaces 
provided by the architecture. This means, for example, 
that the number and the type of state variables, the 



 

dependent variables as well as the structure of the 
transfer function F, the algebraic function H and the 
output function G can be modified without difficulty. 
Similarly, the agent can be endowed with a diverse 
repertoire of actions that india cate the internal and 
external actions that the agent is capable of. As a result, 
very diverse agents and communities of agents can be 
described with the same reference model. 

1.1 Agents As Representatives For Humans 

The application area for human-like agents is very wide. 
It comprises among others: 
• figures in games, 
• actors in movies, 
• robots who interact with humans, 
• software assistants meant to help users, 
• tutors in teaching and learning systems, 
• software agents meant to provide information to 

their clients, 
• delegates for customers in e-commerce, 
• humans in simulation models including human 

factors such as workers, 
• human beings in social psychological theories. 
In order to answer the question of whether human 
beings can really be modelled and whether human like 
agents can be designed at all, it must be pointed out that 
a model is never a direct replica of real facts. A model is 
always an abridged, reduced version of its original.  

 
Figure 1: Real human beings and agents as their 

models 

Agents as model-representatives for humans are 
constructed using the methodology of abstraction and 
idealisation. This filtering process of idealisation and 
abstraction reduces real human beings to agents. Figure 
1 shows that the rich and colourful real situation is 
modelled by agents that look very simple. The model 
does not contain all the qualities that distinguish human 
beings as human beings. Nevertheless, agents can still 
have a purpose in science, technology and theory 

1.2 System-Theoretical Principles 

The basic methodology of the PECS architecture is 
based on system theory. 
A system in terms of system theory is characterrised by 
a set of state variables. These state variables can change 
their value on the basis of their own dynamics or on the 
basis of an external input. In addition to the state 
variables, there can be so called dependent variables, 
which can be calculated by means of the state variables. 
The modified internal system state consisting of the new 

state variables and the new dependent variables will 
then lead to an output that can, in some cases, take on 
the form of an action. 
The transfer function F describes how the system state 
variable z(tn) turns into the subsequent state z(tn+1), 
in the time-discrete case:     

z(tn+1) = F( tn, z(tn), w(tn), x(t)                     (1) 
in the time-continuous case:         

z’(t) = F( t, z(t), w(t), x(t) )                       (2) 
The algebraic function H describes the relation between 
the state variable z(tn+1) and the dependent variable 
w(tn+1): 

w(tn+1) = H( tn+1, z(tn+1) )                            (3) 

The output function G determines the manner in which 
the new internal state, which came about as a result of 
the input, shows itself as output y(tn+1) to the outside: 

y(tn+1) = G( tn+1, z(tn+1), w(tn+1), x(tn+1) )   (4) 
 

 

Figure 2: System-theoretical basis for the PECS 
architecture 

An example could be the state variable Fear. It can 
change by itself or through input from the outside. 
Figure 6 shows how Fear decreases when nothing 
happens. A sudden frightening experience as input leads 
to a sudden increase. It is the function F that describes 
both these changes in time. 
The dependent variable FearM is closely correlated to 
the state variable Fear. FearM is the corresponding 
strength of the motive to reduce that fear. The stronger 
the fear, the higher the value for the motive strength 
FearM. The algebraic function H determines the 
dependency of FearM on Fear. (See Figure 7) 

2  THE PECS AGENT 

The internal structure of a PECS agent is based on a 
system-theoretic approach and on the usual architecture 
in robotics. Accordingly, the structure can be divided 
into  
• an input layer consisting of the components Sensor 

and Perception, 
• an internal layer describing the state of the agent and 

including the components Physis, Emotion, 
Cognition and Social Status, 

• an output layer comprising the components Be-
haviour and Actor.  

Figure 3 illustrates the overall structure of a PECS 
agent. 



 

 

Figure 3: The internal structure of a Pecs Agent 

2.1 Structure Of A PECS-Agent 

The component Sensor is responsible for the reception 
of sensory input data from the environment of the agent. 
This sensory information is pre-processed in the 
component Perception, where information-filtering 
mechanisms or perceptional processes may be realised.  
The components Social Status, Cognition, Emo-tion and 
Physis describe the internal state of the agent and 
contain the state variables of the agent and the 
associated state transition functions. The component 
Cognition, in particular, provides space to model the 
knowledge base as well as the deliberative and 
reflective behaviour of the agent. 
The component Behaviour determines the order in 
which actions are executed. It contains a set of 
condition-action rules on the basis of which an exe-
cution order is issued. This set of rules is used to model 
the reactive behaviour of the agent and to co-ordinate 
the interaction of reactive, deliberative and reflective 
behaviour. The execution orders are passed on to the 
Actor, which is responsible for their execution. 
The Actor contains the repertoire of actions that the 
agent is capable of. These actions can be divided into 
external and internal actions. External actions have an 
impact on the environment. Internal actions have an 
effect on an internal component of the agent itself. 

2.2 Component Cognition 

The PECS reference model is based on the component-
oriented, hierarchical modelling principle. Accordingly, 
complex components can be functinally decomposed 
into a set of specialised, interconnected sub-
components. Following this maxim, the component 
Cognition of the PECS reference model will be 
subdivided into the following five components:  
• Self Model 
• Environment Model 
• Protocol Memory 
• Planning  
• Reflection 

Each of these sub-components contains its own state 
variables and its own state transition function. Of 
particular interest is the component Reflection, which 
acts as a supervisor or manager within cognition. It is 
necessary if the agent should possess reflective 
capablities. 
The component Self Model contains the agent’s 
knowledge about its own internal state and related 
operations. 
The component Environment Model stores a mental 
representation of the agent’s environment and the 
processes designed to manipulate and extend this 
representation such as learning or reasoning.  
The idea for a component Protocol Memory was 
inspired by the approach taken by Dörner (Dörner 
1999). The component Protocol Memory gathers 
information about executed action sequences, formerly 
pursued plans and methods used to analyse them. 
Within the component Planning, planning knowledge 
and the planning process are modelled. The planning 
process is responsible for the generation of a plan to 
reach the agent’s intended goal, whereas a plan is a 
sequence of actions to be performed one after the other. 
To construct a plan, the component Planning can 
retrieve information from the components Self Model, 
Environment Model and Protocol Memory. In PECS 
planning, algorithms known from Artificial Intelligence 
are used, such as A* search.  
The basic idea of having a component Reflection was 
taken from Sloman, who proposed a three-layered 
architecture for human-like agents including a Meta-
Management-Layer (Sloman 2000). The function of the 
component Reflection is to monitor, evaluate and 
improve internal processes. In order to perform this 
task, reflective processes can exchange information 
with the components Self Model, Environment Model, 
Protocol Memory and Planning. 

A complete description of the PECS reference model is 
provided in (Urban 2004). 

 
Figure 4: The interior of component cognition 



 

3 MOTIVES AND MOTIVE SELECTION 

An important part of the PECS agents is the mechanism 
of motives and motive-selection. 
Motive is defined as a psychological force that drives 
the organism to execute an action. Motives can be 
• Drives 
• Emotions 
• Acts of will 
What all motives have in common is that they appear 
with a certain intensity and that they may also be in 
competition with each other. The motive with the 
highest motive-intensity will determine action. 
Since drives, emotions and acts of will together are 
regarded as motives and as each of these motives has a 
corresponding intensity, these motives are comparable. 
It is possible to establish which motive is strongest at a 
given time and so determine the action to be executed. 
It is conceivable that an agent experiences hunger and 
fear simultaneously while also following the goal of 
deliberately tidying the house.  
The three different selection criteria that determine 
action, namely drive intensity, emotional intensity and 
intensity of will, are not constant but change with time. 
This means that different motives may be action-
determining at different times. Thus it is possible that at 
first the act of will tidy the house displays the highest 
intensity of motive. However, after a while, hunger be-
comes stronger and stronger. It will then overtake the 
intensity of will that led to the action of tidying. The 
action of tidying is interrupted. A new motive takes 
over control. The agent will go to the fridge. 
For the modelling of human behaviour there will have 
to be a motive selector that monitors the development of 
various motive intensities and ensures that it is always 
the strongest motive that determines action. A particular 
example is shown in Figure 5. 

 

Figure 5: Motives and motive selection 

 

On the left side are internal states that could be the 
causes of motives. 

• Energy 
 Every organism needs energy. An energy deficit will 

result in hunger as a drive.  
• Fear 
 The encounter with a dangerous situation may 

induce the emotion fear. This fear is correlated to a 
motive with the motive strength FearM.  

• Knowledge 
 An act of will is presupposed that has consciously 

set itself the goal of acquiring knowledge about an 
unknown environment. The intensity of will that 
operates as a motive will be determined, e.g. by the 
amount of knowledge an agent already has and the 
amount he still wants to acquire. 

• Fear Perceived 
 The state variable is FearPerceived coming from the 

self-model. Dependent on this consciously known 
emotion, the strength of will, FearControlM, can be 
activated, with which the agent is motivated to 
control his fear. 

The motive intensities of hunger as a drive, fear as an 
emotion-motive and knowledge acquisition as acts of 
will are in competition with each other. The motive with 
the highest motive intensity is chosen as the action-
guiding motive via motive intensity. From the set of 
possible actions it determines the action or action 
sequence that is actually carried out.  

In Figure 5, hunger has the highest motive intensity. It 
will determine the action to be executed. This could, for 
example, be food search and food intake. These actions 
will improve the energy level and thus reduce hunger. It 
follows from this that instead of hunger, an act of will, 
for example knowledge acquisition, will become the 
strongest and thus the action-guiding motive. The action 
of exploration of the environment could then come into 
play. 
The central idea of motive intensity and of the motive 
selector has been taken from (Dörner 1999), and 
developed and adapted to the basic concepts of the 
PECS reference model. 

4 MODELLING OF EMOTIONAL INTEL-
LIGENCE  

The following investigation is intended to present the 
methodology that the PECS-reference model follows to 
specify and model the reflective control of emotion and 
cognition. It shows that the PECS reference model can 
even deal with very complicated and difficult processes 
in a well structured and clear manner. 

4.1 Emotion And Cognition 

The case study is based on aspects of the psychological 
concept introduced in 1990 by J. D. Mayer & P. 
Salovey in Emotional Intelligence (Mayer, Salovey 
1990) and (Mayer, Salovey 1997). This concept was 
then popularised by D. Goleman, author of the best-



 

seller Emotional Intelligence. Why it can matter more 
than IQ (Goleman 1995). Mayer & Salovey defined 
emotional intelligence as “the ability to monitor one’s 
own and others’ feelings and emotions, to discriminate 
among them, and to use this information to guide one’s 
thinking and action”.  
This short definition makes clear that the following 
aspects are part of the process: 
• The emotions and their dynamics, 
• The capability to observe and to monitor the actual 

emotions, 
• The cognitive capability to recognise and to cate-

gorise the emotions, 
• The act of will to influence the emotions and to 

replace the emotion-induced actions by others more 
sensible ones. 

The following is a short example of the procedure: 
An agent encounters a dangerous situation that causes a 
strong emotion of fear. Emotional intelligence would 
take into account the following procedure: 
• Emotions and their dynamics 
   The agent becomes afraid and feels fear. Under 

normal circumstances, the increase in A’s emotion 
of Fear would lead to an increase in the 
corresponding motive FearM, that as a consequence 
would cause the action of fleeing headlong and 
without consideration. 

• The capacity to observe and to monitor the actual 
emotions 

 If the agent has a high degree of emotional 
intelligence he will be able to avoid being over-
whelmed by his emotions. He is able to observe 
what is going on inside. He notices that he has 
become afraid. 

• The cognitive capability to recognise and to 
categorise the emotions 

 The agent realises that it is the increased fear that 
troubles him and that motivates him to flee.  

• The act of will to influence the emotions and to 
replace the emotion-induced actions by others more 
sensible ones.  

 If the agent’s emotions stay within manageable 
limits and the agent’s will is strong enough, he can 
consciously decide not to yield to his emotions but 
to control them and replace the original action of 
fleeing by a more sensible one.  

The presented concepts are in accordance with 
(Canamero 1997), (Damasio 1994), (Moffat et al. 
1995), (Ortony et al. 1988) and (Velásquez 1997). 

4.2 The State Variable Fear And The Dependent 
Variable FearM For The Motive Strength 

Fear is considered a state variable.  
Without an input, that means that without a triggering 
event from outside, the state variable Fear decreases 

continuously over time. This process can be modelled 
by the following equation: 

      Fear*seFearDecreae *FearMax :Fear   = (5) 
An event from outside leads to a sudden, discrete 
increase of Fear. Figure 6 shows this discrete increase 
and the continuous decay of the state variable Fear. 
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Figure 6: Dynamics of the state variable Fear 

The emotional states connection to the corresponding 
motive FearM is determined by the adoption, that 
motives can be modelled by following the regularities 
of a generalized logistic curve of expansion. 

) )FearMTurn (Fear  aseFearMIncree1(

FearMMax:FearM
−∗−+

=
   (6) 

Figure 7 shows the dependency of motive FearM on the 
state Fear. 
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Figure 7: The intensity of the motive FearM as 
dependent on the state variable Fear 

Two points should be kept in mind: 
• It is not the state variable Fear but the motive FearM 

that leads to an action.  
• The motive FearM does not always cause an action. 

FearM has to compete with other motives. If FearM 
is the strongest motive and dominates all others, 
only then does FearM determine what the agent does 
(see Figure 5). 

4.3 The Emotional Intelligence Quotient EQ 

The state variable EQ is introduced as a measure of the 
degree of an agent’s emotional intelligence. It is 
assumed that the agent has an innate EQ that can 
increase throughout its life span. The agent may gain 
emotional experience and enhance its capabilities of 



 

emotional intelligence (Mayer & Salovey 1997). To 
simplify, it is assumed that the process of learning 
depends on the time taken by the agent to reflect upon 
its emotional state and that this can be described by the 
following differential equation:  

EQ* 
EQMax

EQEQMax * EQIncrease EQ' −
=

            (7) 

The EQ has an influence on the agent’s ability to 
perceive, monitor and regulate its emotional state.  

4.4 Self-Perception 

Self-perception enables an agent to observe and to 
monitor its own state. The information self-perception 
provides, is stored in the component self-model. 
All reflective considerations are based on the state of 
the self-model. This means that an agent does not have 
access to its original state variables but only to the state 
variables it observes and which entered into its self-
model. This accounts for the obvious fact that the 
motives and the actions of an agent are not determined 
by the reality of the case, but by what the agent thinks 
or believes is the reality of the case. 
Before an emotion is observed and before the value is 
transferred to the self-model, the emotion must have a 
definite strength. This self-perception threshold, 
SPThreshold, from which onwards an emotion is 
observed depends on the EQ describes this matter of 
fact. 
SPThreshold := 

   EQdDecreaseSPThresholedMaxSPThreshol ∗∗            (8) 
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Figure 8: The mutual dependency of the self-
perception threshold and the EQ 

Figure 5 shows that an agent with a high EQ is already 
able to observe and monitor slight emotions whereas an 
agent with a low EQ needs very strong emotions before 
it is able to perceive them and incorporate them in its 
self-mode 

4.5 The Motive FearControlM 

The motive FearControlM is a motive that indicates 
willpower (see Figure 9). The value of FearControlM 
depends on the EQ and on the observed value of the 
emotion FearPerceived. 
FearControlM := 

                                                                                               
)lMTurn)FearControived(FearPercelMIncreaseFearControe(1

EQblMMaxFearContro
−∗−+

∗∗     (9) 

Figure 9 shows the dependency of  FearControlM on 
the EQ. One sees that the strength of the motive 
increases as the EQ increases. This means that with the 
same observed value for FearPerceived, the higher the 
EQ the higher the will power to do something against 
that fear. 
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Figure 9: Intensity of the motive FearControlM 
dependent on the state variable FearPerceived 

 

5 ADAMS MENTAL DYNAMICS 

The investigation is conducted within the simulation 
model Adam. This model Adam is supposed to show 
and explain the intricate interplay between the various 
PECS-components.  
The model Adam has a broader application than is 
described here. Emotional intelligence is only one 
aspect of it. A detailed description of the complete 
model Adam can be found in (Schmidt 2000). 

5.1 Initial Situation 

At the beginning, Adam stands on field (3,3). His 
present state of the state variables and the 
corresponding motive-strengths indicate that the motive 
hunger has the highest value and is therefore action-
guiding (Figure 10). 

 
Figure 10: Present state of the agent Adam 



 

 

Figure 11: The real world and Adam’s environment 
model 

As a consequence, Adam will deliberatively develop a 
plan to reduce his hunger. For this purpose, Adam uses 
the information that he possesses and that he has 
integrated in his enviroment model. Figure 11 shows the 
environment as it really is on the left side and on the 
right side the model Adam has of it.  
The environment model Adam has is the basis for his 
planning. 
Adam realises that a food source exists on field (9,8). 
He develops a plan to get there. For his planning he 
uses the usual algorithms known in Artificial 
Intelligence. In the present case, an A* algorithm is 
applied. Figure 12 shows the intended path. One notices 
that Adam does not know that the field (6,5) is a danger 
point. Therefore, he cannot take this into account. 
Now Adam follows his plan by executing one action 
after another. He slowly proceeds towards the food 
source. This goes on until he hits the danger point on 
field (6,5). At this point, Adam’s original plan of action 
will be interrupted. A new situation arises. 
In the following, the very complex and intricate 
procedures that will take place and that will help Adam 
to cope with the situation by controlling his emotion of 
fear will be thoroughly described. This leads to an 
increased chance of solving the problem. 

 
Figure 12: Intended path to the food source 

5.2 Extension Of The Environment Model 

In a step-by-step fashion, the various actions are 
explained that take place within the agent Adam: 
 

(1)  Adam encountered a new situation. He performs 
the action Explore. He notices that he has landed 
in a trap. This information is taken up by the 
Sensor. 

(2)  This information will be handed on to the com-
ponent Perception. The component Perception 
transfers it, in this case unmodified, to the 
component Cognition. 

(3)  The information, that the field (6,5) is a danger 
point, will be incorporated into Adam’s 
environment model. Adam has extended his 
knowledge about the real world. 

Figure 13 shows these steps. 

 

Figure 13: Extension of the environment model 

5.3 Emergence Of The Emotion Fear 

(4)  The component Cognition evaluates the new facts. 
It realises that there is a dangerous, fear-inducing 
situation. This insight leads to a sudden increase in 
the value for the state variable fear in the com-
ponent Emotion to a new value of 95 [FU]. This 
increase is based on the cognitive appraisal theory 
of emotions. 

(5) With the state variable Fear there is a dependent 
variable which indicates the motive strength that  

belongs to the corresponding state variable (see Figure 
6 and Figure 7). Figure 7 shows that the value of 95 for 
Fear leads to a motive strength of 94,2. That would 
mean that the motive FearM has the highest value and 
therefore would become action guiding.  
Figure 14 shows these steps. 

Figure 14: Emergence of the emotion fear 



 

 

Figure 15: The action Flee without a reflective 
architecture 

If Adam did not posess the capabilities for reflective 
behaviour, he would exert the action Flee (see Figure 
15). However, if Adam has an architecture which makes 
reflective behaviour possible, Adam will be in a 
position to control his fear and to cope with the 
situation more effectively. 

5.4 Realisation Of The Emotion Fear And Its 
Transfer Into The Self Model 

(6)  Because of the new situation, Adam with his 
reflective capabilities will call the action 
SelfObserve. This action is supposed to register 
Adam’s own fear and transfer it to the self model 

(7)  The component Actor transfers the action 
SelfObserve to the component Sensor. 

Figure 16: Realisation of the emotion fear and its 
movement into the self model 

(8)  The component Sensor establishes the value for 
the emotion Fear. 

 (9)  This information is handed on to the component 
Perception in the usual way. At this point, the 
value of the EQ is introduced for the first time. To 
be able to establish his own fear, the Fear must 
have a fixed value. The value of Fear must lie over 
the so-called self-perception threshold. This thres-
hold depends on the EQ in a way that is shown by 
Figure 8. The higher the EQ, the more Adam is 
able to observe his own emotion – in this case his 
fear. With a high value of 90 for EQ [EQU] the 
threshold is very low. It is only 2,7, meaning that 
Adam is aware of his fear. 

 (10) After the information passes the self-perception 
threshold, the perceived fear will be transferred to 
Cognition, which will hand it on to the self model. 
Adam now consciously “knows” how fearful he is. 
Using this knowledge he can now try to cope with 
his fear. 

Figure 16 shows these steps. 

5.5 The Motivation To Control The Emotion 

 (11) The action SelfObserve should cause the com-
ponent Reflection to control the fear. This 
SelfControl is, however, not possible in all cases. 
It depends on Adam’s level of general arousal. The 
higher the general arousal within Adam, the less 
he will be able to deliberatively control himself. 
Furthermore, the capability for self-control is 
influenced by the EQ. The higher the EQ, the more 
Adam will be able to control himself. The so-
called arousal threshold is introduced in order to 
describe this fact. If the actual arousal lies below 
this threshold, the execution of the action 
SelfObserve is possible. Adam is not excited 
enough to be carried away by his emotions.  

(12)  The component Actor transfers the internal action 
SelfObserve to the component Cognition. 

(13) Within the component Cognition, the component 
Reflection checks the self-model and reads the 
value of the perceived Fear. In the next step, the 
value for the motive FearControlM will be 
determined. The strength of this motive depends 
on the perceived Fear and on the EQ. The higher 
the Fear, the more Adam will attempt to reduce his 
fear. At the same time, Adam’s capability to 
control his fear depends on the EQ. A high EQ 
value will lead to a high motivation to control the 
emotions. In the present case, the perceived Fear 
has the value 90 [FU] and the EQ has the value 90 
[EQU]. This leads to a value for the motive 
FearControlM of nearly 100 (see Figure 9). 

Figure 17 shows these steps in detail. 
 



 

 
Figure 17: Motivation to control the emotion 

5.6 Control Of The Emotion 

(14)  The strength of the motive FearControlM is 
transferred to the component Behaviour. In this 
component, the various motives and their strengths 
are compared and the motive with the highest 
value will be selected and made action guiding. 
Figure 17 shows the new situation. The motive 
with the highest value is the motive FearControlM. 
Therefore, the action Calming will be chosen.  

(15) The action Calming is transferred to the Actor. 
(16) The Actor instructs the Reflection in the com-

ponent Cognition to execute the action Calming. 
(17) The Reflection interferes with the component 

Emotion and changes the value for Fear from the 
value of 90 [FU] to the value of 30 [FU]. The 
agent succeeded in controlling his behaviour by 
reducing his emotion of fear.  

5.7 The Continuation Of The Actions 

Figure 18 shows the values of the motives after the 
action Calming. The strengths of the motives FearM as 
well as FearControlM are now noticeably reduced. The 
original motive Hunger again becomes action guiding. 
On the basis of his reflective capabilities, Adam was 
able to control his emotions. He can now deliberately 
devise a new plan with a sequence of actions that will 
lead him, like before, to the food source (see Figure 18). 
 

Figure 18: Deliberately devised new plan to the food 
source 

6 CONCLUSIONS 

The PECS reference model provides a structured 
framework for the design of agent systems with a spe-
cial focus on modelling human-like agents. With PECS 

it is possible to construct a wide range of models for 
agents whose dynamics are determined by physical, 
emotional, cognitive and social factors and their 
interactions. Of particular value is the possibility to 
specify the following three modes of behaviour control: 
• Reactive behaviour 
• Deliberative behaviour 
• Reflective behaviour. 
The case study of emotional intelligence has shown in 
principle how the reflective layer of control can 
supervise and organise the complex interaction between 
cognitive and emotional processes. 
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ABSTRACT 
 
This paper proposes some new techniques for the 
development of virtual 3D environments for crime scene 
reconstruction. Current techniques were investigated, which 
concentrate on the production of photo-realistic scenes. 
However, these were considered to be too specialist and 
expensive. The Crime Scene Creator developed here 
provides a cheaper and quicker alternative that allows quasi-
accurate scenes to be constructed and populated with 
animated characters to act out crimes events, with some very 
encouraging results. The paper also describes some initial 
investigations for implementing voice recognition and 
natural language processing as a basis for further 
development.  
 
INTRODUCTION 
 
This paper describes research on developing an application 
for constructing a 3D virtual scene that can be manipulated 
and viewed from any angle in real time without having to be 
pre-rendered. This enables investigators to evaluate and 
eliminate different hypotheses much more rapidly. Current 
research has developed techniques for the creation of high 
definition photo-realistic models (Howard et al 2000, Little 
et al 2001). However, these techniques are very process 
intensive and highly technical. The primary goal of the 
present research was to develop faster methods for creation 
of quasi-accurate scenes that can be produced with very little 
training or expensive hardware. Other techniques 
investigated were the introduction of animated intelligent 
characters that could act out scenes described to them via 
Natural Language (NL). This would enable witnesses and 
victims of crime to develop scenes from descriptive text 
rather than complicated user interfaces which may require 
the involvement of a system administrator who could 
inadvertently influence the final scenes.  The paper is 
structured into 6 sections: Introduction: this section; 
Background: Current crime scene reconstruction systems; 
Requirements and Methodology; Implementation; Example: 
An example of how the system was used to create a scene; 
Conclusions and Further Work. 
 
BACKGROUND 
 
It is now possible to develop photorealistic 3D models of a 
scene that can be viewed from multiple angles. The first 
method investigated was created by Howard and Murta 

(2000) in collaboration with the Greater Manchester Police, 
UK. Data was collected via a set of forensic photographs. 
These were taken from four corners of a room to give as 
much coverage of the scene as possible. Photographs were 
also taken of individual objects with police rulers placed 
next to them to give an indication of scale. An initial floor 
plan was produced from measurements taken at the scene 
and entered into a scene builder in the form of line segments. 
These were then extruded to produce the 3D room. The 
height was judged visually rather than using exact 
measurements. Once the room had been built, objects were 
placed within the scene depending upon their position 
gathered from the forensic photographs and measurements. 
Existing libraries of models that matched objects from the 
scene were used. These were objects the police had already 
developed for other applications, as well as some public 
domain objects. Although some of these items did not match 
the objects within the scene exactly, as the objects were not 
of critical importance it was decided that this was of little 
significance. The completed model allows the viewer to 
navigate around the scene and view objects from any angle. 
However, the scene may not have been completely accurate 
due to estimation of scales, and the inclusion of third party 
models. 
  
Little et al (2001) developed a portable automated system 
for gathering information from crime scenes. Their 
technique uses a robotic system with a combination of 
cameras and laser range finders. The machine automatically 
moves around the room to get comprehensive coverage. The 
information gathered by the laser produces a set of points in 
3D space. These are combined to form a mesh, and images 
taken from the cameras are mapped onto it. A model is 
available for preview as the machine makes its way around 
the room so a human operative can check for errors. For 
instance, due to laser technology, the system can have 
problems with mirrors or other reflective objects. Once the 
room has been accurately reconstructed, data can be 
exported to a number of different platforms for rendering, 
including PC, Unix and Silicon Graphics Machines. The 
results obtained were far more accurate than scenes 
developed from photographs; however, the resolution of the 
models was not as high as that obtained from Howard’s 
technique, and as such was not as visually impressive. 
Sequeria et al (2001) outline a method very similar to that of 
Little et al. It also involves a robotic system that uses camera 
and laser range finders to produce a 3D reconstruction of the 
environment.  Its approach is slightly more methodical as it 
plans its next capture point automatically to guarantee 
complete coverage. Again, the results generated were highly 
accurate, although no animation was implemented.  

 

mailto:N.P.Davies2@wlv.ac.uk


 
Hu and Brown (2002) investigate a method of recreating 
scenes using mosaic photographs. A mosaic is a single 
picture of a scene created by taking multiple pictures at 
regular intervals. This is particularly useful where there is 
not enough space in a location to get a complete picture from 
one angle. A camera was placed in three corners of a room 
and rotated by regular amounts. An algorithm was then 
employed to determine the 3D structure of features within 
the room. The resulting scene was of a high quality, 
although in the conclusion of the report it was noted that the 
technique had only been tested on simple environments. It is 
unclear how useful this technique would be in a larger 
complex environment.  
 
Dyer (2001) outlined a method of scene recreation that uses 
a volume-based approach. Typically, scene recreation 
attempts to model shapes within an environment by making 
a triangular representation of its surfaces. This has some 
disadvantages. It can be difficult to reconstruct a surface that 
has sections obscured from certain viewpoints. There must 
be correspondence across multiple views that indicate that 
surfaces are linked. Surface patches must be fused together 
to form a single consistent model. Dyer’s technique differs 
in that it starts with a volume of 3D space and splits it into 
regular sized cells known as voxels. It is then uses multiple 
views to indicate whether a space is filled or not. When the 
room has been completely generated, the voxels can either 
be transparent, indicating empty space, or opaque indicating 
occupied space. The filled voxels are then coloured to match 
the surface colour of the scanned object. The advantages of 
using this technique are that complete coverage of the scene 
is not required and it is not necessary for the camera to be 
calibrated exactly. The results of this method were accurate 
but the images did appear to be quite pixelated. A reason for 
this may be that the volume was not broken down into 
sufficiently small voxels to produce high definition results, 
although it can be assumed that the smaller the voxel size, 
the greater would be the processing power required to render 
the image. 
 
In addition to investigating methods for environment 
recreation, work based on modeling artificially intelligent 
characters was also examined, and several potential agent 
architectures were identified. Prendinger and Ishizuka 
(2004) outline the creation of life-like characters for uses 
such as synthetic actors, teammates in games and tutors. 
Particular attention is paid to the benefits of implementing a 
model of the internal emotional state of synthetic entities and 
applying social constraints, which it is hoped will make the 
characters appear more believable allowing viewers to gain a 
feeling of empathy towards them. They go on to describe 
two tools they developed that can be used to control and 
model the internal emotional state ‘SCREAM’ (SCRipting 
Emotion-based Agent Minds) which contains the emotional 
model, emotion generation, emotion regulation and 
importantly emotion expression. Giles et al (2003) explain 
the importance of expressing the emotional state. Failure to 
do so can make complicated processes seem like a sequence 
of arbitrary actions, which fails to produce a sense of 
empathy from the viewer. The second tool MPML 
(Multimodal Presentation Markup Language) is an XML 

style markup language that allows characters actions to be 
scripted using a combination of tags. This is an important 
feature, as it will allow the freer scripting of characters 
without having to rely on pre-render graphics or set 
animation sequences.  
 
Going one step further Anastassakis et al (2002) describe the 
mVITAL Intelligent Agent System that can be used to model 
an intelligent environment populated with multiple agents 
that interact with each other. An overall world view is 
maintained, and agents work on a sense-decide-act cycle. An 
agent can request a view of the current world state, and 
update the world state by performing actions. Agents do not 
directly communicate with each other; instead they send a 
special speech action to the world, which other agents pick 
up. To decide whether to act upon the speech action, each 
agent has reasoning capacity based on Belief–Desire–
Intention (BDI) architecture, and an agent personality 
module called Virtual Agent Language (VAL). It is hoped 
that this method will eventually merge intelligent multi-
agent systems with intelligent virtual environments to 
produce an integrated platform for areas such as education, 
presentations and entertainment.  
 
REQUIREMENTS AND METHODOLOGY 
 
While the scene creation techniques investigated produced 
some impressive results, it was considered that the amount 
of technical skill required to produce the scenes was so 
complex it would require a team of specialists, and such 
resources are rarely available. We preferred to have a system 
that would be fast, efficient and relatively cheap to use. 
Therefore an alternative had to be found. This was achieved 
with the use of a pre-created DirectX graphics engine for 
scene rendering, custom graphics developed in 3D Studio 
Max, and the development of a graphical application to 
orientate the objects when creating the scene. While this 
method is not as accurate as other techniques, it does offer 
some advantages. It is not always possible, or necessary, to 
create a photorealistic scene to evaluate and document the 
circumstances of a crime, and it would be very expensive to 
produce a virtual scene for every crime committed. In certain 
situations a method is required to quickly and cheaply create 
and render scenes. Examples of this are where the scene has 
been destroyed e.g. in the case of fire, or in areas that are in 
constant public use. It also appeared that the systems created 
previously had been over reliant on producing static photo-
realistic scenes and had neglected the introduction of virtual 
animated characters. This is a drawback when the actions of 
the individuals are more important than the environment in 
which the incident occurred. Vital information and 
hypotheses can be evaluated when there are virtual 
characters acting out the crimes in front of the investigator 
rather than just motionless images. Therefore the following 
requirements for the system were identified: 
 
A simple to use graphical system was required that would 
allow information to be gathered from various data sources 
to create a virtual crime scene. The system was required to 
render the scenes that would accept input generated from the 
scene creator and render it to screen. It should be possible to 
explore and view the scene from difference angles in real 

 



time. To show the committed crime, the rendering system 
should be able to display animations. A set of graphic 
objects that could be used within the generated scene needed 
to be developed. For example these should include floor, 
wall and ceiling tiles used to create the room as well as 
objects for use within the scene such as furniture, lights and 
plants. A set of realistic animated characters and a set of 
complete scenes were also needed. 
 
The methodology used to complete the design and 
development tasks was based around the waterfall method. 
After the initial requirements were investigated, and a design 
introduced, the system was implemented. However, the 
design was not rigid, and with the use of waterfall method, 
the requirements and implemented system could be updated 
constantly, with the result affecting subsequent sections. In 
this way it was possible to add a degree of flexibility to the 
design. This methodology was implemented due to the 
learning curve required to investigate all the systems and 
applications needed for this system. It was not possible at all 
stages to know whether an implementation would be 
achievable. The waterfall method allowed the freedom to go 
back and update the design based on new information. 
 
IMPLEMENTATION 
 
The crime scene creation system implemented (Fig. 1) was 
developed in Visual Basic 6 and allows users to develop 
scenes in a graphical environment. The scene was split into 
several layers each containing a grid of cells that could be 
populated with a library of pre-created objects. There are 
levels for wall, floor, object and characters. Each item can be 
scaled and orientated in any direction. When a scene is 
produced, first wall panels are drawn out and scaled, and 
then a floor and ceiling panels are selected and positioned. 
Finally objects are placed within the created room. The 
scene creator produces a set of files containing coordinate 
data and a list of objects, which are loaded by the graphics 
engine for the scene to be rendered. Once the scene has been 
viewed in the graphics engine, it can be modified instantly 
and re-rendered as required until the user is satisfied with the 
results.  
 

 
 

Figure 1 Crime Scene Creator 
 
Before the implementation of intelligent agents is 
commenced, as an interim process, high definition characters 
with pre-created animation sequences were produced. 
According to Herda et al (2000), one of the greatest 

challenges in computer graphics is the realistic modeling of 
the human body. This is because of the brain’s familiarity 
with common objects. If a character is not animated and 
reconstructed accurately, the viewer will pick up on it, even 
if they cannot tell exactly what is wrong. Hence, the first 
step of the process was to develop an accurate graphical 
representation of a human figure. 
 
The introduction of data collection methods such as laser 
scanning have made it possible to create realistic human 
characters to a high resolution. However, this is just a 
surface representation. The human body is a very complex 
structure, which is made up of a skeletal frame, fat and 
muscle and covered with skin, which stretches and folds 
over this volume. Algorithms that allow realistic body 
movement including the fluid motion of skin have been 
developed to add a sense of realism to models. The current 
standard technique based on a moving hierarchical skeleton 
is known as a skinned or skeletal mesh, which is the 
technique implemented in 3D Studio Max. Skinned meshes 
are based on the idea that an object’s shape can be controlled 
by an underlying bone structure. The bones positions can be 
changed to alter the stance of the object, and animations can 
be produced via the manipulation of the position and 
orientation of the bone structure over a regulated time 
period. The surrounding layers react in an appropriate 
manner simulating muscle contraction and tension. 
 
Again due to budget and time constraints it was not possible 
to develop a character via laser scanning techniques, 
although it was possible to develop a full skinned mesh with 
animation in 3D Studio Max following a method outlined by 
Steed (2002). This also has some advantages. It is possible 
to control the resolution of the created character. This is 
important, as smooth animation of high definition objects is 
still a demanding task on today’s graphics hardware. With 
the use of 3D Studio Max, the created model could be 
optimised to remove unneeded faces to aid faster real-time 
rendering. Another advantage of 3D Studio Max is the 
ability to export models as various file types. In this case 
models were exported as .x files which are a native file type 
used in DirectX. This aided development of the graphics 
engine, as within the DirectX development framework there 
exists many libraries specific to the manipulation and 
animation of .x files.  
 
The first stage of the process of creating the animated 
characters was to gather photographs of a real-life person 
that were used as a guide when modeling. The photographs 
were also used to make materials and textures to colour the 
model. Two initial sets of photographs were taken. One set 
of the head in isolation, and the other for the full body. Both 
sets were taken from head on, and from the side. Unneeded 
and distracting information was then removed from the 
bitmapped image, and the images scaled so the proportions 
were equal. The images were then imported into 3D Studio 
Max, and set as a background image. Lines were drawn over 
prominent features to produce a set of guide lines for the 
front and side of the head. The side view was then rotated 
through 90˚ and moved to the centre of the image to produce 
a 3D shape. With the guidelines in place, one side of the 
head was modeled with the use of a geodesic sphere (a 

 



spherical object made up of 128 faces), which was placed 
over the guidelines and cut down the middle to produce a 
semi sphere. This was done as it is more efficient to only 
model half the head as once it is completed it can be 
mirrored to produce the complete head. The exosphere was 
manipulated to the shape of the head by moving, adding, and 
dividing faces. Making complex elements such as the mouth, 
eyes and ears proved to be very time consuming. Because of 
the 3D nature of the object being modeled, and only having 
a 2 dimensional image on the screen it can difficult to know 
exactly where a point is being moved. It is possible to use a 
multiple panel view that shows the object from four different 
perspectives; however, with the limited screen size it is a 
trade off between scale and perspective (Burford & Blake 
2001). 
 

 
 

Figure 2 Character Developments 
 

Next, the face was split into separate areas, namely the 
mouth, beard, eyes and eyebrows and hair. Textures 
generated from the original photographs were then added to 
appropriate areas. Finally, the left head segment was copied 
and mirrored, and both halves joined together to form the 
complete head shown in Figure 2. 
 
Once the shell of the character was completed, a biped 
object was developed to act as the internal bone structure, 
and attached. Each point on the biped had to be positioned 
exactly to the corresponding bone on the original object for a 
successful attachment, which again is a very labour intensive 
task. When the character was completed, animation sets 
could be imported and used to animate the model by moving 
the internal bone structure to create fluid motion (Aubel & 
Thalmann, 2000). 
 
After some initial experimentation and investigation it was 
decided that the rendering system used to display the scene 
would be developed using the graphics library DirectX 8.1. 
However, this is an arbitrary choice as in many ways as 
OpenGL is just as powerful. Even VRML would be 
sufficient for the rendering of the scenes. The choice was 
made easier with the availability of a pre-developed graphics 
engine created by Adams & La Mothe (2002) that was, after 
some modification, suitable for this project’s purposes. The 
graphics engine works by loading all mesh and position data 
generated in the crime scene creator, and the graphics 

created in 3D Studio Max. The resulting scene is then 
rendered to the screen in real time. It is possible to view the 
scene from any angle by moving the point of view via the 
use of the keyboard and mouse. It was found the most 
convenient method of doing this was to use the keyboard to 
change position (up, down, left, right, forward, back) and to 
change the viewing angle via the mouse. Further research is 
required to indicate whether this is the optimal method, but it 
is a control system used in many first person computer 
games so users may be familiar with it. 
 
EXAMPLE 
 
Figure 3 shows two views of a scene created in the crime 
scene generator, and rendered by the graphics engine. The 
room was composed of 8 * 8 floor and ceiling panels and 24 
wall panels. 5 objects including 3 chairs, 1 wall cabinet, and 
a sofa. 1-point light is located in the scene to illuminate it. 
Finally the scene shows an animated character performing a 
kick. 
 
The example shows how a scene could be developed with 
the use of a witness and a system expert who would utilise 
the software. First, measurements and photos of the scene 
were taken. The textures used on the floor, wall and ceiling 
tiles were created directly from these photos and 
incorporated into the system. Next, the chair and wall 
cabinets were modelled in 3D Studio Max. Finally, the 
character was developed. In this case they were made from 
photographs taken of a real person, although it is not always 
possible to get this amount of detail about suspects. It could 
be feasible to develop the characters in a similar way to 
current photo fit images, but this was beyond the scope of 
this project. Once the basic scene has been created, the 
witness of the crime could sit in with the software user and 
describe the witnessed crime, in this case one person kicking 
another person. Animations are developed until the user is 
happy with the sequence of events and the characters are 
incorporated into the scene. Finally, the scene is rendered 
and viewed from multiple angles – including the point of 
view from the witness. 
 

  
 

Figure 3 Created Scenes 
 
CONCLUSION AND FUTURE WORK 
 
After researching current crime scene recreation techniques 
it appeared that the main aim was the creation of photo-
realistic models.  However, the limitations they all face are 

 



that the scenes are static; once the scene has been developed 
it is difficult to alter it by adding objects without generating 
an entirely new model. Also, the initial process of creating 
the scene is a very expensive and labor-intensive task. The 
technology is only suitable for crime scenes that are still in 
existence, so that if the location has been destroyed through 
a crime such as arson, the current techniques would not 
allow the recreation of these scenes. Also, sometimes it may 
not be necessary to produce a completely photo-realistic 
model when the actions that took place there are more 
important than the location. Finally, and most importantly, 
the major disadvantage with these techniques is that the 
actual crimes themselves cannot be recreated and rendered. 
The main advantages of using the system described in this 
paper are that scenes can be developed very quickly and 
effectively, without the need for expensive and technical 
equipment. Using the Crime Scene Creator, it is now 
possible to alter the created scene rapidly by changing the 
components and re-rendering the scene. The original scene 
does not even have to exist and a scene could easily be 
developed from blueprints, or even the memory of witnesses. 
Animated characters can be incorporated into the scene, 
which adds an important dimension to static scenes created 
previously. Finally, the scenes are rendered in real time and 
therefore there is no need to wait while an animation 
sequence is pre-rendered.  
 
The system does have some limitations. The creation of 
characters is a major drawback, as it requires an extensive 
knowledge of 3D studio max to develop them, and a level of 
artistic ability of the creator. An improvement would be to 
create the characters from within the crime scene generator. 
This may be achieved with the use of a photo-fit type system 
that allows users to select appropriate interchangeable body 
parts. The animation sequences are limited to a few sample 
actions, and it may be impossible to create a character that is 
able to perform any potential action described by individuals 
by the simple use of animation sets. No collision detection 
has been introduced. At present, in the interests of 
simplicity, the characters can wander round the scene, 
walking through objects, walls and other characters. The 
animation of characters could be improved with the use of a 
collision detection algorithm and some form of AI that 
allows characters to interact with each other. Work is 
currently being undertaken to produce a system similar to 
Prendinger et al (2002) and Anastassakis (2002) that will 
allow characters to become emotional, socially aware, and 
have the ability to reason about tasks. In this way, actions 
could be ascribed and acted upon, and with the use of 
realistic emotion expression a very realistic scene 
reconstruction could be produced. 
 
In addition to character modelling, the level of detail that can 
be achieved in the crime scene generator is low. Objects can 
only be placed in a grid area of 500 * 500 pixels; also the 
generator only allows one item to appear in one grid area. 
This limits the ability to place multiple small items close 
together, which may be an important aspect of some crime 
scenes. Also, the scene creator is incapable of generating 
uneven terrain i.e. steps or slopping surfaces. A better, if 
more processor-intensive solution may have been to use 
dynamic triangular points rather that a 2D grid. This would 

allow a degree of freedom in the creation of the scene; 
however, it would add a level of complexity to the process.  
 
The most important enhancement that could be adopted in 
the future would be a Natural Language Processing (NLP) 
system that allows the users to explain crimes to the system 
in their own words to increase speed and accuracy of the 
scene development process.  This would involve the use of a 
speech recognition engine, NLP, and a text-to-speech (TTS) 
system. The first stage would be to gain a textual 
representation of the spoken input to the system as Gauvain 
et al (1994) describe. However such systems are still in 
development. It is still not possible to implement a system 
that can achieve perfect recognition levels that accepts input 
from multiple speakers. Therefore, recognition applications 
have been split into two types: speaker dependent and non-
speaker dependent (Lea 1980; Rowden 1992). The former 
achieve very high accuracy results over large grammars, but 
they have to be trained by the user before use, and once 
trained, will only work at acceptable levels for the trainer. 
Non-speaker dependent systems dos not require users to 
train the system, but have the disadvantage of only 
supporting limited grammars and vocabulary. An attempt 
was made to implement this type of system into this 
application, with mixed results. The recognition engine used 
was only capable of accepting American English 
pronunciation and as a result, recognition levels were low 
and the system was not fully implemented. However, this 
type of system has been implemented before. Pausch & 
Leatherby (1990) created a system that accepted a 
combination of voice and mouse input to develop technical 
drawings, which achieved an average of 21.23% speed 
increase over mouse and keyboard input. The system 
developed would have to be more sophisticated than a 
simple command entry system, as a level of understanding 
would be required. This would be in the form of an NLP 
application, which would attempt to gain an understanding 
of naturally spoken text. As the users would enter data in 
their own words, a level of complexity is added. Spoken text 
differs in many ways from written text, as it does not always 
comply fully with grammatical rules. Methods need to be 
investigated as to which NLP system would be most 
appropriate. Finally, a TTS system such as that described by 
IBM (2000) could be introduced to take speech in a textual 
format and output a synthesised natural sounding voice. To 
make the speech sound as natural as possible IBM uses a 
system called Concatenative TTS, that has a dictionary of 
unique phonemes. When the speech is generated in the 
synthesiser, the appropriate phonemes are chosen and 
combined (concatenated) according to linguistic rules 
generated by a text pre-processor. Theoretically, it is 
possible to produce any phrase using only these sounds and 
rules. In this way, the system could be adapted so the 
characters performing the crimes could also have a voice 
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ABSTRACT 

Most geoscientifical problems have a geometrical 
component respective representation. Depending on the  
requirements of the problem which need to be modeled, 
an optimal geometrical model needs to be chosen. Then, 
several properties have to be taken into account: 
differentiability, regularity, modifiability, 
controllability, extendibility and the possibility to attach 
a physical model. A geometrical model which supports 
all of these properties is yet to be invented. While one 
model for instance might support differential geometry 
very well, it may lack the ability to interpolate complex 
geometry, which another model does, while lacking in 
turn differentiability. This paper summarizes the 
properties of the most common geometrical  models for 
solid geometry in 3D in the context of the modeling of 
the hydro-geochemical process “salt leaching in flooded 
potassium mines”. Hereby emphasis is placed on model 
topology and model dynamics. Additionally, 
consequences for geometrical modeling due to the 
fundamental differences between geochemical and  
physical based modeling are pointed out. 
 
INTRODUCTION 

The subject of this paper is related to the 
interdisciplinary (comprising Geo-Technology and 
Computer Science) project cluster Development and 
Application of ICT-based Methods for the Impact 
Analysis, Prognosis and Control of anthropogenic 
influenced Processes in Geosystems supported by the 
DFG (German Research Foundation).   
 
Geoscientific background for the described 
investigations is an already for decades lasting   
underground salt leaching process in the area of 
Stassfurt/Germany. There, potassium bearing salts have 
been mined since the 19th century, resulting in 
numerous underground cavities, which have been filled 
with water since then (Schwandt und Seifert 1999), 
inducing a still ongoing leaching process. 
The salt deposit has a layered structure (figure 1) where 
alternating more or less potassium bearing salt rock 

layers appear (Knak 1958). Since salt rocks of different 
composition shows different leaching characteristics, 
they necessarily have to be distinguished in a 
corresponding geometrical model.  
 
 

 
Figure 1 Salt leaching, Stassfurt, Germany   
The left subfigure shows three different salt rock layer 
and the mining shaft, the right subfigure shows 
additionally the growing brine body. 
 
Characteristic for potassium bearing salt is that not just 
salt is leached resulting in some kind of salty water 
(brine). In fact a circulation process occurs, while 
certain components become leached, others drop out  
(Sander 1988) and accumulate at a lower level, actually 
masking the leaching process in that area. The 
composition of the brine constantly changes over time 
while interactions constantly take place between salt 
rock and solution.  
These dynamic interactions can be localized along the 
reaction surface between brine (fluid) and rock (solid), 
more basically between objects with different 
geochemical attributes. The direction and velocity of the 
solution process can be described by vectors, 
determined by an underlying process model, which 
integrates the relevant parameters of all involved 
objects (rock, fluid, reaction surface).  
 
Thus, basic requirements for a geometrical model (the 
term model refers to the two- and three-dimensional 
geometrical models depicted in this paper) being 



 

 

capable to represent the described features are as 
follows: 
 

• many complex bodies 
• dynamically altering objects  
• differential geometry on the reaction surface 
• interactions/interdependencies between objects 
• topology preservation (no self penetration etc.) 
 

The Geo Information System BAGIS and its successors 
(Kesper and Möller 1999), developed at the chair for 
Computer Engineering at the University of Hamburg, so 
far employed static parametric surfaces and solids 
(Körber et al. 2003), which are optimal for visualization 
and differential geometry. Since fundamentally altering  
parametric models is hard, as is preserving topology, the 
project group started to re-evaluate alternative dynamic 
solid models. This is recaptured on the following 
section. After that, the commonly used approach for 
dynamic geometric processes, physical based 
modelling, is considered with respect to the salt 
leaching process. This will be followed by a description 
of easily occurring, but hard to remedy topological 
entrapments. Finally an approach using a combination 
of voxel representation and parametric linear 
interpolation is suggested.      

 
TYPES OF GEOMETRICAL MODELS 
 
Geometrical Models can be partitioned into 5 broad 
classes (McDonnell 2000): 
1. implicit Geometry 
2. Constructive Solid Geometry (CSG) 
3. parametric geometry 
4. subdivision models 
5. cell decomposition 
 
Implicit Geometry defines geometry as the solution to 
an equation like 0122 =−+ yx which defines the 
unit circle. This is, while mathematically exact, 
computational expensive and requires supportive 
algorithms such as the marching cube (Lorensen and 
Cline 1987) to be handled halfway efficiently. It is also 
very hard to find an implicit expression for complex 
geometry defined by samples. Finally, differential 
analysis is generally not possible on implicit functions 
unless converted to a parametric or an explicit form. 
  
Constructive Solid Geometry (CSG) builds solids by 
applying set (Boolean) operations on primitive forms. 
This approach is strongly related to machines for metal 
processing for which it was invented. It is obviously 
unsuitable for geometry which is hard to combine from 
primitives and also inappropriate for direct differential 
analysis.   
 
Parametric models are vector valued functions defining 
their shape by a regular grid of control points (Piegl and 
Tiller 1997). Initially developed for construction and 

especially for design (automotive engineering, aircraft 
construction and shipbuilding) Bézier-, B-Spline- and 
NURBS-models are meanwhile well elaborated tools. 
Beside shape modification, parametric models stand out 
by their differentiability due to the closed form basis 
functions (polynomials) of whom they consist. 
Nevertheless, we found it very hard to reconstruct real 
world geometry from samples, especially for solids, as 
known algorithms work only for surfaces since they 
require a projection onto a plane (Hormann and Greiner 
2000) which is impossible for solids. Additionally, 
modifying the control point grid, e.g. to adapt it to 
increasing model complexity, is complicated and, 
especially in 3D, inefficient, since the regular grid 
structure must be maintained. Reconstruction is also 
hampered by the regular grid structure, which often 
does not fit well to asymmetric and complex geometry.    
 
While the former three classes have a mathematical 
form, the remaining two are based on algorithms. 
Subdivision models (Catmull and Clark 1978) are based 
on the successive refinement of an initial arbitrary grid. 
They converge, dependent on their subtype, to 
biquadratic resp. bicubic B-Spline representations. 
Because they lack basis functions, they don’t share the 
mathematical abilities of parametric models. Thus, 
computing differential properties such as the 
derivatives, requires an indirection. Unlike parametric 
models, subdivision models don’t depend on a regular 
control point structure, which makes them suitable for 
complexer and asymmetric geometry. Because of the 
structure of the algorithm they also have built-in level 
of detail (LOD) abilities (Hoppe 1998).   
 
Cell subdivision finally completely discretizes the space 
into small regular units. Most common subtypes are 
voxel and octrees. Voxel decompose space into regular 
units, usually cubes. They obviously require 3n  space 
which is their greatest drawback, limiting model size 
and complexity more than any other model to the 
amount of available memory. Another suboptimal 
property is rendering which usually requires 
determining the boundary of the modelled object.  Both 
can be overcome by employing another cell 
decomposition subtype, octrees, who decompose space 
hierarchically and uses fine resolution only for the 
objects boundary, allowing fast access to the boundary 
and decreasing memory consumption. Cell 
decomposition is commonly used in medical science, 
e.g. for magnetic resonance tomography (MRT) when 
the inside of an object is at least as interesting as its 
boundary. Both voxel and octrees suffer necessarily 
from their discrete structure, which can be very 
obvious, depending on the scale.   
 
 
 
PHYSICAL BASED MODELING 
 



 

 

The motivation of the attachment of a physical model to 
a geometrical model and thus deforming geometry 
dynamically, was derives from two reasons. One is to 
make models easier to handle, controlling them by 
forces the user experiences in everyday life. The other 
reason is to actually model a physical process on spatial 
objects.   
The several degrees of freedom (control points, knot 
vectors, weights) parametric models provide, 
complicate controlled model modification, which is 
especially significant for NURBS. This resulted in the 
demand to apply real physical forces, e.g. pressure, on 
the model in order to achieve the desired deformation. 
(Terzopoulos 1987). Another demand came e.g. from 
medical sciences, asking for realistically behaving 
models which could be employed in real time for 
surgery training (Wu et al. 2001).   
This behaviour can be achieved by employing Finite 
Element Methods (FEM) on parametric and subdivision 
models. This approach is called physical based 
modelling and is quite self-evident, since the geometric 
structure (triangular resp. quadrilateral grid) of the 
models corresponds  well with a FEM polygon mesh 
generation. 
However, the underlying physical laws are based on 
mechanics, i.e. the model is deformed based on e.g. 
pressure and tractive forces and using material 
properties like viscosity and elasticity. 
Hence models can obviously be deformed by physical 
based modelling, but not altered in a more fundamental 
manner.  
The salt leaching process is rather taking away 
something (the salt) from an object (salt rock) and adds 
it to another object (brine), than deforming objects. The 
salt leaching process could perhaps be mimicked by one 
object (the brine) applying pressure on another (salt), 
but this would require successively increasing forces in 
order to increasingly compress the salt body and feels 
generally inappropriate.     
 
PRESERVING TOPOLGY 
 
If the model of an object consists in fact of several 
smaller models, like the salt leaching area, topology 
problems my arise once that the carefully constructed 
model becomes subject of  forces whose exact impact 
on the model is either unknown or not efficiently pre-
computable. That means that preserving the topology of 
a robot arm, composed from several parts, is 
controllable, because all parameters are known and user 
or computer controlled, which makes it easy to detect 
e.g. self penetrations or even better, to prevent them in 
the first place. Figure 2 on the other hand illustrates 
exemplary cases which may arise if even simple 2D 
polygon models start to change their shape according to 
an underlying complex process. The figure shows 
schematically the reaction front between two salt layers 
and the brine body. One of the salt layers is hard and 
one is easy to leach which results in different leaching 

rates, which prevents to treat the layers as one. The two 
top subfigures show how the top layer penetrates the 
lower layer because the movement of the reaction front, 
induced by the leaching process, is modelled as the 
compression of a polygon model, see the preceding 
section. The lower subfigures show how insufficient 
area coverage may result from a geometry which 
becomes increasingly complex. The brine body in the 
lower right subfigure does not have enough vertices and 
edges to fill the space which results from the leaching.  
 

 
Figure 2 Illegal Topology due to Dynamic Geometry   
top and bottom left: initial position, top right: self-
penetration, bottom right: insufficient area coverage 

 
Such issues could be partially overcome, though often 
for the price of inducing constraints and limitations. In 
the first example e.g. vertices could be moved along 
edges. This would require a regular grid to work, which 
is quite a constraint as described in the preceding 
sections. 
 
CONCLUSION AND PERSPECTIVE 
 
Non of the evaluated geometrical models optimally 
meet the requirements of the salt leeching process. 
While implicit geometry and CSG never really were 
candidates, also subdivision and parametric models 
come at a high price. It appears questionable whether 
the easily differentiable structure of parametric models 
or the arbitrary grid structure of subdivision models, 
justify the hassle expected from maintaining legal 
topology due to dynamic topology. 
That brings cell decomposition into the focus, which 
was originally declined because this approach doesn’t 
fit to BAGIS’ Data Model (Kesper 2001), which would 
have to be extended. 
Nevertheless, cell decomposition fits well to the hydro-
geochemical process as one cell can simply switch 
attributes from salt to brine without bringing topology 
into any trouble. One issue which had to be dealt with is 



 

 

that the reaction surface moves very slow, perhaps 1cm 
per cycle of the underlying process model, which would 
then be the required resolution for e.g. voxel. We 
currently favor a model which combines cell 
decomposition and parametric properties by linking 
attributes not to voxel but to a regular grid of control 
points between whom we linearly interpolate. This 
allows a finer transition between control points / voxel 
without requiring more memory. Formally this is a 
linear solid B-Spline but since the control points lie on a 
regular grid, and the geometry thus implicit, the 
similarities to voxel are obvious. First test in 2D seem to 
confirm our expectations. Figure 3 shows a mimicking 
(no process model is used) of the salt leaching process, 
which does not show the hard edges which are typical 
for voxel.      
   

 
Figure 3 bilinear interpolating 2D cell decomposition of 
the investigation area 

Some issues, like embedding several objects in one 
geometrical model, identifying the reaction surface and 
deriving its differential properties still need to be 
handled, but are considered easier to be handled than 
the mentioned topological and process related 
disadvantageous properties other models imply.  
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ABSTRACT 

This paper introduces different methods in order to 
support the understanding and prognosis of dynamic 
salt leaching processes in a flooded potash shaft. Here 
geochemical computations as well as kinetic boundary 
conditions became part of the regarded data base. The 
process model has to consider the partly unknown 
geometrical conditions as well as the complexity of the 
geochemical processes. The complex intercorrelations 
of effects in the regarded geosystem make it necessary 
to include all available information. This requires the 
discussion of several methods of pre-processing and 
analysis. This survey will contribute to determine 
sustainable treatments of possible reclamation in the 
Stassfurt mining area.  
 
INTRODUCTION  

The subject of this paper is embedded in a framework 
which combines GIS (Geographic Information System) 
specific characteristics with a non numeric simulation 
approach. This framework is based on the 
interdisciplinary project cluster Development and 
Application of ICT-based Methods for the Impact 
Analysis, Prognosis and Control of anthropogenic 
influenced Processes in Geosystems supported by the 
DFG (German Research Foundation).  
 

 
Figure 1: Location of the investigation area 

The investigation area is an old mining shaft within the 
worldwide oldest potash mining district, near to the city 
of Stassfurt, Germany (fig. 1). 
 

MINING AREA STASSFURT 

The area of Stassfurt had profited from saline mining 
for hundreds of years. Since 1861 potash was extracted 
in deep mining systematically whereupon a part of the 
underground plant was situated underneath the urban 
area. A part of the cavities area was drowned 
unintentionally in 1878 to 1922 by fresh water, other 
parts were still active until 1972. The shaft VI, which is 
in focus of our investigations, was flooded with brine 
from 1975 to 1979 (fig. 2). The flooding and leaching 
process led to a brine filled cavity volume of approx.  
20 million m3. The surface is affected till today by: 
 
 sudden fallen sinkholes, 
 a slightly active subsidence, 
 a daily drain of approx. 1000 m3 to avoid a partial 

flooding of the city by groundwater, 
 endangerment from partial highly toxic neglected 

deposits within the wetting area. 

In consequence of the subsidence processes over 850 
buildings in the urban area were torn off. The situation 
for the city of Stassfurt and the region is hardly 
controllable. The urgency of sustainable geotechnical 
measures to break the self stimulating cycle of drainage, 
fresh water inflow and the resulting leaching process is 
evident (BUSCH ET AL. 2003). 

 
Figure 2: Details of the investigation area 



 

 

A special feature in the Stassfurt district was the mining 
of carnallite, which could be used directly for 
agriculture purposes. Therefore, numerous excavations 
exist, whose pillars have a high grade of carnallite, 
which stimulates the leaching process by high leaching 
ability. Carnallite is leachable, even by saturated NaCl 
brine. In order to be able to reconstruct the leaching 
process accurately, a model under consideration of the 
mining situation and all mechanical and hydrologic 
parameters is necessary.  
 
The local mining authority considered several 
approaches of analytical and numerical calculations 
(LUX ET AL. 1999). They took into account parameters 
like chemistry, density, direction of flow, discharge 
position, water elevation places, convection cells, 
convergence, as well as natural leaching processes. On 
the basis of these parameters, hydrological and 
geochemical monitoring measures were assigned. The 
results of these measurements refined the model of the 
leaching process, but still no evaluation was possible, in 
which way the leaching process will be affected by 
stopping the drainage. Until now, no plausible 
prognosis can be given about the behaviour of the 
induced leaching process (FISCHER UND MAAS 2003). 
 
Motivated by these circumstances we considered to 
make a new approach of a spatial and time related 
model of the leaching process, which should be able to 
provide numerical calculations of stress conditions 
leading to subsidence prognosis with more reliable 
boundary conditions. This approach is based on 
hydrogeochemical computations with stochastic pre-
processing strategies combined with a rule based system 
and a 3 dimensional representation of which certain 
surface properties can be derived and included in the 
thermodynamic balances.  
 

 
Figure 3: Sketch of the leaching process in a carnallite 

layer.  
 
THE ENVIRONMENT 

This chapter gives a short overview about the 
environmental settings. This will lead to the necessity of 
a brief parameter discussion with a main focus on 
preprocessing strategies. 
 
Geological Settings 

The Stassfurt mining district is part of the subhercynian 
axial depression, which contains the Zechstein 

formation up to Kainozoic sediments. The saline 
Zechstein formation consists of six saline cycles (z1 to 
z6). Within the investigation area the mineable potash 
beds belong to the Stassfurt cycle (k2/z2). This cycle is 
developed in layers of carnallite, showing a thickness 
up to 45 to 55m. Near the axes of the NNW-SSW 
striking Stassfurt-Oschersleben anticline, the layers dip 
in an angle of ore than 80° NE. The anticline is covered 
discordantally ba anhydride and only a few meter of 
quarternary sediments.  
 
Hydrogeological Settings 

Within the flooded underground mine sites and cavities, 
quantity and quality of the circulating brine is widely 
unknown. Furthermore a sinkhole, fallen in 1975, 
caused a hydraulic contact between the underground 
mining cavities and surface- /groundwater. Therefore, 
the hydraulic system is an open system and any 
calculation of soluble and transported compounds is 
based on assumptions that are difficult to determine. 
 
Hydrogeochemical Settings 

Thermodynamic Balances 
The solution processes of salinar rocks can be 
reconstructed by chemical-thermodynamic equilibrium 
computations (WOLERY 1992) on the assumption of 
certain boundary conditions. The assumption of a 
closed system is indispensable regarding the transferred 
chemical species (masses of soluble) as well as the 
quantity of the brine (law of continuity). In an open 
system appropriate boundary conditions have to be 
estimated and/or replaced by heuristics. 
 
Mechanical Effects 
Moreover mechanical aspects affect the underground 
solution process. Continuous dissolution and re-
crystallization cause a changing structure of the salt 
rock surface. While crystallization processes lead to a 
partial sealing (masking) of the surface, the 
sedimentation of insoluble components withdraw parts 
of the salt rock surface from the solution progress 
(blocking). In consequence of these processes the 
proportion of brine volume and salt rock surface varies 
and therefore crucially influences the development of 
the entire solution process. 
 
Kinetic Effects 
Kinetic parameters (as well as mechanical) are so far 
barely considered in available geochemical computer 
models or they are only integrated indirectly. Kinetic 
parameters could be derived from the pitch of the 
contact surface between the solid and the liquid phases. 
This angle affects local convection cells. These cells 
should be determined as solution cells, which act 
homogeneous in the chemical-thermodynamic 
equilibrium computations. Knowing these cells it 
becomes also possible to assign a certain expanse of the 
contact area that is necessary in a balance computation. 



 

 

NECESSITY FOR NEW APPOACHES 

The necessity for sustainable geotechnical measures in 
the Stassfurt district is obvious. The expected ground 
movements and sinkholes as well as the associated 
flooded areas do not only threaten buildings and 
infrastructure. The numerous dump locations in the 
potential flooded areas endanger also the health of the 
inhabitants. The determination on a remediation concept 
is difficult, because of the lack of knowledge and the 
complexity of the in situ mine damage. Conventional 
approaches for the modeling of the causative leaching 
process fail due to fuzzy parameters and undetermined 
boundary conditions. The main dependencies, that are 
not included in common geochemical computer models, 
are the reciprocations between metric, topologic and 
thematic issues. With the interdisciplinary research 
project described above, the feasibility of new 
approaches is evaluated. This takes place first for a 
limited investigation area. The methodical approach 
could be subsequently extended to wider areas of the 
excavation. 
 
SUGGESTED MODELLING TECHNIQUES 

In general the salt leaching process can be reconstructed 
by chemical-thermodynamic equilibrium computations. 
Those models provide mass and volume balances 
between the fluid (brine) and the solid (rock) phases 
with a certain compound.  
The salt deposit in the investigation area has a layered 
structure (fig. 4) where alternating more or less 
potassium bearing salt appears. Since salt rocks of 
different composition shows different leaching 
characteristics, they necessarily have to be distinguished 
in a corresponding process model. Especially layers 
with a high grade of carnallite, which stimulates the 
leaching process by high leaching ability, could not be 
described as a homogeneous area while that layer itself 
has varying attributes that influences the leaching 
process (MAAS 2001). 
 

 
 

Figure 4: Profile of the salt deposit in the investigation 
area 

 

Pre-processing 

Those mentioned attributes that affects the leaching 
process can be characterize as 

- amount of insoluble components  
- fraction of chemically combined water  
- porosity, permeability 
- rock temperature, brine temperature 
- rock stress  
- viscosity of salt 
  
Chemical components of the carnallit layer are known 
from detailed lithological profiles, that can be assigned 
to the investigation area (fig. 6). 
Data pre-processing should lead to spatial clusters that 
act homogeneous in chemical-thermodynamic 
equilibrium computations. Different techniques of 
cluster analysis are well known as a fundamental 
operating principle in statistics. Thereby it is imperative 
that the given dataset suites to certain pre-requisites. 
 
A neural based cluster analysis can be performed by 
unsupervised network topologies such as self 
organizing feature maps (SOM). The main advantage of 
this method is that in case of non-linear relations 
between parameters no standards of equation systems 
must be assumed or determined by iterative loops. 
Furthermore no limitations in reference to the amount of 
given samples or their distribution must be considered. 
The basic algorithm follows certain learn and 
optimization strategies that approximate separation 
functions autonomously. The result of a neural based 
cluster analysis by SOM can be represented as patterns 
of activity on a 2 dimensional maps of interconnected 
neurons (fig. 5). Correlating parameter will show a 
similar activity, whose significance must be determined 
by experts knowledge (KOHONEN 1997). 
 

 
 

Figure 5: SOFM based cluster analysis of borehole 
sections (ZEMKE 2003) 

 



 

 

 
Figure 6: Pre- processing of data, detection of leaching 

cells (schematic sketch) 

 

Rule Based Systems 

Assuming that we have determined the leaching cells by 
cluster analysis, we can compute the mass-volume 
exchange between fluids and solids by chemical-
thermodynamic equilibrium balances. But still no 
kinetic or mechanic influences are involved in the 
leaching simulation. Our approach tries to combine a 
rule based systems with geochemical computer models 
in a GIS architecture. 

Fuzzy Based Approach 
The first association that occurs when you think of rule 
based systems is a fuzzy based approach. Fuzzy systems 
provide simple strategies to rule complex data structures 
by linguistic statements (MÖLLER 2003). The regulator 
consists of a specification of the situation (IF – part) 
and its resulting reaction (THEN – part). The IF – part 
is composed by one or more conditions, which are 
combined logical by operators (AND / OR). The 
evaluation of the definition of the situation is realised 
by an inference operator that checks for the degree of 
performance of the defined fuzzy rules. Finally 
combining operators lead to conclusions about the 
system behaviour by evaluating the respective 
conditions (fig. 6). 
The specific Impact analysis is defined by an adequate 
appending or deleting of rules. To support this complex 
incident, the content of truth of each rule can be 
modified by an association factor. This value associates 
a factor to each rule, which can be used as an individual 
weighting for certain criteria. It can also be used for the 
adjustment of rules while calibrating the process model. 
Several possibilities exist to link self learning algorithm 
to this manipulating factor (GRIMA 2000).  
 
 

 

 
Figure 7: Simplified structure of the fuzzy rule based 

system. 
 
Alternative Approaches 
As an alternative to a fuzzy based rule system our 
current research is evaluating neural network based 
algorithms. Causal Networks or their increments  Bayes 
Networks describe miscellaneous applicable structures 
for the compact processing of complex data. They are 
often used in context of expert systems (JENSEN 1996). 
Finally neural networks with a supervised learning 
algorithm such as Backpropagation (BPN) Networks 
could be adopted, if the impact structure of a system is 
generally known (fig. 8). Those algorithm have been 
successfully tested in other environments (ZEMKE ET AL. 
2003). 
 

 
 

Figure 8: Simplified structure of the BPN rule based 
system. 

 
 
EXPECTED RESULTS 

This paper can not reach a conclusion while the 
mentioned research topics aren’t sufficiently compiled 
yet. But the combination of the suggested ICT methods 
should lead to results, that help to detect sustainable 
geotechnical measures in the Stassfurt district. 
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ABSTRACT

The study of micromagnetism is a very active field of
research with prospective applications in microelectro-
nics, harddisk data storage as well as non-volatile
random access memory. In recent years, the use of
simulation tools has become one predominant factor in
the rapid development of new devices as well as in the
deepened understanding of underlying physical princip-
les. To bridge the gap between theoretical predictions
and experimental findings we extended an existing
simulation package to allow directly comparison of ex-
perimental results with the theoretical background that
is implemented in the simulation software. In general
the comparison results in excellent fits. Moreover we
increased the performance of the existing code which
will enable further extensions and applications.

INTRODUCTION

A growing understanding of the ferromagnetic proper-
ties of micro- and nanometer sized structures have been
the prerequisite for much of the technological advances
that occurred in the last decades in the field of data
storage. It is also likely a crucial factor in future deve-
lopments of microelectronic and data storage devices
such as the magnetic random access memory (MRAM)
or the anticipated spin transistor (Datta and Das, 1990,
Meier and Matsuyama 2000) which is one possible way
to further decrease the size and increase the speed of
computer componentware. The microscopic and
thermodynamic theory of magnetism has been
established well over 70 years ago with fundamental
work from Landau, Lifshitz, Gilbert, and others (Landau
and Lifshitz 1935; Gilbert 1955). The real challenge is
to conclusively compare theory with experiments.
Hence, the principles of micromagnetic simulation have
become accepted as the main bridge over the last three
decades. The importance of numerical and simulation
techniques to micromagnetism has several reasons:
First, due to the extremely large number of free
variables (3N, with N being the number of electrons or
cells in a specimen) there are only a limited number of
special scenarios in which there exists an analytical so-
lution, e.g., the rotational ellipsoid (Stoner Wohlfarth

1948; Aharoni 1998). Secondly, the existing theory
offers solutions to a wide range of physical problems
from magnetoresistance to domain wall motion and spin
wave excitation. Thirdly, a few parameters suffice to
provide a good approximation of real systems, and
finally, its algorithms have become very fast and able to
efficiently simulate large-scale samples while others,
e.g., ab-initio approaches, are extremely time-
consuming.
In the following paragraphs we give a brief introduction
into the principles of micromagnetism, as well as the
most important simulation aspects. Thereafter we dis-
cuss the structure and performance analysis of an imple-
mentation used in micromagnetism and our adaptations
and extensions. Moreover we compare our simulation
results with measurements done by several techniques,
which show excellent fits.

Micromagnetic principles

The micromagnetic theory describes magnetic phenol-
mena such as hysteresis effects and domain walls and is
based on the approximation to use a continuous magne-
tization vector instead of discrete magnetic moments
located on the sites of the crystal lattice, i.e., on the ato-
mic length scale. It also sets the scale in which this as-
sumption is valid, i.e., the nanometer scale is the lower
limit. In principle no upper limit exists apart from
computational limitations. Initial works by (Landau and
Lifshitz 1935; Gilbert 1955; Brown 1963) have given
the theory a foundation that has become widely accep-
ted and that holds true for a wide variety of applications.
The foundation to micromagnetic theory is the equation
of motion established from thermodynamic considera-
tion (minimization of the Gibbs’ free energy) by
Landau, Lifshitz and Gilbert. It describes the change of
a magnetization vector over time as a function of the
effective magnetic field at the location of the vector and
some parameters inherent in a magnetic system, i.e., the
saturation magnetization Ms, which is the strength of
the magnetization vector, the gyromagnetic constant
γ and the damping constant α. Similar to the motion of
a gyroscope where a gravitational field causes a preces-
sional movement around the axis of the gravitational
pull, the magnetization precedes around the direction of
a local effective field Heff. A sketch is shown in Figure
1.



Figure 1: The Magnetization Vector Precedes around the
Direction of the Effective Field. In a Real Sample the Dam-
ping Term of the LLG Equation Causes the Magnetization to
Align with the Effective Field after a Characteristic Time.

To this precession the damping term is added that takes
into account the fact that energy is exchanged with the
surrounding system, thus the magnetization loses energy
over time and tends to align with the field vector of the
effective magnetic field at the location of the magnetiza-
tion. Thus the equation of motion for the micromagnetic
model is written in the form of the Landau-Lifshitz-
Gilbert (LLG)-equation
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The effective field originates from the superposition of
four different interactions between the spins of magnetic
material (in the absence of mechanical forces we can
neglect magnetostrictive effects). The sum of their ener-
gies is the total energy of the system which becomes
minimal in stable spin configurations
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These four contributing terms are exchange energy, an-
isotropic energy, Zeeman energy, and de- or selfmagne-
tization energy. They have their origin in the quantum
mechanical nature of magnetism and can not satisfacto-
rily be understood without a comprehension of its prin-
ciples. In quantum mechanics, electrons are described as
wave functions, and the location of electrons can be
seen as the square of the amplitude of such a function.
The location cannot be determined with infinite accura-
cy, but rather has an uncertainty that depends on the
electron’s velocity (uncertainty principle). The integral
of the wave function is normalized to one; the wave
function can therefore be seen as the probability func-
tion of the location of the electron. From these basic
considerations the electronic orbitals of atoms can be
calculated; they determine the probability of electrons
being at a certain location in relation to the atom’s
nucleus. The three space coordinates are transformed
into integer quantum numbers that describe their ener-
getic properties. Essential to magnetism is the electrons’

fourth intrinsic attribute, its spin. It is directly proportio-
nal to the magnetic moment of the electron, the motion
of which is described by the LLG equation. The electro-
nic and magnetic properties of charged particles are in-
separably connected by Maxwell’s equations. More de-
tails can be taken from introductory physics books
(Cohen-Tannoudji et al. 1996; and Jackson, 1998).

Energy terms

The energy of a solid state system can be calculated by
taking into account all possible interactions of the elec-
trons with each other and with outer electric and mag-
netic fields. As stated in the introduction, this is very
costly concerning both time and computational resour-
ces. Within the theory of micromagnetism the electric
and magnetic properties of many individual atoms are
averaged to material constants such as the strength of
the interaction of the spins of electrons in close proximi-
ty due to an overlap of their wave functions. This is an
extremely strong but only close-range interaction known
as the exchange coupling. The change in energy from
this effect can be calculated as
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≠
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where J, also called exchange integral, is the shared vo-
lume of the wave functions of electrons i and j and Si

and Sj their spins. Here the indices can also stand for
neighboring simulation cells. What the equation says is
that when considering only the exchange coupling, the
spins (magnetization vectors) of neighboring atoms (si-
mulation cells) want to align parallel to make the ex-
change energy minimal. The exchange energy is nor-
mally determined by considering only nearest-neighbor
atoms/ cells, but it does not take into account the
spatially uneven (anisotropic) distribution of electrons
according to their quantum numbers as mentioned
above. This is done by introducing a term known as the
anisotropy energy, which considers the shape of the
electronic orbitals and the location of neighboring atoms
in the lattice of a solid. For uniformly magnetized
ferromagnets, the spins of the electrons tend to align to
so-called easy axes as described by the Stoner-
Wohlfarth-model for rotational ellipsoids (Stoner and
Wohlfarth 1948). For example, for materials organized
in hexagonal closed packed lattices, there is one prin-
ciple easy axis, and its energy term is written as
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where φ is the angle between magnetization and the
easy axis, and Ku1 and Ku2 are uniaxial anisotropy con-
stants, derived from Taylor series expansion. Typically
the second order term is already much smaller than the
first order anisotropy.
A third contribution is the Zeeman term that describes
the influence of external magnetic fields on the spins.
Basic electrodynamic calculations result in an added
energy



)5(.−=
V

Zeeman dVHME

Here M is the magnetization of one simulation cell,
which is the averaged unbalanced spin of all atoms re-
presented by the cell, and H the external magnetic field.
The scalar product of the two is then integrated over the
cell volume V to derive the field energy. Again, the
magnetization will seek to align itself to the direction of
the outer field as described by the LLG-equation.
Exchange coupling and Zeeman interaction are compe-
ting against a fourth term that depends on the shape of
the magnetic system. This demagnetization energy de-
pends on the interaction of the magnetization with the
stray field HS generated by the magnetization itself, and
is written as
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The magnetization can also be seen as magnetic polari-
zation charges which are unbalanced at the surfaces of a
structure. Just as with their electric equivalents, this cre-
ates a dipole field that is the stronger the more charges
are unbalanced at the surface. This means, that under
the influence of this interaction the magnetization vec-
tors will try to be arranged parallel to a sample’s sur-
face, because then there would be no polarization char-
ges. The stray field can be approximated as the field of a
dipole that occurs between two charges with a relative
displacement between them. The stray field is a long-
range interaction between magnetizations and thus often
becomes the dominating part of the effective field.

Domain walls

With the four competing energy terms described above
the magnetization of ferromagnetic materials in zero-
field environments generally tend to be arranged paral-
lel to each other and preferably along easy axes in large
volumes called Weiss areas (Weiss 1907) or domains,
thus minimizing exchange and anisotropy energies,
while on the boundaries the stray field (also called de-
magnetization field) is prevalent. This means that on the
interfaces of these domains a change in the direction of
the magnetization vectors occurs; this can be viewed as
a wall between the different domains. Since their first
discovery and investigations by (Bloch 1923, Néel
1955) and subsequent studies done by (Aharoni 1996)
and others research on domain walls has become of
major interest, because the electronic and magnetic
properties of materials depend largely on the behavior
of domain walls (Hertel and Kronmüller 1999). One has
to differentiate between several types of walls: In the
Bloch wall the magnetization vector rotates around an
axis normal to the domain wall, leading to surface
charges at the interface of the wall with other media.
Another type, the Néel wall, is prevalent in thin films;
here the vector rotates in plane of the structure. Other
types, such as the cross-tie or the asymmetric Bloch

wall are combinations of the fundamental types.
Depending on parameters such as spatial extension and
energy coefficients which configuration will appear
(Ramstöck, Hartung and Hubert 1995).

Figure 2: Formation of domains reduces the stray field. From
left to right, the demagnetization energy is reduced by the for-
mation of domains, especially by closure domains. Modified
from (Hubert and Schäfer 1998)

Consider as a simple example the rectangular particle of
Figure 2. Let us assume that the external field is zero,
i.e., the Zeeman energy vanishes. We further assume
that the particle possesses first order uniaxial anisotropy
along the long axis. The remaining energy contributions
are the demagnetization and the exchange energy, the
latter of which tries to align all magnetic moments
parallel. If exchange is the leading energy contribution,
as it is true for small particles the configuration of Fi-
gure 2(a) is preferred. However, in this case the stray
field of the particle is maximized which can be easily
seen by the large number of free poles at the surface,
equivalent with a high demagnetization energy being
proportional to the stray field times the magnetization of
the particle. The configuration of Figure 2(b) reduces
the stray field energy at the cost of the generation of a
domain wall in the middle of the rectangle. Within the
wall magnetic moments are pointing in hard directions
and cause anisotropy energy and also an exchange ener-
gy contribution. Depending on the material parameters
and the size of the rectangle configuration (c) might
further reduce the total energy. The arrangement of
domains shown in Figure 2(d) is known as the Landau
pattern and often occurs in nature, because it couples a
major part of the magnetic flux inside the particle, thus
minimizing the stray field, i.e., the demagnetization
energy. Most of a multi-domain sample’s magnetic
energy is therefore contained in the domain walls.

COMPUTATION OF MICROMAGNETIC
PROBLEMS

Science is concerned with understanding and controlling
the materials and forces of nature for the benefit of hu-
mankind. Therefore it is necessary for scientists to ana-
lyze and improve the performance of systems, when the
components of which originate from different domains.
Examples include either adapting existing systems to
new demands and/or conditions, or designing new appli-
cations such as those in mechatronics, automotive, avio-
nics, aerospace, micromagnetics, etc. Such systems in-



clude components derived from many different science
domains. In many cases, solutions to problems have
been found by applying appropriate mathematical mo-
dels and computer simulation to them. A recent White
House report identifies computer modeling and simula-
tion as one of the key enabling technologies of the 21st
century. Its applications are virtually universal.
There are several excellent micromagnetic simulation
packages available today, with different modeling
schemes. We have decided on OOMMF – the object
oriented micromagnetic framework, a project in the
National Institute of Standard and Technology (NIST,
http:\\math.nist.gov\oommf) for several reasons. First its
code is freely available, making it possible to compare
techniques and algorithms with established publications,
a vital criterion for scientific research. With its modular
architectural design it is also extensible and very
flexible. It has also proven to be a very fast application
for the dynamic 3D simulations of the rectangular
magnetic samples that we mainly investigate.
OOMMF is implemented as a client/server-architecture
in which the different components request and offer
services via a service directory. These components in-
clude user interfaces for the input of the problem to be
simulated, so-called solvers that progress the simulation
time by stepwise integration of the above LLG ordinary
differential equation (ODE), and display components
for scalar and vector values. A script file gives a de-
scription of the problem; the exchange of data is perfor-
med via TCP ports. The code can be modified at three
levels; first one can choose different display compo-
nents and settings to vary the output format. Secondly,
one can adjust material constants, the OOMMF compo-
nents used and their input parameters to control sample
and simulation attributes; and finally, a full and arbitra-
ry access on the C++ code itself allows debugging, mo-
dification and extension of any component of the
package. The main classes of the existing solver shall be
explained in more detail in the following paragraphs,
followed by a description of our extensions and
adaptations as well as a comparison of our simulations
with experiments done with various techniques.

Structure and Performance of the Program

A director component controls the loading of involved
components and determines when a simulation run is
complete. It insures that read/write access on individual
simulation stages is not violated.
One can choose between two standard techniques to
evolve the magnetization configuration towards a state
of equilibrium: Either by minimizing the total energy by
using a conjugate gradient technique to find the path to
a local energy minimum, or by integrating the equation
of motion mentioned above in small time steps. Only
with the second method one can follow the dynamic
changes in the magnetization configuration, which is
why we will focus on this evolver. Each evolver has its
own driver that controls stopping criteria and the pro-
gression from one time step to another as well as diffe-
rent simulation stages, i.e., when the strength of the ex-

ternal field is ramped up in the case of simulation of
hysteresis curves.
The time evolver uses integration methods to further the
simulation one step. For that, two disjoint simulation
states are used so that the data is clearly separated. In
the current state all information needed for the advance
of the magnetization configuration is stored. The next
configuration is then determined by either using a sim-
ple Euler or an adaptive Cash-Karp implementation of
the Runge-Kutta method that was implemented to speed
up computation. The magnetization vectors then are the
foundation for the computation of the effective field; its
value is stored as a foundation of the computation of the
next time step. Last the time step itself is evaluated
against some error restriction to determine whether the
step has to be repeated with a smaller step size.
The analysis of the run time performance showed that
most of the computing time (62 to 82%) is spent in
computing the demagnetization energy (see Figure 3);
the results are in good accordance with other findings
(Berkov et al. 1993). The complexity is due to the long-
range nature of the stray field and the current algorithm
used to compute the same. Because the influence of the
stray field converges only slowly, the interaction with
the magnetization vectors of each cell of a sample has to
be considered to derive the field strength at every simu-
lation cell, so that for N cells one would have a O(N²)
complex algorithm if one would use this crude method.
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Figure 3: Break-up of the Runtime for Simulations with Dif-
ferent Input Sizes into the Main Routines. Colours represent
(from bottom to top): Stray, Exchange, Anisotropy and
Zeeman Field Computation, Integration and Computation of
Derivative

In the existing simulation package a sophisticated algo-
rithm as described in (Newell et al. 1993) is used which
performs at O(N log N) due to Fast Fourier Transforms.
This method uses a demagnetization tensor N to account
for the shape of a magnetized body. The stray field

−−=
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can be seen as a convolution of two vectors in spatial
coordinates. It can be substituted for a simple product in
frequency space via FFT so that its complexity is
O(NlogN), but the coefficient is large which is why it
consumes most of the computation time.



Expansion and Results

From this introduction it can be seen that an effort to in-
crease the computation speed should be focused on ob-
jectives: First, to decrease the number of steps necessary
to derive a certain convergence criterion, and second, to
reduce the time needed to compute one simulation step.
The first objective can be obtained by applying well-
known methods for integrating ODEs, such as Runge-
Kutta integration or other methods. The second objec-
tive requires faster algorithms, especially for the dema-
gnetization term. One possible way is to approximate
the stray field by using a multipole expansion of the
dipole field to a given order of accuracy as stated in
(Yuan and Bertram 1992). The advantage for using this
method, aside from having linear complexity, is that this
algorithm would be parallelizable as suggested in
(Singh et al. 1993). An excellent overview over the cur-
rent state of the art is given in (Fidler and Schrefl 2000).
One important enhancement for the existing code due to
speed up purposes is the implementation of a Cash-Karp
Runge-Kutta algorithm as described in (Press et al.
2002). The commonly available code uses the Euler-
method for integration with an adaptive time step
derived from error estimation. The speedup achieved
was significant; depending on the problem’s stiffness as
given by the damping constant α, up to a factor of 20
(for small damping and relatively small problems).
Another part of our work included adapting the output
of the simulation package to our experimental setup to
allow direct comparison between experiments and the
established theory, as implemented in the OOMMF co-
de. We are using the magnetic-force microscopy (MFM)
and in collaboration with Dr. P. Fischer (Fischer 1998;
Fischer 2001) from the Max-Planck-Institute for metal
physics in Stuttgart magnetic transmission x-ray micros-
copy (MTXM) to investigate the magnetic properties of
permalloy and iron-nickel samples. As shown by (Bar-
thelmess et al. 2004) the MFM image can be effectively
simulated using the second derivative of the magneti-
zation’s stray field in z-direction, while the MTXM-
method shows the projection of the magnetization vec-
tors on the axis of the transmitting x-ray beam as grey-
scale values. The additional component to the OOMMF
architecture takes the measuring height above the
sample surface as a free parameter. Figure 4 shows
examples of the good fits between experiment and simu-
lation, others can be seen in (Meier et al. 2002; Barthel-
mess et al. 2003; Pels et al. 2004).
Another application of the additional feature is that it
allows direct comparison between the two techniques,
serving as a bridge between two standard measuring
methods (Meier et al. 2004). Figure 5 shows one such
example: The experimental data were taken from mag-
netic transmission x-ray microscopy (upper left), which
basically takes an x-ray image of a ferromagnetic samp-
le – the grey scale values corresponding to the scalar
product of the sample’s magnetization with the direction
of the transmitting x-rays – as well as from magnetic-
force microscopy (lower left). The right column shows
the simulated magnetization image (upper right) yiel-

ding the same Landau structure as seen in the MTXM
image, and the simulated MFM image (lower right) re-
vealing the second derivative of the stray field akin to
the one taken from magnetic-force microscopy. This ex-
ample shows how the added module of the existing
software package is a useful tool in both comparing and
validating theoretical and experimental data, as well as
bridging different measurement techniques.

Figure 4: Magnetization patterns of 1x1.5µm² permalloy
samples with different thicknesses as indicated in the figure,
left measured by magnetic-force microscopy, right from
micromagnetic simulations. From (Barthelmess et al. 2004).

Figure 5: Isolated 2x2 m² sized Micro Contact. Modified from
(Meier et al. 2004). See Text for Explanation.

CONCLUSIONS

We outlined the problem by giving a brief discourse on
the fundamentals of micromagnetism. We described the
structure of the simulation software and showed several
ways to decrease computation time by using more effec-
tive integration schemes as well as faster, parallelizable
algorithms for the stray field computation. We extended
the existing code to enable direct comparison with and
between experimental data observed with two measure-
ment techniques, yielding good fits. Speedup and



extension provide a good foundation for fast simulations
working hand-in-hand with micromagnetic experiments.
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ABSTRACT

Soccer-playing robots are being used in educa-
tion to foster understanding and interest in ar-
ti�cial intelligence, multimodal systems, engi-
neering and science in order to solve complex
problems through active learning comprehensive
knowledge undergoing real-world applications.
In 1997 the RoboCup Initiative started a broad
international program of research and education,
that has the aim to promote arti�cial intelli-
gence and robot research by providing problems
like soccer-playing robots or rescuing robots to
be solved by integration of di�erent technologies
and collaboration of various resources. As the
LEGO Mindstorms robotic construction kits are
convenient in education, they are often used for
RoboCup Junior competitions. To represent how
fuzzy logic can be used in education, an example
for moving a soccer-playing mobile autonomous
robot based on LEGO Mindstorms is described.

INTRODUCTION

Over the past thirty years the �Epistemology and
Learning Group� of the Massachusetts Institute
of Technology (MIT) has searched for correla-
tions between learning environments and learned
skills. The idea of robotic construction kits is
based on the research of Seymour Papert, who
described the �rst steps of utilization of com-
puters and robots in the learning environment of

children in his book MINDSTORMS: Children,
Computers and Powerful Ideas [Papert 1980].
Starting from the development of turtle robots
and the child-friendly programming language
LOGO, in 1998 the MIT and the LEGO com-
pany came out with the �rst LEGO Mindstorms
robotic construction kits. Even though the prod-
uct is primary centered to children and teenager,
many adults are also attracted by the robotic
construction kits. There are many active and
creative online-groups that develop alternative
programming environments and advanced con-
struction techniques.
In this paper we describe the robotic construc-
tion kits and programming environments that
we use in the course �Hamburg Robocup: Mo-
bile autonomous robots play soccer� at the Uni-
versity of Hamburg as well as some examples
of teaching fuzzy logic with LEGO Mindstorms
robotic construction kits.

ROBOTIC CONSTRUCTION KIT AND
PROGRAMMING

To understand the relevance of using robotic con-
struction kits at universities, it is important to
know the elements of robotic construction kits
and how they can be programmed. In the follow-
ing this is exempli�ed through the LEGO Mind-
storms robotic construction kit, that consists of
the following ingredients: a programmable RCX-
brick (Hitachi H8/3292-microcontroller with 16
KB ROM and 32 KB RAM), light sensors and
touch sensors, motors, many common LEGO
bricks, an infrared sender to transmit data
to a computer, the programming environment
Robotics Invention System (RIS) and a construc-



Figure 1: RCX-brick with sensors and motors

tion handbook. The RCX-brick contains three
inputs for sensors, three outputs for motors or
lamps, �ve spots for programs, a LCD-display,
four control buttons, a speaker and an infrared
interface. Fig. 1 shows an RCX-brick with two
motors, a light sensor and two touch sensors.
The Robotics Invention System (RIS) is a
graphic-based programming environment that
works with blocks. Each block stands for one
instruction. To program the robot the blocks
are joined per Drag and Drop in form of a chain.
Running the program the blocks are executed in
sequence of the block chain. To read the val-
ues of the sensors while executing the program,
parallel block chains can be used.
Beside the software RIS, that is part of the
LEGO Mindstorms robotic construction kit and
that is directed to children and teenager with-
out programming skills, the active LEGO online-
groups developed some other possibilities for ad-
vanced programmers to work with the robotic
construction kits. Most of this software can be
found as freeware in the internet. Here are some
examples of other programming environments
that was used in the course �Hamburg Robocup:
Mobile autonomous robots play soccer� at the
University of Hamburg:

ROBOLAB: works with kind of advanced
�owcharts, based on LabVIEW, was devel-
oped especially for use in schools

RCX Command Center: with the program-
ming language Not Quite C (NQC), a
language similar to C, programs can be
written text-based

LEGO Java Operating System (lejOS): an
implementation of a Java Virtual Machine
(JVM)

Other enhancements can be found in
[Baum 2000, Baum et al. 2000, Erwin 2001,
Knudsen 1999].

HAMBURG ROBOCUP: MOBILE
AUTONOMOUS ROBOTS PLAY
SOCCER

Over the past years the utilization of robotic con-
struction kits in schools was analyzed and appre-
ciated in many studies [Christaller et al. 2001,
Müllerburg 2001], but in the context of univer-
sities they are often depreciated as toys and
as a consequence as irrelevant for teaching stu-
dents [Koch 2003]. Using �real� robots has of-
ten the disadvantage that they are very expen-
sive, so that many students have to share one
robot. Additionally it can be di�cult to moti-
vate students to work with robots and to teach
the basics of robotics because the orientation
time of a complex robot system often requires
weeks or months. To avoid those problems, we
decided to use robotic construction kits in the
undergraduate course �Hamburg Robocup: Mo-
bile autonomous robots play soccer�. The goal
of the class is to work with mobile autonomous
robots, so that the students develop and under-
stand the complexity of non-linear systems. Ad-
ditionally soft skills like communication, team-
work and project-management are supported.
In the course �Hamburg Robocup: Mobile
autonomous robots play soccer� the students
have the exercise to construct and program
a robot that plays soccer considering the
rules of RoboCupJunior - the pupil league
of RoboCup [Kroeger et al. 2000, Lund 1999,
Lund et al. 1999, Lund and Pagliarini 2000,
Stone and Veloso 1998]. RoboCup is a broad
national and international program of research
and education, that has the goal to promote
arti�cial intelligence and intelligent robot re-
search by providing problems to be solved by
the integration of di�erent technologies and the
collaboration of various resources.
During the course contests are realized to test
the performance of the robots. At the beginning
some problems crop up: the robots don't �nd
the ball, the robots aim at the wrong goal, etc.
But most of the students are stimulated by those



Figure 2: Soccer-playing mobile autonomous
robot

problems to extend their work. One approach
to deal with the fuzzy dynamic behavior of the
robots - modelling the robots with fuzzy logic -
is described in the following section.

FUZZY MODELLING OF MOBILE
AUTONOMOUS SOCCER-PLAYING
ROBOTS

Modelling a robot with Fuzzy logic is one ex-
ample of a computer science branch that can be
taught e�ectively by mobile autonomous robots.
Fuzzy statements that are recognized by the stu-
dents during the work with the robots can be
precisely expressed with Fuzzy logic. Fig. 2
shows a soccer-playing LEGO Mindstorms robot
on the playground. While the students work
with the robots they �nd out that the robots do
not move straight forward although both motors
run with the same performance. In this situation
fuzzy logic can be very helpful to solve the prob-
lem. The students learn by means of linguistic
variables of the mobile robot to determine the
membership function of the linguistic variables
and to draw up rules to describe the dynamic
behavior of the soccer-playing robots.
To represent how fuzzy logic can be used in a
control system, in the following an example for
moving a soccer-playing mobile robot based on
LEGO Mindstorms, is discussed. For a brief in-
troduction into fuzzy logic see [Möller 1995].
The position of the robot movement is deter-
mined by some linguistic variables: the direction
angle, denoted asα, the distance from the object,
which is for a soccer-playing robot the ball, de-

Distance x Input variable
RST right side of track toward goal
CT center of track toward goal
LST left side of track toward goal

Table 1: Distance variables

Dir. angle α Input variable
ND north direction toward the goal
ED east direction toward the goal
SD south direction toward the goal
WD west direction toward the goal

Table 2: Direction angle variables

noted as x and the direction of the mobile robot
movement, denoted as β, that is determined by
the angle of the wheels steering position. For
a given initial robot position within the speci�c
area, the soccer playground, the goal for the mo-
bile robot is to move toward the center of the
ball. The desired �nal position is to let the robot
moving the ball on a track toward the goal. α, β
and x are the respective linguistic variables for
this purpose. To each of these linguistic vari-
ables, a set of linguistic values can be assigned
as shown in Table 1, 2 and 3:
As shown in Fig. 3, a range of numerical val-
ues can be assigned to each linguistic value of a
linguistic variable. Each graph, called a mem-
bership function, indicates the degree to which
an input value belongs to a particular linguistic
value. Such a degree of membership ranges from
0 to 1. The value 0 indicates no membership, and
the value 1 represents full membership. Hence a
value between 0 and 1 represents a partial mem-
bership.
The rules have to be de�ned, describing the dy-
namic behavior of the soccer-playing robot. In
general, each rule produces some output linguis-

Wheels angle β Output variable
TR turn right toward the goal
SF straight forward toward the goal
TL turn left toward the goal

Table 3: Wheels angle variables



-15 -7.5 0 7.5 15

0

1 LST CT RST

Distance (x)

0

1

Direction angle ( )a

-15 -7.5 0 7.5 15

0

1 TL ST TR

Front-wheel angle ( )b

ED ND WD SD ED

90 180 270 360
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RST CT LST

ND TL SF TR
ED TL TL SF
SD TR TL TL
WD SF TR TR

Table 4: FAM set of rules

tic values based on some input linguistic values.
In the case of the mobile robot, some of the rules
can be de�ned as
if α = ND and x = LST then β = TR
if α = ND and x = CT then β = SF
if α = ND and x = RST then β = TL.
These rules can be extended to consider all the
possible values for α; thus there will be 12 rules
in all, which can be represented in the fuzzy as-
sociative memory (FAM), shown in Table 4.
For given input values for x and α, the fuzzy-
logic controller can determine an output value
for β. For this purpose, for each input value the
fuzzy controller determines the membership de-
gree of its corresponding linguistic values. As a
next step, for each rule, as shown for example in
Table 4, the minimum of the membership degrees
of its antecedents is chosen as a membership de-
gree for the rules consequent, which is consid-
ered as a weight for the rules consequent. When
there is more than one membership degree for
a consequent, the MAXIMUM operator is cho-
sen for that consequent. Hence the membership

degree is assigned to each linguistic value. If a
crisp output is required from the fuzzy rule base
rather than the fuzzy output set, a process called
defuzzi�cation is used to compress this informa-
tion. The crisp output is generally obtained us-
ing a mean of maxima or a center of gravity de-
fuzzi�cation strategy. The most widely adopted
method for defuzzifying a fuzzy set A of a uni-
verse of discourse Z, is the centroid defuzzi�ca-
tion or center of gravity method, which is based
on the centroid of area zCOA

zCOA =

∫
Z

µA(z)zdz

∫
Z

µA(z)dz
.

where µA(z) is the aggregated output of the
membership function and zCOA is the control
output, which equals the fuzzy centroid of A,
where the limits of integration correspond to the
entire universe of discourse Z of angular values
of the steering wheel(s) velocity values.
The center of gravity method, COG, provides a
weighted average of all linguistic output values.
A simpli�ed calculation is as follows:

COG =

n∑
i=1

ci ∗ Li

n∑
i=1

Li

.

where the Li are the weights of linguistic output
values and the ci are the weighting factors.
As an illustration of the information process be-
tween the fuzzi�cation and defuzzi�cation, Fig.
4 shows the signal �ow through a continuous
fuzzy-logic system using the center of gravity de-
fuzzi�cation method. There exist p multivariate
fuzzy input sets and q univariate fuzzy output
sets.

Example 1: Let the starting point of the mobile
robot be at direction x = -10.0, and the direction
angle α = 90o. For these initial values the mem-
bership degree of the linguistic input values are
for the distance x = −10.0: µRST = 0; µCT = 0;
µLST = 1.0, and for the direction angleα = 90o:
µND = 1.0; µED = 0; µSD = 0; µWD = 0. Com-
bining distance and direction, as shown in the
fuzzy associative memory in Table 4, with the
respective membership degree µi for each rule
consequently results in the membership matrix,
shown in Table 5.
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Figure 4: Information �ow through a continuous
fuzzy system with p multivariate fuzzy
input sets and q univariate fuzzy out-
put sets

RST CT LST

ND 1 0 1
ED 0 0 0
SD 0 0 0
WD 0 0 0

Table 5: Membership degrees for each FAM rule
based on the initial conditions

The system output-value calculation can be eval-
uated by using the center of gravity method, and
the MAX operator, while there is more than one
membership degree. In this formula the maxi-
mum degree of each of the four membership de-
grees is chosen, 1 for TR, and 0 and 0 for ST
and TL, respectively. Based on these degrees we
receive the mobile robot system output value as
follows:

COG =
(20 ∗ 1) + (−20 ∗ 0) + (0 ∗ 0)

1
= 20 .

That is, that the wheels of the mobile robot will
turn right with an angle of 20o. The robot moves
for a short distance and then the process repeats
for the new position.

Example 2: Let the slope of a terrain range be-
tween −45o and +45o, which can be divided into
several memberships in between large negative
and large positive. We will further assume that
the terrain can vary between very rough, rough,
moderate, and smooth, and the output speed of
the fuzzy-logic system may range between 0 and

15 mph, divided into very slow, slow, medium,
fast, and very fast. The rules of the fuzzy-logic
mobile robot system are as follows:
if slope is large-positive and terrain is very-rough
then speed of the robot is very-slow
if slope is large-positive and terrain is rough then
speed of the robot is slow
if slope is large-positive and terrain is moderate
then speed of the robot is medium
if slope is large-positive and terrain is smooth
then speed of the robot is high
if slope is positive and terrain is very-rough then
speed of the robot is slow
if speed is positive and terrain is rough then speed
of the robot is medium
if slope is positive and terrain is moderate then
speed of the robot is slow
if ...

CONCLUSION AND PERSPECTIVE

As shown in this paper soccer-playing robots
can easily be used in education to foster under-
standing and interest in domains such as arti�-
cial intelligence, multimodal systems, engineer-
ing and science. Hence we have used soccer-
playing robots for learning by doing education
of soft computing methods. We have reported
about our experience with fuzzy logic.
Our future work is focused on the expansion
of soft computing methods to soccer-playing
robots based on neural networks, genetic algo-
rithms and image processing. Moreover we plan
to use SONY Aibo robots for comparison the
soft-computing methods of the di�erent plat-
forms with respect to easy implementation, bet-
ter search strategies and adaption to machine
learning. It is planned to report our results at
international conferences and distribute new re-
sults via our website.
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ABSTRACT

In the RoboCupJunior league the robots on the
soccer �eld may use the whole space of the �eld,
but to get good results in playing soccer the crit-
ical element is that the robots should always
know where they are located. Unfortunately a
�eld with color tone is used where it is not pos-
sible to make an approximation of the position
parallel to the goals as long as only light sen-
sors are used. This paper investigates the use
of di�erent �eld patterns in solving a car-park
problem for LEGO Mindstorms robots. Solu-
tions based on guide lines, grid patterns, chess-
boards and color-tones are described, tested and
compared to handle the problem of knowing the
position and orientation of a mobile robot situ-
ated in a structured unstable environment.

INTRODUCTION

Today robots are used in many di�erent sce-
narios. It is the goal of the scientists to im-
prove the methods and techniques, which are
useful to the society (e.g. mine cleaning robots,
Mars-expedition robots, household robots). In
order to advance the research in robotics,
numerous competitions of di�erent categories
take place in the world, in which researchers
present their own approaches. Examples of
such competitions are disciplines in RoboCup.
Each year small robots build for example by

LEGO Mindstorms [Lego Mindstorms WWW]
equipped with di�erent sensors and motors
can be admired in the RoboCupJunior league
[RoboCupJunior WWW].
With LEGO Mindstorms robots di�erent prob-
lems can be solved. Thus a student thesis
[Oelkers 2002] evolved, in which a LEGO Mind-
storms robot should accomplish the following
tasks: First to drive into a car-park and sec-
ond to look for a free space and to park in it.
All this should work based on given landmarks
on the �oor, which have to be recognized by a
photosensitive sensor.

THE ROBOTIC CONSTRUCTION KIT

The most important part of the LEGO Mind-
storms Robotics Invention System is the RCX
unit, a programmable LEGO component, based
on a microprocessor of the Hitachi H8-family
(H8/3292 processor). The programs for the RCX
are written on a usual computer. They will be
transfered via an infrared interface to the RCX,
that also disposes of the following characteristics:
a LCD display for the output of short and simple
information, an integrated speaker to produce
simple acoustic signals, an infrared interface for
communication with other RCX units or a com-
puter, four system timers and a writable memory
of 32KB.

THE PARKING TASK

A robot constructed with LEGO Mindstorms
should be built and programmed in such a way,
that it can cope completely autonomously with
the following tasks (Figure 1). The robot must



Figure 1: A typical situation in a car-park

Figure 2: The robot for the parking task

been able to drive into a parking lot. Before driv-
ing in, the robot must stop and look, whether a
parking lot is free. If a parking lot is occupied,
the robot must recognize this and look for an-
other one. If a parking lot is free, it must drive
in correctly. If both parking lots are occupied,
the robot must drive to the next parking row,
where it has to proceed like before. If the robot
is reaching the end of the parking lot, it must rec-
ognize this: it must not drive beyond this point.
If the end of the parking lot is reached and no free
parking lot was found, the robot must leave the
parking lot. While driving the robot must not
touch or damage another vehicle or drive over
forbidden areas.

EQUIPMENT OF THE PARKING
ROBOT

The parking robot (Figure 2) is a vehicle with
three wheels. Two di�erent motors activate two
parallel wheels. A single wheel which is not pow-
ered serves for the support. The wheels can be
di�erently arranged.
Contact sensors recognize physical contacts,
they know only two conditions: pressed or not
pressed. The robot is equipped with three of

Figure 3: Leading lines for the robot

these sensors, one in the back and two in front,
because the robot should be able to di�erentiate
between left and right side.
Light sensors are active sensors, because they
need energy from the RCX unit. Light sensors
are not able to recognize di�erent colors, they
only measure the intensity of the light. Unfortu-
nately, this type of sensor is easily in�uenced by
other sources of light.
The programming environment used for the
robot was leJOS ("LEGO Java operating sys-
tem"), an implementation of a Java virtual ma-
chine for the RCX unit.

PROPOSALS FOR SOLUTIONS

In this paper a structured unstable environment
is used that is suited to the needs of the robot. It
is su�cient if the robot gets enough information
about the environment to solve its task. For fur-
ther information on environmental modulation
see [Nehmzow 2000][Dudek and Jenkin 2000].

Guide Lines
The vehicle should drive on a grey line (Figure
3). Circles on the �oor mark the individual land-
marks, i.e. the individual parking spaces, that
the robot must recognize. The robot should be
limited in its freedom of movement as far as pos-
sible. Only those places which serve the pur-
poses of the task should be reachable. In case
of leaving the grey line, a control routine must
be activated immediately, which leads the robot
fast and easy back to the grey line. With this
behavior, it is guaranteed that the vehicle drives
straightforward and remains strictly on the way
which leads to the individual destinations.
Problems



There are some problems, that occur with the
lines approach:

• unevenness of the �oor and thus wrongly no-
ticed brightness

• because of too many "IF instructions" the
measurements become more unreliable be-
cause they take place more irregularly

• landmarks for park row recognition are
sometimes counted double or not at all

• re�ectors are not always recognized

Advantages
To drive a vehicle on a given line can be com-
pared with usual rail guidance. Without dirt
on the guidelines, which would disturb the data
taken up of the light sensor, it is very sure that
the vehicle does not leave the way. The danger
to drive over forbidden lines or bump against an-
other parking vehicle is relatively small. Addi-
tionally the software is more or less easy to im-
plement. The equipment with sensors is limited
to a minimum. Thus, the vehicle can be guided
quite simple. All tasks are actually ful�lled.
Disadvantages
As surely and reliably this approach of the solu-
tion works and as easily it is implemented, it is
extremely in�exible. If two vehicles meet on the
center line, it is not possible for them to avoid
each other. The robot in this experiment has to
leave the parking lot in order to make place for
the other vehicle. Additionally the robot cannot
drive around obstacles. The robot is practically
joining with the line and cannot deviate from
it. A possible solution would be to provide two
additional leading lines which run alongside to
the left and right of the main line. In order to
avoid another vehicle, the robot can look for the
guideline on the right side and evade to it, while
the other vehicle evades to the other side. After
this manoeuvre both robots go back to the main
leading line.

Grid Pattern
Now the entire �oor, on which the robot moves
around, is �lled with a grid (Figure 4), so that
the soil consists of many squares equal in size.
The idea is to use the individual small boxes as
indication for coordinates. Each box stands for
two values. The �rst value describes the distance
to the left, the second value the distance to the

Figure 4: The grid on the �oor with x- and y-axis

bottom edge of the �eld. If the robot counts each
crossed line it always knows at which place (in
which square) it is. This solution is substantially
more �exible. It permits the robot to execute
more manoeuvres. Additionally the lines serve
the robot to navigate straightforward. In order
to di�erentiate the horizontal lines from the ver-
tical ones, they have di�erent colors. The lines
parallel to the x-axis are darker, the ones parallel
to the y-axis are brighter than the �oor.
Problems
There are some problems, that occur with the
grid approach:

• lines are not always recognized reliably and
therefore x- and y-values are not always cor-
rectly

• 90◦ turns with a su�cient result are very
hard to implement; the robot turns too far
or not far enough and therefore leaves its
way

Advantages
The vehicle can move more freely and more �exi-
bly than in the line approach. If the robot leaves
a grid line it will immediately look for a new line
by itself. Avoiding another vehicle is relatively
simply. Special landmarks are not needed. Only
a grid pattern on the �oor and the knowledge
of the starting point are necessary to navigate
the robot. Only two di�erent colors are used
in order to distinguish the x- and y-coordinates.
Thus, errors by unwanted false values are pre-
vented completely.
Disadvantages
The software becomes more complex. If the
robot makes an error counting the lines (which
often happens during turns) it has no possibility
to correct it. The robot looks on his x- and y-
values to discover a parking lot. If the values do



Figure 5: The chessboard on the �oor

not correspond with reality, the robot will stop
in the wrong place. The further a park row is
away, the more likely it is to have a miscount.
The rotation is particularly incorrect. During
avoidance of another vehicle, a robot must turn
four times. Failures with each turn sum up, so at
the end the result is rather dissatisfying. Driving
parallel to the y-axis and driving parallel to the
x-axis must be treated di�erently. Although the
grid works with only two colors (grey and silver),
in reality three colors are used, since the �oor has
the color white. Therefore the robot has to rec-
ognize three colors to be able to distinguish the
�oor from a silver or a grey line.

Chessboard
In this approach the robot should move over a
black and white tiled �eld. The two colors se-
lected for the tiles are not important, as long
as the light sensor of the robot can clearly dif-
ferentiate between them (Figure 5). With the
help of the small boxes, the robot is able to
move with the same �exibility like in the grid
approach but with a better accuracy. The chess-
board �eld seems to be very similar to the grid
pattern but there are a few fundamental di�er-
ences: The chessboard �eld operates with only
two colors which makes the distinction safer and
faster. In addition, a square is completely �lled
out with a color. There are no thin lines, only a
special �oor color. Hence the risk that a square
is not recognized due to irregular measurements
is reduced.
Problems
The following problems occur with the chess-
board approach:

• the robot drives straight diagonal lines over
the �eld instead of straightforward

Figure 6: The color tone on the �oor

• during a turn of 90◦ to the left or right very
often incorrect results arise

• other vehicles are not always recognized re-
liably

Advantages
In the chessboard approach only two colors are
used. Regardless of the direction the robot is
driving, it can always use the same routine. A
single method is su�cient to realize all rotations.
A diagonal line (45◦ angle) is reliably possible.
Disadvantages
Rotations remain to be a problem. They are not
always completed reliably. That is because of the
fact that the robot is shifted a little bit when it is
stopped before a rotation. Thus the radius that
the light sensor pulls over the tiles can be shifted
easily so that the number of color changes vary.

Color Tone
The fourth solution consists of a �eld with a color
tone. As shown in Figure 6, the �eld is painted
with a color tone parallel to the y-axis. The
color tone runs from dark grey to white. Par-
allel to the x-axis four black lines are painted,
which have an approximate thickness of 1.5 cm.
They serve as park row marks and can also help
the robot during the drive-in. At the end of the
line another mark must exist, which highlights
the end of the parking lot. These end marks are
made with silver strips. The idea is the follow-
ing: the robot needs only one sensor to measure
the hue of the �oor. As long as it is searching for
a parking lot, it may drive only straightforward,
parallel to the y-axis. With the help of the color
tone, this is simply possible. The robot has to
be programmed in such a way that it may drive
only on a certain color brightness. The values de-
pend on the �eld and can only be evaluated by



tests. If a color which is not permitted is read
the robot must correct its way immediately. The
color lines, which mark the parking lot, are of
lower intensity than the lowest value of the color
tone. Therefore the lines can always be clearly
identi�ed. Thus a good orientation seems to be-
come possible along the x-axis.
Problems
There are some problems, that occur with the
color tone approach:

• the color tone is not continuous; sometimes
brighter or darker values are taken on the
same parallel

• the sensor data of the light sensor is quite
unreliable, since it depends on the battery
power

The main problem is the bad color tone on the
�oor. The robot does not really drive between
two invisible leading lines. Sometimes it corrects
the driving direction, while it does not behaves
like this a few millimeters later. Because the in-
terval of the permitted values is very small little
deviations are fatal. Maybe this problem can be
reduced if a color tone with a stronger gradation
would be provided. The more clearly the grada-
tions on the �eld can be recognized by the robot
the more accurately it can move.
Advantages
A small number of landmarks is needed to mark
the parking rows. The color tone alone gives
the robot the information in which x-position it
is. Inaccuracies of the measurements have only a
small e�ect on the process. The best advantage
is the simplicity of the algorithm. It requires
only small adjustments and tests until the robot
supplies satisfying results.
Disadvantages
Exact positioning along the y-axis is not pos-
sible. The positioning at the x-axis is possible
but not as exact as in the two previous solu-
tions. Compared to the other approaches the
robot is more �exible while moving on the �oor.
In contrast to the other approaches in this solu-
tion avoiding is possible within the parking lot,
but the danger to over-drive a line or to push a
parking vehicle is very big. Avoiding another ve-
hicle is still di�cult to accomplish. However test-
ing generates extremely unwanted results. Most
likely the color tone must be of better quality.

Comparison Of The Di�erent Methods
Of Orientation
After adjustment and correction each method
was tested 100 times counting the errors. An
error occurred when the robot got o� its ac-
tual line, a turn was dissatis�ed, a marking was
overlooked or counted twice and some other er-
rors. On the basis of these results the di�er-
ent methods were evaluated. It is interesting
that the simplest solution (the latter) showed the
most reliable results. The more complex solu-
tions had to cope with substantially higher er-
ror rates. Most errors that appeared with the
�rst and the last solution could be repaired with
small adjustments of the algorithm, so that they
worked nearly free of errors. Unfortunately the
grid pattern and the chessboard showed a sub-
stantially higher error rate. On the grid pattern
the turns were very unreliable. Possibly another
algorithm could give better results. However the
selected light sensors did not meet the demands.
The measured light values were unreliable and
not very di�erentiated. The most signi�cant
problem on the chessboard was that the vehicle
counted markings double or not at all. In this
case a marking was a change between black and
white. Furthermore the robot often got of the
way. It drove straightforward but changed the
trace sometimes, so that the x-coordinate was
not correct any longer. This had consequences
on the parking. The vehicle stopped too early or
too late. Finally it can be said that the solution
with the chessboard showed the highest number
of errors. On the other hand it was very �exible.
When the vehicle got o� the way during the ex-
perimental phase of the guide line method it did
not �nd the way again. On the chessboard and
on the grid pattern the robot adjusted itself back
to the right path again. The idea of the chess-
board approach is certainly improvable. More
exact positioning would be possible with a bet-
ter control algorithm and better sensors.

CONCLUSION AND PERSPECTIVE

Each solution in robotics has its individual ad-
vantages and disadvantages. It is important to
consider in which scenario a solution is needed.
The main problem of the study was that the
robot should drive autonomously without human
help over the �oor. The di�erent solutions can
be evaluated from di�erent points of view. If one



would create a real world parking system, then
the line approach would be preferred although it
is very in�exible. However it is very reliable and
simple. There are only several places on which
the vehicle may be located. A chessboard or a
grid pattern would not add advantages. In the
opposite these approaches are more error-prone.
But in a real world parking lot errors are not ac-
ceptable. This is di�erent on a soccer �eld: the
robots may use the whole space of the �eld. For
playing soccer an accurate location is less impor-
tant than �exible driving. In this case the solu-
tions of the grid pattern or chessboard are more
suitable. Unfortunately in the RoboCupJunior
league a �eld with color tone is used. It is not
possible to make an approximation of the posi-
tion parallel to the goals. On a chessboard this
problem is not given. Both x- and y-coordinates
can be determined. To avoid that errors sum
up, special control places should be painted. If
a robot crosses this �eld, it corrects its x and
y-values. Other applications would be in the in-
dustry. Here robots are used to carry loads from
place A to place B. If the �oor would be tiled
like a chessboard, then a transport to any place
would be possible. In this case, a grid pattern or
a chessboard would be quite conceivable.
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ABSTRACT 
 
Since several years,  the authors suggests that the de-
velopment and publication of a Model Curriculum for 
MS programs in Modeling and Simulation would faci-
litate the development of such programs. This paper 
presents a first draft of a Model Curriculum developed 
on the basis of a recent published textbook of Mathe-
matical and Computational Modeling and Simulation 
at the University of Hamburg (UHH), Germany and 
the California State University, Chico (CSUC). The 
aim of the draft is to stimulate further discussion in the 
M&S community with the goal of arriving at a 
generally acceptable outline that can serve as a 
guideline for new Modeling and Simulation programs. 
 
 
1 INTRODUCTION 
 
      As the demand for Mathematical and 
Computational Modeling and Simulation professionals 
continues to increase, much attention has been focused 
recently on what constitutes a proper educational 
preparation for a career in Mathematical and 
Computational Modeling and Simulation. At the 
Western Simulation Conference in 2000  (WSC 00) 
Dr. Roy Crosbie proposed the development of a Model 
Curriculum for a MS degree in Modeling and 
Simulation (M&S) to assist schools planning new 
programs in the field. This suggestion was based on 
experience in the 1980s of developing a new BS 
program in Computer Engineering, a task that was 
greatly facilitated by the availability of a model 
curriculum for Computer Science and Engineering 
(CSE) published by IEEE-CS and ACM. 

The task of defining a curriculum for a MS degree 
in Mathematical and Computational Modeling and Si 
mulation is particularly difficult, partly because M&S 
is normally not seen as a discipline in its own right in  

most universities. It is usually regarded as a fragmen-
ted subject with concepts in a range of disciplines in-
cluding, but not necessarily restricted to computer sci-
ence, various engineering disciplines, mathematics, 
business, natural and physical sciences, medicine, 
pharmacy and social sciences. Furthermore, the range 
of applications of M&S is so wide that almost any uni-
versity department could possibly offer a course on 
M&S applied to it’s particular discipline. This results 
in a situation in which course offerings relevant to 
M&S, and that might be included in an M&S degree 
program, tend to be scattered throughout the universi-
ty, with no central responsibility for M&S as a disci-
pline. 

A recent White House report identified computa-
tional modeling and simulation as one of the key 
enabling technologies of the 21st century. Its applica-
tion is universal. 

One way of handling this various individual cour-
ses will go through departments of interdisciplinary 
degree, which is the mechanism currently used at US 
universities, which can offer a flexible MS in Interdis-
ciplinary Studies (MSIS) that allows a student, with 
faculty support, to devise a program of study from the 
course offerings of multiple departments that can 
address specific academic goals not provided for in the 
regular graduate programs of the university. The MSIS 
in Simulation Science at CSUC requires 9 semester 
units (3 courses) of M&S fundamentals covering 
methodology and tools and techniques, and a project 
of at least 3 units on a topic related to M&S. The 
student selects the remaining courses without specific 
restrictions as to department or discipline as long as 
they conform to the student’s academic goals and 
receive faculty approval. In comparison to the CSUC 
model at UHH students enrolled in Computer Science 
or Engineering can select special courses on Modeling, 
Simulation and Optimization, each of which have 3  



credit units, as well as specific seminars and projects 
on M&S topics. 

Another approach is for universities to combine 
forces, and UHH and CSUC are also pursuing this 
route in a consortium of 3 European and 3 US univer-
sities that are together running an international gradu-
ate program in M&S making use of on-line based 
course material, faculty exchange and student exchan-
ges in order to broaden the base of M&S courses avai-
lable to students from a particular campus. The basis 
for such a graduate program in M&S is based on the 
textbook “Mathematical and Computational Modeling 
and Simulation: Fundamentals and Case Studies” 
published by Springer Pub. Heidelberg. 
        Some choices have been made in selecting the 
material of this book. First the methodology of mathe-
matical and computational modeling is described, be-
cause this represents the largest portion of system ana-
lysis. In addition, the mathematical background descri-
bing real-world systems is introduced on a basic level 
as well as on a more advanced one and its correspon-
dence with the respective modeling methodologies. 
Second the most interesting simulation software sys-
tems at the language and logic level are described, as 
well as their use in several case study examples. 
However, a textbook can not describe all available si-
mulation software systems in detail, for this reason 
students are referred to use the specific written materi-
al such as textbooks, reference guides, user manuals, 
etc., as well as the web based information addressed to 
the several simulation software systems. Thirdly, an 
algorithmic approach to ill defined and distributed sys-
tems based on the respective mathematical frame-
works are introduced. 
        The purpose of this book is to expose undergra-
duate and graduate students to the use of mathematical 
and computational modeling and simulation as a basis 
for developing an understanding of the response cha-
racteristics of a broad class of real-world systems. 
Mathematical and computational modeling is based on 
systems theory as a mathematical form of represen-
tation while building models of  real-world systems. 
The simulation methodology behind is used for a 
better understanding of the time dependent transient 
behavior of the complex models developed, which are 
in relation to the continuous-time and discrete-time 
description. The subject matter of the textbook can be 
considered to form an introduction to the methodology 
of mathematical and computational modeling of real-
world systems, as well as into simulation software 
systems, to gain experience, which result from the 
different application domains introduced as case study 
examples in this book. 
      The nature of the material in the book can be seen 
more or less difficult, if the reader is new to such ap-
proach, which also is due to the fact, that mathematical 

and computational modeling and simulation is a multi-
disciplinary domain, founded in computer science, 
engineering, mathematics, physics, chemistry, biology, 
life science, etc. The material may not be read and 
comprehended either quickly or easily. This is why 
specific case study examples, from the various disci-
plines, have been embedded due to the related topics 
of system theory representation of the material, to 
master the material, at least for most individuals of the 
several scientific disciplines. It is assumed that the rea-
der has some previous background in mathematics 
through calculus, differential equations, Laplace trans-
forms, and matrix fundamentals. The most common si-
mulation software systems will be introduced and their 
performance will be discussed based on several case 
study examples. But real-world systems often are ill 
defined and the important parameters which should be 
known for modeling may not be known and/or not 
measurable, which call for parameter identification 
methods to estimate unknown parameters. Moreover, 
virtual reality and soft computing methods show up re-
cently which are now are being add on as part of the 
methods used for modeling and simulating real-world 
systems, which are used for the respective examples 
and case studies. 

Whatever the administrative basis for a graduate 
program in M&S, it can only be helped by the avai-
lability of a set of generally agreed guidelines on the 
structure and composition of the degree. Having said 
this, it is important that the guidelines should be ca-
pable of flexible interpretation, avoiding a “one size 
fits all” approach. This was achieved in the CSE 
guidelines by specifying course content in the form of 
subject areas rather than complete courses. This allows 
the program developers to mix and match different 
subject areas to produce individual courses that best fit 
the needs and resources of a particular institution. As 
long as the mix of courses provides for all of the sub-
ject areas that are required, and adequately provides 
for those that are optional, the program conforms to 
the guidelines.  

 
 

2 COMPONENTS OF THE M&S DEGREE 
 
The referenced WSC 00 paper of Dr. Roy Crosbie 
(Crosbie, 2000) recommended that the M&S degree 
contain the following four major components:    

• Fundamentals of M&S;  
• Simulation Tools and Techniques;  
• Applications of M&S;  
• M&S Project.  
This initial draft assumes an MS program of 30 

semester units (equivalent to approximately 10 semes-
ter courses). Students entering the program are assu-
med to have an adequate background in basic topics in 



computer science, mathematics, physics and their pri-
mary BS discipline.  

Although the guidelines do not prescribe the 
number of units to be allocated to each of the above 
areas, it is recommended that at least two courses (6 
semester units) be allocated to each of the first three 
areas and 3 semester units to the project. This accounts 
for 21 units and leaves 9 units (3 courses) at the 
discretion of the program or for use as electives. 
        Henceforth the textbook covers the previous men-
tioned scopes due to the content and time schedule. It 
can be used in courses in various ways. It contains 
more material than could be covered in detail in a 
quarter-long (30-hour) or semester-long (45-hours) 
course, leaving instructors with the possibility of 
selecting their own topics and add on own case study 
examples. Sections denoted with an asterisk report on 
advanced topics and can be skipped in a first reading 
or in undergraduate courses. Moreover, it covers the 
fundamentals of M&S, as well as simulation tools and 
techniques, applications of M&S and several M&S 
projects, introduced as case study examples for the 
variety of M&S application domains.  

The book can also be used for self-study or as a 
reference for graduate engineers, scientists and 
computer scientists for training on the job or in 
graduate schools. 
 
 
3 DETAILS OF PROGRAM CONTENT 
 
The four Subject Areas (SA) for a MS in M&S are as 
follows: 
 
1. SA1: Fundamentals of Modeling and Simulation 
2. SA2: Tools and Techniques for Modeling and 

Simulation 
3. SA3: Applications of Modeling and Simulation 
4. SA4: Modeling and Simulation Project 
 
        Each subject area is divided into a number of sub-
areas. Each sub-area can be regarded as the basis for a 
single course, part of a course, or even more than one 
course. Topics can be taken from different sub-areas 
and combined to form a course and the topics in a given 
sub-area may be distributed between different courses. 
The aim is to produce a general topology for the 
material that should fit into the course content of the 
actual degree program. Because of the wide variety of 
simulation applications, as covered by the textbook, it is 
likely that individual programs will emphasize different 
aspects of the material, and may find it necessary to 
include additional material. 
     We make no claim that these subject area 
definitions are complete. They are merely offered as a 
starting point for discussion and elaboration. We 

would welcome all comments, both positive and 
negative, including suggestions for alternate ways of 
arriving at a set of guidelines that are both sufficiently 
prescriptive to provide positive guidance to program 
developers and sufficiently flexible to avoid undue 
restrictions on the development of innovative 
programs in an area that has so many facets and multi-
disciplinary aspects. 
 
 
4 CONCLUSIONS 
 
A first version of a model curriculum for a graduate 
degree in Modeling and Simulation is proposed. We 
hope that this can be used as a basis for wide-ranging 
discussions that will lead to a published version 
sponsored by interested professional bodies such as 
ACM, SCS and IEEE-CS. 
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Abstract. We briefly introduce  the methodology 
of virtual reality as a framework for surface recon-
struction based on morphing. Henceforth the  scope 
of our work should give a deeper insight into com-
plex research work showing the power of deform-
able models, as part of morphing, in a virtual reality 
framework in the spacious areas of the geological 
application domains. Based on that facts we will 
give a case study examples of virtual reality appli-
cation  in the field of applied geotechnology. Cur-
rently we are working on other applications of 
morphing  in geology. 

1. Virtual Reality applied to geology  
Applying the virtual reality methodology to the 
geological  domain could be stated as combining 
distributed virtual environments, in order to support 
collaboration among team members working with 
space distance, developing plans and procedures, 
doing measurements and data processing in geo-
logical  procedures, research projects, geo-techno-
logy oriented support systems development and 
evaluation etc. in order to attempt to manage new 
investigations and organizations in a collabora-
tively manner, as it is needed in global as well as 
international project development. 
 

One of the most interesting new paradigms in 
virtual reality methodology in this domain is that 
three dimensional representations are not only the 
lonely possibility of a setting. 

 
Many virtual applications in geology, if not al-

ready now, will in future make use of specific gra-
phics. The virtual domain will be visualized in 
space, which means in terms of three dimensions, 
and time. People in charge with virtual reality in the 
geological domain are able to interact with space 
and time, e.g. like walking through the water and 
wastewater underground infrastructure for inspec-
tion of safety and security at the walls intima, or 
interacting with other geological disciplines for 
consultancy through a graphical user interface in 
the manner of computer supported cooperative 
work, as well as designing the plastic view of sus-
tainable interventions in underground infrastruc-

ture. The interweaving of functionality, distribu-
tion, efficiency, and openness aspects is very no-
ticeable in computer graphics. The virtual space is 
graphically visualized flamboyance and for the 
most part the people in charge with the virtual 
space application domain should see the same im-
age.  

 
Therefore, for virtual reality applications, a 

three-dimensional, multi-user virtual reality tool for 
the geological application domain as been devel-
oped, consisting of the following main components: 

 
• space ball and cyber gloves for tactile interac-

tion in virtual space 
• head mounted devices for visual interaction in 

virtual space 
• 3-dimensional geometric body creation and 

motion methodology  for  ”virtual space feel-
ing” capability 

• 3-dimensional visual interactive system for 
definition, manipulation, animation and per-
formance analysis of geological geometric bod-
ies 

• object oriented data base for efficient data man-
agement in virtual reality applications 

• hardware for the power of computing in space 
and time 

• objects organization into inheritance hierarchies 
for virtual reality system transparency 
 
When geological objects are created, they in-

herit the properties and verbs of their ancestors. 
Additional verbs and properties as well as speciali-
zations of inherited components may be defined to 
give the new object its unique behavior and appear-
ance. 

 
Based on that assumptions a virtual reality 

simulator for the geological application domain has 
been build up. 



2. Morphing as basis for Visualization 
in Geology  

The presentation of process states is of impor-
tance, which has to be realized time dependent, 
bringing together real scenarios as well as virtual 
scenarios of the geological project  under realiza-
tion as real research project, in order to find out e.g. 
optimal geometries, based on Non Uniform Ra-
tional B-Splines (NURBS). 

 
This special kind of B-Spline representation is 

based on a grid of defining points Pi,j, which is 
approximated through  bi-cubic parameterized 
analytical functions. 
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This method allows to calculate the resulting 

surface or curve points by varying two (surface) or 
one (curve) parameter values u and v of the interval 
[ 0,1 ], respectively, and evaluating the correspond-
ing B-Spline basis function Ni,p. 
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As the parameter values u and v can be chosen 

continuous, the resulting object is mathematically 
defined in any point, thus showing no irregularities 
or breaks. 

There are several parameters that adjust the ap-
proximation of the given points and thus changing 

the look of the geological object under test (de-
scription), hence, if needed, interpolation of all 
points can be achieved. 

 
First of all, the polynomial order describes the 

curvature of the resulting surface or curve, giving 
the mathematical function a higher level of flexibil-
ity. Second, the defining points can be weighted 
according to their dominance in respect to the other 
control points. A higher weighted point influences 
the direction of the surface or curve more than a 
lower weighted. Further more, knot vectors U and 
V define the local or global influence of control 
points, so that every calculated point is defined by 
smaller or greater arrays of points, resulting in local 
or global deformations, respectively. 

 
NURBS are easy to use, as modeling and espe-

cially modifying is achieved by means of control 
point movement, letting the user adjust the object 
by simply pulling or pushing the control points 
(Figure 1). 

 

 
 

Fig. 1 Modeling and modification of a NURBS 
surface 

 
Based on these concepts a methodology to in-

terpolate a given set of points, for example the 
results of scanned data  of  application domain 
surface measurements, has been developed. Huge 
sets of scattered data points of a geological object 
are used to generate the resulting object, outgoing 
from the very simple geometric object of a cylinder. 

 
      Using multiple levels of surface morphing, this 
multi level B-Spline Approximaton (MBA) adjusts 
a predefined surface, i.e. a flat square or a cylinder. 
Constraints like the curvature or direction at special 
points can be given and are evaluated within the 
algorithm. 
 

Based on OpenGL, a quasi standard for three 
dimensional modeling and visualization, we are 
able to create geometric medical bodies of every 
shape and size and move them in real time. 



3. Deformable Models in Geological 
Surface Reconstruction 

Mathematically geometric (geological) subjects can 
be interpreted as embedded contour within an im-
age plane  

 
( x,y ) ∈ ℜ2 

 
of a virtual reality framework concept. The contour 
itself can be assumed as  
 

∃ ( s ) = ( x( s ), y( s ) )T 
 

where x and y are the coordinate functions and s ∈ 
[ 0,1 ] the parametric domain. The shape of a con-
tour subject to an image I ( x,y ) can be described 
[McInerney et al., 1999]  by the functional  

   
ℑ ( ∃ ) = Ε ( ∃ )  + Γ ( ∃ ) 

 
The functional given above can be interpreted 

as representation of the energy of the geological 
contour. Hence the final shape of this geological 
contour corresponds to a minimum of energy. Due 
to that the first term of the functional given above 
can be introduced as internal deformation energy  

 
Ξ ( ∃ ) =  0 ∫1 Λ1 (s)  δ∃/δs2 +  Λ (s) 

δ∃2/δs22 δs. 
 

This equation describes the deformation of a 
stretchy, and flexible geological contour, with Λ1(s) 
as tension of the geological  contour and Λ2 (s) as 
rigidity. 

 
In accordance with the calculus of variations, 

the geological contour ∃ ( s ) , which minimizes the 
energy ℑ ( ∃ ) must satisfy the Euler-Lagrange 
equation [McInerney et al., 1999] 

 
- δ/δs ( w1* δ∃/δs) + δ2/δs2 (w2* δ2∃/δs2) + 

∇P(∃(s,t))=0 
 

The vector partial differential equation, intro-
duced above, describe the balance of internal and 

external forces when the geological contour rests at 
equilibrium. Therefore the first two represent the 
internal stretching and bending forces respectively, 
while the third term represents the external forces 
that couple the contour to the image data. 

4. Conclusions 
The potential of virtual reality is huge. We only 
scratched the surface of this important area due to 
the geological application domain. The potential of 
morphing contains an incredible number of solu-
tions to different problem depending domains.   
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Abstract. The paper presents the application of soft 
computing methodology in medicine. Applied to 
micro array data analysis one may introduce soft 
computing as part of sensitive networks and classi-
fiers. While sensitized nets enable the conditioning 
of case study specific classifiers, scientists are able 
using specific linguistic IF-THEN rules to create 
appropriate fuzzy sets, that can be helpful for use in 
micro array data analysis. Henceforth, scientists 
will be empowered handling this classifiers in situ, 
phased to their measuring equipment and/or case 
study specific parameters, under case investigation. 
 
 
1.   Introduction 

 
We live in a world of an imposing complexity and 
variety, a world where events more or less never re-
peat exactly. Human-world interaction based on a 
scientific approach seems to have a normalisation 
in models, an abstract representation, as a powerful 
tool to understand real world phenomena. There-
fore a big part of scientific work consists in formal-
ization, which yields models of real world systems 
studied. This task clearly is scientifically oriented, 
in the sense to gain sufficient understanding of real 
world phenomena, generating respective represen-
tations, based on experiments and observations. 
Because the scientist attempts to create representa-
tions and laws that formalize verified hypothesis 
concerning real world phenomena.  

The formalizations are only useful if they suc-
ceed in seizing the essential features of the real 
world. They permit extrapolation, that allows to 
generalise, often correctly, from past experience to 
future events from which we can learn how the real 
world system can be manipulated for own purposes, 
which is a kind of uncertainty. In our world which 
is more or less precise understandable or predict-
able, we are more conscious of uncertainty, that 
appears in form of imprecision, vagueness and ill 
defined, ill separable, and doubtful data. For this 
kind of uncertainty, or better soft information, we 
have to learn to understand the intrinsic systems 
dynamic. 

Keeping formalizations running or doing extra-
polation, deals with effectively information proc-
essing, which is a task, done by computing machi-
nes, has been directly introduced as a suitable tool 
of the scientific approach. But using non-precise in-
formation, which is called soft information, e.g. the 
blood pressure is lower than normal, represented by 
linguistic terms such as low, high, small, medium, 
large, big and so on, needs a specific form of com-
putation, which is called soft computing. Soft com-
puting, deals with fuzzy sets, neuronal nets, genetic 
algorithms, evolution strategy, probabilistic meth-
ods etc. Usually, these approaches in uncertainty, 
combining soft information with conventional sci-
entific methods in a so called ad hoc manner, can 
be investigated using computation to show the vali-
dity of the approaches in relation to the specific 
case study. Therefore, during the past years, proc-
essing of uncertainty or soft information processing 
had been applied by different disciplines for a large 
variety in formal representations in the several sci-
entific application domains. Applying soft comput-
ing techniques for those formalizations, one can im-
part an understanding that the formalization itself 
can not provide. Because soft computing is a col-
lection of methods which can be expressed in terms 
of algorithms, belonging to the respective disciple-
nes, that has been proved to be of vital importance 
to progress in all fields of endeavor. 

Applying soft information in formalization of 
complex non-linear real world systems may call for 
the integration of soft computing system correspon-
dings such as fuzzy sets or neuronal nets, to meet 
the challenge modeling complex non-linear dy-
namic systems. 

In general, the common problems arising from 
formalization in science, and especially the possi-
bility of applying in a wide range of scientific re-
search the same methods while solving problems, 
has improved the co-operation between different 
disciplines and removed the rigid barriers of the 
past between them. However, although it seems that 
engineers and scientists, like physicians, will have 
the same goals in studying their systems. But there 
is still an essential difference between them, for-



malizing a real world research problem. For in-
stance, the engineer is interested in system formal-
ization reflecting normal operating conditions. His 
aim is to use the model in case of normal operating 
conditions, e.g. for optimized system control, or at 
least to keep it in a relative close vicinity of safe 
operating conditions and avoid the danger resulting 
from the formalized system running out of control. 
Anyhow there is no outstanding interest for engi-
neers formalizing plants behavior outside its allo-
wable operating conditions range. 

In contrast, the scientist, like the physician, is 
not solely interested in formalization a real world 
problem under normal conditions. He would prefer 
that the formal description adequately describes the 
systems un-nominal behavior, i.e. the systems be-
havior outside of normal limitations, like pathologi-
cal states in case of hypertension versus normoten-
sion, or gene expression analysis in relation to the 
type or growth of a tumor, and there are serious li-
mitations. But engineering techniques dealing with 
uncertainty are sometimes as much statements com-
parable to cognitive and linguistic sciences as they 
are about engineering, and hence they are compara-
ble to science, like medicine. 

In practice, the formalization of models itself is 
an iterative process, consisting of measurements at 
the real world system –if possible–, and computing 
strategies by changing the structure of the formal 
description in an effort to closely match the com-
plex dynamic systems behavior. The computing 
strategy may be based on the category in the nearest 
neighbor sense, if the adapted representation is clo-
se enough to the previous one. In fact the formal-
ization has served its purpose when an optimal ma-
tch is obtained between computed results and data 
obtained from the real world system under test.  

Soft information processing generate the basic 
insight that categories are not absolutely clear cut, 
they belong to lesser or greater degree to that cate-
gory. Hence soft computing systems break with the 
tradition, that real world phenomena can be precise-
ly and unambiguously characterized, which means 
divided into categories, and then manipulated ac-
cording to precise and formal rules. From the ma-
thematical point of view soft computing means 
multi-valuednes or multi-valence. Logical parado-
xes and the Heisenberg uncertainty principle led to 
the development of multi-valence, and in the 1930s 
quantum theorists allowed for indeterminacy by in-
cluding a third truth value in the bivalent logical 
framework. Systems scientist Zadeh in 1965 intro-
duced the term fuzzy into the technical literature, 
and inaugurated a second wave of interest in multi-
valued structures –from systems to topologies–  ex-
tending a bivalent indicator function iA of non-
fuzzy subset A of X to a multi-valued indicator or 

membership function mA: X→[0,1]. This allows to 
combine multi-valued or fuzzy sets with point-wise 
operators of indicator functions for the large variety 
of fuzzy systems. 

 
2.   Soft Computing Systems 

 
Soft computing systems is a name for systems with 
directly relationship to soft computing concepts like 
fuzzy sets, neuronal nets, genetic algorithms etc. 
The soft computing concepts based on fuzzy sets 
can be classified into pure fuzzy systems, Takagi 
and Sugeno fuzzy systems and fuzzy systems with 
fuzzification and defuzzification. 

 
2.1  Pure Fuzzy Systems 
 
The basic configuration of a pure fuzzy systems is 
based on a fuzzy rule base that consists of a collec-
tion of fuzzy IF-THEN rules, and the fuzzy infe-
rence engine that uses these fuzzy IF-THEN rules 
in order to determine a mapping output universe of 
discourse U ⊂ Rn to fuzzy sets in the output uni-
verse of discourse V ⊂ R based on fuzzy principles. 
Fuzzy IF-THEN rules are of the following form: 
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where Fi

(k) and G(k) are the respective fuzzy sets, x 
= (x1,...,xn)T∈ U and y ∈ V are input and output 
linguistic variables, respectively, and k = 1,2,...,m.  

Each fuzzy IF-THEN rule defines fuzzy set F1
(k) 

x...x Fn
(k) → G(k) in the product space  U x V. Let A 

be an arbitrary fuzzy set in U, then the output de-
termined by each fuzzy IF-THEN rule of equation 
(1) is a fuzzy set A o R(k) in V whose membership 
function is 

 
µA(k) o R(k) (µ) =  
sup x µU [µA(x) * µF1

(k) x...x Fn
(k) --> G(k) (x,y)] (2)                             

 
with * as operator such as MIN, MAX, PRODUCT, 
or others. µA is used to represent the membership 
function of a fuzzy set A.  

The final output of a pure fuzzy system is a fuz-
zy set A o (R(1),...,R(l)(k)) in V, a combination of 
the respective fuzzy set. Hence a pure fuzzy system 
constitutes the essential part of fuzzy systems as a 
general framework in which linguistic information 
is quantified and fuzzy principles are used to realize 
systematic use of linguistic information. 
 
 



2.2  Takagi and Sugeno Fuzzy System 
 
Instead considering fuzzy IF-THEN rules in form 
of equation (1), Takagi and Sugeno in 1985 propo-
sed using fuzzy IF-THEN rules in the form: 
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where Fi

(k)are fuzzy sets, ci are real-valued parame-
ters, y(k) is the Takagi-Sugeno fuzzy system output 
due the rule L(k), and k=1,2,...m. That is, they con-
sidered rules whose IF part is fuzzy but whose 
THEN part is crisp. For a real-valued input vector 
x=(x1,..., xn)T, the output y(x) of Takagi and Sugeno 
fuzzy systems is a weighted average of y(k): 
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where weight w(k) implies the overall truth value of 
the premise of rule L(k) for the input and is calcu-
lated as 
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which is shown in the following representation. 
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A neural net consists of  input variables and weigh-
ting factors, activation layers and output variables. 
The physiological pendant of the inputs are the 
dendrites as part of the anterior motoneurons ex-
tend for one-half to one millimeter in all directions 
from the neuronal soma. Therefore, these dendrites 
can receive signals from a fairly spatial area around 
the motoneuron. This provides vast opportunity for 
summation of signals from many separate pre-
synaptic neurons. The weighting functions physio-
logical pendant are the synapses. The synapse could 
be interpreted as the juncture between one neuron 
and the next, based on three major parts, the soma, 
which is the main body of the neuron; a single 
axon, which extends from the soma into the periph-
eral nerve; and the dendrites, which are thin projec-
tions of the soma that extend up to one millimeter, 
into the surrounding areas of the cord. The output 
has its physiological pendant in the axon, which is 
the central core of a nerve fiber. The biological 
neuron and the artificial neuron are shown in  
Figure 2. 
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2.3 Fuzzy Systems with Fuzzification and De- 
       fuzzification 
 
Compared with the pure fuzzy system we may add 
a fuzzifier to the input and a defuzzifier to the out-

put of the pure fuzzy system. The fuzzifier maps 
crisp points in U to fuzzy sets in U, and the defuz-
zifier maps fuzzy sets in V to crisp points in V. The 
fuzzy rule base as well as the fuzzy inference en-
gine are the same as those in pure fuzzy logic sys-
tems, as shown in Figure 1. 

 
 
 

 

Fuzzy Rule Base 

 
 
 
 
 
 
 

 
 
 
 

Fig. 1:   Fuzzy system with fuzzifier and defuzzifier 
 

2.4  Neuronal Nets 
 

From Figure 2.b one can assume that the syn-
apses of an artificial neuron receive an activation xi 
with a specific strength wi from another artificial 
neuron, which will be part of the summing process 
of the output, the axon. The basic concept results in 
an input vector  x = (x1,...,xn)T, a weighting vector 
w = (w1,..,wn)T and the resulting activity as sum of 
the weighted input, which could be assigned as 
activity function z: 

X ∈ U;  y(x)∈V 

Defuzzifier Fuzzifier 

 
    Fuzzy Inference Engine 

y in V
x in U

Fuzzy sets in VFuzzy sets in U

 wikyk 



z (w ,x ) = = ww xj j
j

∑ Tx 
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The idea to condition a neural net first by well 
defined easy distinguishable data sets and then to 
deepen and to enlarge the stored information by 
sensitization can be learned from cognitive psy-
chology in the context of the chunking problem. 
Chunking is more or less the adaptation of a new 
fact or a so far unknown situation with the help of 
knowledge facts or models. Only out of old facts or 
acting strategies one can develop new strategies for 
understanding of so far unknown. Transforming 
this idea to the handling with neural nets means, 
that first a net has to learn a basic concept. To pre-
vent that the net used includes typical output ranges 
in its classification behavior due to the measured 
data for analysis, and therefore looks for measures 
with a high output, it is necessary to normalize the 
input data set by using an appropriate-processing 
method [3]. To handle changes in the global state of 
the case study it is favorable to use a pre-processing 
step that results in a gradient vector that is calcula-
ted by the difference between the data of a case 
study as requested when no pathological situation is 
present minus the present actual data. 

Fig.2:  Biological neuron (a) and artificial neuron (b); for  
            more details see text 

 
Often there exists a threshold, which has to be 

passed, to activate the output. Modeling the thresh-
old results in the relation 

 
z (w ,x ) = wT x - T 

 
where T indicates the threshold. Assuming 

 
x ---> x = (x1,...,xn,1)T 

and 
w --> w (w1,...,wn,-T)T 

 
we receive the scalar product 

 
z (w ,x ) = -T =  w xj j

j
∑

(w1,...,wn,-T) (x1,...,xn,1)T= wTx 
 
which can be rearranged as follows 

 

z i i
i

= + ∑w w( ) ( )0 1 x  

 
whereby the notation(k) indicates the correlation’s 
of the x components. 

Modeling high-order synapses then can be di-
rectly derived from the above equations as follows: 
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This type of artificial neurons are the so called 

sigma-pi-units. 

 
The output of an artificial neuron can be de-

scribed by the function S(.) depending on the inter-
nal activity z,  

 
y = S(z) 

 
The complete output of an artificial neuron 

hence can be stated as transfer function of type y 
 

y = f (x,w,z,S). 
 
 

3.  Theory of sensitization of neural nets 
 

 Once the neural classifier can separate all trai-
ned states which represent a basic concept in a suf-
ficient way the weaker evolutionary states of the 
different case study states should be trained. The 
definition of the basic concept can be called: “the 
worst cases of a case study behavior” can simply be 
defined as problem oriented data set representation 
of a satisfactory classification state. 

By presenting the weaker states after the basic 
concept is settled it can be ensured that the net will 
be forced to change its classification structure slig-
htly out of it's former structure, without destroying 
the older structure. This means that the net will be 
sensitized. Especially when a back propagation net-
work is used the learning rules force the net to sen-
sitize its structure in such a way that only the case 
study specific state representing structure is modi-
fied, as the classification results have to be the 
same over the whole sensitization period. If weaker 



and weaker states will be presented successively 
the classification structure will change accordingly, 
until the similarity of the different evolutionary 
state representations will be so little, that the net 
can not be forced to change it's structure anymore. 

 Figures 3.a and 3.b show the sensitized net 
working structure. Since the classification potential 
is changed locally, the net changes its classification 
behavior not in general by learning the evolutionary 
data sets, but shows the according adaptive behav-
ior. This local change surely can lead to the unifica-
tion of so far divided concepts, a fact which will 
open the door to a wide range of so far unknown or 
unnoticed intrinsic relations of the micro array data 
sets, representing the case study states. 

 

    

 
Fig. 3: Classification-potential a) E before  sen-

sitization and b) E' after sensitization 
 

Henceforth, sensitization in case of micro array 
data analysis can be introduced as intelligent pre-
processing for clustering analysis that means nor-
malization and filtering, that is necessary due to  
  

• Systematic experimental errors, 
• Uneven hybridization gel,  
• Background variations, 

• Wavelength dependency, 
• Intensity dependency.  
• Image processing algorithm-dependency 
• Etc. 
 
      Hence, the importance of using intelligent pre-
processing algorithms is really based on the hy-
pothesis underlying micro array analysis that the 
measured intensities for each arrayed gene repre-
sent its relative expression level. However, before 
the levels can be appropriately compared, one gen-
erally performs a number of transformations on the 
data to eliminate questionable or low quality data, 
to adjust measured intensities to facilitate compari-
sons, and to select those genes that are significantly 
differentially expressed, which explains the need 
for a pre-processing methodology beyond. 
 

The sensitized neuronal nets classifier in gen-
eral is able to separate all trained states representing 
a powerful concept of weaker evolutionary states of 
different case study situations, to be trained, as 
shown in Figures 4, 5 and 6. As shown in Figure 4 
the actual situation for a patient may change after 3 
sec from a normal state under anaesthesia to a criti-
cal  state, an actual auricular fibrillation (tachycar-
dia ventricular). The left column represents the pos-
sibilities in their special coded colours, indicated as 
stripes with different gay shadings. 
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Fig. 4:   Heart beat state change detected by a sensi- 

                 tized neural net 
 
Figure 5 shows the time differences between an 

early warning of a common neural classifier and a 
sensitized neural network. Both nets have had the 
same warning criteria, setting an alarm when the 
probability for an pathological state is higher then 
85%. It can be seen that a sensitized neural classi-
fier is able to decrease the alarm time by a factor 5, 
as the net classifies the evolutionary state of the be-
gin of an auricular fibrillation rather early.  
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Fig. 5:  Difference between early warning of a  
     sensitized and a normal neural net  

 
Another classification example is shown in Fig-

ure 6. The first line represents the pathological state 
of the patient, followed by the different pathologi-
cal and orthological states listed below. 
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Fig. 6:   GUI used to supervise patients states 
 

As clearly can be seen over the supervised time 
period the patient state changed from the first to the 
eight state, whereby the classifier is able to detect 
fast transients (< 0,5 sec), slow changes over hours, 
days, as well as very slow transients over weeks, 
months, etc. 

Due to the fact, that anaesthesiologists have a 
great interest in monitoring the depth of anaesthe-
sia, not only in critical cases but also during routine 
anaesthesia, expanding soft computing based algo-
rithms for anaesthesia monitoring is the state of the 
art for the challenge of more accuracy, more safety 
and more quality in anaesthesia, the vision of an 
physiologically gained monitoring.  

In practical terms this means adequate informa-
tion with respect to the depth of anaesthesia, which 
means very clearly show of depth changes that 
anaesthetic agents cause in the EEG, sensitivity 
with respect to artefacts, particularly induced by 
today’s modern electro surgery equipment, sensitiv-
ity on the frequency below which the bulk of EEG 
activity occurs, called the spectral edge frequency, 
which is related to the end tidal concentrations of 
various anaesthetic agents, including halothane and 

enflurane, as well as to blood levels of thiopental 
and fentanyl etc. 

In case of micro array data analysis sensitized 
nets can be developed for usage in  

 
• Total Intensity normalization, 
• Iterative linear regression normalization, 
• Standard deviation regularization, 
• Cross Slide Replicates T-test, 
• Signal/Noise checking, 
• Slice analysis, 
• Etc. 

 
      As an measure example one can assume that 
two factors contributed to the gene X, the biologi-
cal factors one is interested in, and experimental 
factors, one is not interested in. This requests for a 
possibility to extract the experimental factors which 
can be done initializing the pre-processing task of 
the statistical analysis. The statistical analysis be-
hind can be  
• Pre-processed local linear regression model, 
• Pre-processed least squares, 
• Etc. 
 
 
4.   Conclusions 

 
The potential of soft computing for micro array 
data analysis is huge. We only scratched the surface 
of the complex due to a brief view insight possible 
medical application domains. The potentially of 
soft computing and pre-processing  contains an in-
credible number of solutions to the several problem 
depending domains.   
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ABSTRACT 

Content based image retrieval (CBIR) has still a long 
way to go before it will become capable of 
distinguishing similar rather than almost identical 
images. These limitations result both from a lack of 
‘ intelligent’  enough algorithms as well as problems in 
terms of computational restrictions which force 
algorithms to be as simple as possible, while 
maintaining reasonably high effectiveness. Images are 
not analysed in terms of their physical or logical 
contents in the way humans perceive it but most often 
as statistical information such as spatial correlation of 
colors or intensities of separate pixels. This 
information is usually extracted at a very local (pixel) 
level and may be miss-interpreted if pixel values 
change (even though the overall image will still appear 
similar), which is especially the case in image 
compression. Results of earlier experiments [10] show 
that this can cause notable problems for CBIR 
algorithms. In this paper, we try to address the 
problem by investigating a more appropriate 
compression algorithm based on binary space 
partitioning trees and how it can improve the retrieval 
performance of compressed images. Simulations on 
two different image databases show that BSP 
compression outperforms JPEG for colour-based 
image retrieval while for texture-based indexing JPEG 
performs better. 

 
INTRODUCTION 

In our previous work [10] we have studied the influence 
of standard JPEG compression on the effectiveness of 
several image retrieval approaches: color histograms, 
QBIC histograms, colour moments, colour 
correlograms, spatial-chromatic histograms and color 
coherence vectors. Results of these experiments showed 
that while slight compression has little effect on colour 
based CBIR it plays a significant role when higher 
compression levels are applied resulting in a notably 
reduced image retrieval performance.  
In this paper we try to present one possible solution to 
this problem by evaluating an alternative compression 
approach – binary space partitioning (BSP) trees [9,8]. 

This compression method we compared to the most 
commonly used image coding algorithm: JPEG [14]. 
Our experimental imagery set is UCID, an 
Uncompressed Color Image Database [11] which is the 
same dataset used in [10]. In the experiments we 
compress these images to very low bitrates using JPEG 
and to a level giving slightly lower bit rate using BSP. 
Our results show that in contrast to JPEG image 
compression based on binary space partitioning can be 
used in color image retrieval for low bit-rates almost 
without any loss in performance. On the other hand, 
texture retrieval results obtained from the Brodatz 
texture set shows a significant drop in retrieval 
performance. 
The rest of the paper is organised as follows: the next 
section describes the BSP compression algorithm used 
in the experiments. Then the colour and texture retrieval 
algorithms evaluated are briefly explained. The 
following section presents our experimental results 
while finally concluding remarks are presented. 
 
BSP TREE COMPRESSION 

Binary Space Partitioning (BSP) is a relatively new 
approach to image compression. It was originally used 
to represent a three dimensional space for convenience 
of hidden surface removal algorithms and was recently 
successfully applied to 2D imagery as well [9,8]. 
The idea is to divide an image plane by one of several 
pre-defined straight lines. This process is recursively 
repeated for each of the two sub-regions created by the 
previous partition. At some point partitioning is stopped 
and basic information about the fraction of the entire 
space is stored. The coded information is organised in a 
tree structure where each node indicates a part of space 
and contains information about the partitioning line, 
while its two children point to two sub-paces created as 
a result of the partitioning of their parent. The bottom-
most nodes of the tree contain information about that 
region (e.g. color of this region of the image). 
The first attempt to compress images using BSP was 
made by Radha et al. [9] whose algorithm utilised the 
idea of moment preserving thresholding and was only 
applied to gray-scale images. Qiu and Sudirman 
extended this idea to colour images [8]. In our 
implementation, rather than using moment preserving 
thresholding we calculate the average color of the 



partitioned regions and then the resulting errors as the 
sum of differences between intensities for each pixel in 
the region and the average intensity of region to which 
this pixel belongs. The partitioning line is then chosen 
so as to minimize the error. While this approach is 
clearly computationally more expensive it has the 
advantage of ‘optimality’  and hence better image 
quality. We also employ the CIEL*a*b* color space [2] 
which gives improved quality in comparison to RGB. 
 
CBIR ALGORITHMS 

In this section we provide a brief description of the 
colour and texture CBIR algorithms that were used for 
the experiments. 

Colour  Histograms – Histogram Intersection 

Given a bounded, discrete signal one can build a 
histogram simply by counting the number of 
occurrences of each signal value. Swain and Ballard 
[13] were the first to use colour histograms to describe 
images in order to perform object recognition and image 
retrieval. Indeed, it was Swain and Ballard’s work that 
laid the foundations for the field of CBIR as we know it 
today. As distance measure they introduced (the 
complement of) histogram intersection defined as 
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where H1 and H2 are the colour histograms of images I1 
and I2, and N is the number of bins used for representing 
the histogram. It can be shown [13] that histogram 
intersection is equivalent to the L1 norm and hence a 
metric. We used 8 x 8 x 8 RGB histograms in our 
experiments. 

Colour  Histograms - QBIC 

An alternative to the L1 norm is to use the Euclidean 
distance (L2 norm) between two histograms. This 
approach was taken in the QBIC system [4] where they 
also addressed the problem of possible false negatives 
due to slight colour shifts by taking into account the 
similarity between separate histogram bins. This can be 
expressed in a quadratic form distance measure as 
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where H1 and H2 are again the two colour histograms (in 
the form of a vector) and A is an N x N matrix 
containing the inter-bin distances. We used the Munsell 
colour space divided into 256 bins (16 for hue, 4 for 
chroma and value respectively) to generate these 
histograms. 

Colour  Moments  

Stricker and Orengo [12] used colour moments as a 
compact colour descriptor for CBIR. The nth central 

(normalised) moment of a colour distribution is defined 
as 
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where N is the number of pixels in an image and c(x,y) 
describes the colour of the pixel at location (x,y). For 
our experiments we used the first three moments in the 
HSV colour space. The distance between two images is 
defined as the sum of absolute distances between their 
moments (L1 norm) 
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Color  Coherence Vectors. 

Pass and Zabih [7] introduced colour coherence vectors 
as a method of integrating spatial information into the 
retrieval process. Colour coherence vectors consist of 
two histograms: one histogram of coherent and one of 
non-coherent pixels. Pixels are considered to be 
coherent if they are part of a continuous uniformly 
coloured area and the size of this area exceeds some 
threshold τ where τ is usually defined as 1% of the 
overall area of an image. The L1 norm is used as the 
distance metric between two colour coherence vectors 
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where c
iH  and s

iH  are the histograms of coherent and 

non-coherent (scattered) pixels respectively. In our 
implementation we first blurred the image using a 3 x 3 
averaging filter and used 8 x 8 x 8 RGB bins for 
representing the histograms. 

Colour  Correlograms 

Another approach to incorporate information on the 
spatial correlation between the colours present in an 
image was proposed by Huang et al. [5]. They 
introduced the notation of colour correlograms (CCRs) 
defined as 
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with 
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where ci and cj denote two colours and (xk,yk) denote 
pixel locations. In other words, given any colour ci in 



the image, γ gives the probability that a pixel at distance 
k away is of colour cj. 
As full colour correlograms are expensive both in terms 
of computation and storage requirements, usually a 
simpler form called auto-correlogram (ACR) defined as 
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is being used, i.e. only the spatial correlation of each 
colour to itself is recorded. Two CCRs are compared 
using 
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We used ACRs with 8 x 8 x 8 RGB colours, for k we 
chose { 1,3,5,7} . 

Spatial–chromatic Histograms 

Cinque et al. [3] introduced spatial-chromatic 
histograms (SCHs) as an alternative method for 
representing both colour and spatial information. SCHs 
consist of a colour histogram 
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where Ak is a set having the same colour k, and n and m 
are the dimensions of the image; 
and location information on each colour characterised 
through its baricentre 
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and the standard deviation of distances of a given colour 
from its baricentre 
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The SCH is then given as 
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and similarity between two SCHs calculated as 
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In our implementation we divided the Munsell colour 
space uniformly into 512 areas whose centres were used 
as the colours to describe the SCH. 

3.7. Local Binary Patterns 

Local Binary Patterns (LBP) [6] is a very simple 
method for texture retrieval. For each pixel in the image 
and its 8 neighbours the following operation is 
performed: 

∑
=

=
8

1

*
i

iWTLBP  (16) 

with 

T = 1 if pi >= P 

T = 0 if pi < P 
(17) 

where P is the intensity of the centre pixel, pi the 
intensity of its i th neighbor and Wi is the weight (a 
power of 2) associated with pi. The idea is to create 
histograms of 256 possible values (since each pixel has 

8 neighbours). Two LBP histograms LBPH1 and 
LBPH 2 can be then compared by the histogram 

intersection 

∑
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1
2121LBP ))(),(min(1),(

k

LBPLBP kHkHIId  (18) 

Rotation invar iant LBP 

A rotation invariant version of the LBP algorithm can 
be deduced by finding all groups of patterns that can be 
obtained through rotation of the 8 neighbouring pixels 
[6] by 

∑
=

=
8

1

)(*)(
i

k
ii WTkriLBP  (19) 

and then choosing the smallest LBP value 

( ) 8,...,2,1,)(min' == kkriLBPriLBP  (20) 

which results in 36 possible descriptors that are again 
summarized in histograms. Two rotation invariant LBP 

histograms riLBPH1 and riLBPH 2  are compared by 

∑
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36

1
2121riLBP ))(),(min(1),(

k

riLBPriLBP kHkHIId  (21) 

EXPERIMENTAL RESULTS 

For our experiments we adopted the UCID 
(Uncompressed Colour Image Database) [11] for 
evaluating the colour descriptors while we used Brodatz 
textures [1] for performing texture based image 
retrieval. The UCID set consists of 1338 colour images 
all preserved in their uncompressed state. It also 
provides a ground truth of 262 assigned query images 
each together with a set of corresponding model images 
that an ideal image retrieval system would return. The 



112 Brodatz textures we divided into 9 non-overlapping 
parts each and assigned the centre block the query and 
the rest the model images that should be retrieved. 
As performance measure we use the retrieval 
effectiveness from [4] which is given by 

∑∑
==

=
QQ S

i
i

S

i
iQ IR

11

RE  (21) 

where Ri is the rank of the ith matching image and Ii is 
the ideal rank of the ith match (i.e. I = { 1,2,…,SQ} ). The 
average retrieval effectiveness ARE is then taken as the 
mean of RE over all query images. 
For the experiments both query and model images were 
heavily compressed using the JPEG algorithm (q-factor 
of 5) and to a level giving similar (although even 
slightly lower) bit rate using BSP compression. Initial 
observations lead to the conclusion, that low bit rate 
BSP compression retains global colour information of 
the image, which is not the case for JPEG – heavily 
compressed JPEG images tend to almost entirely loose 
their colour content while the contours are still visible 
(though heavily affected by blocking effects). 
Conversely, BSP images keep their colours, while 
shapes are preserved as clearly. 

Table1: Image retrieval results from the UCID dataset. 

 
CBIR algorithm 

 
Q orig 
M orig 

JPEG 
Q cmp 
M orig 

JPEG 
Q orig 
M cmp 

BSP 
Q cmp 
M orig 

BSP 
Q orig 
M cmp 

Colour hist. 4.31 25.73 13.48 4.71 4.63 
QBIC 5.64 23.86 19.56 6.75 7.47 
Colour moments 7.33 27.59 33.93 7.86 11.64 
Colour coh. vect. 4.69 22.00 13.97 4.65 5.35 
Colour correlogr. 5.32 11.80 8.91 5.69 5.97 
Spat.-chrom. hist. 3.69 23.88 12.49 4.25 3.80 
 

    
JPEG image 

 0.2 bpp     
BSP image  

0.2 bpp 

1 2 3 
 

1 (hit) 2 (hit) 
 

3 (hit) 

4 5 
 

6 4 5 6 

7 8 9 7 8 
 

9 

Figure 1: Example UCID query together with top 9 retrieved 
(using spatial-chromatic histograms) images both based on 
JPEG (left) and BSP (right) encoded images. 

We performed image retrieval on the datasets 
mentioned above, first by using only uncompressed 
images in order to get a ‘best possible’  retrieval 
performance which we can use as a benchmark. We 

then retrieved the images once with the model images 
compressed and once with the query images compressed 
to the levels indicated above, both for JPEG and for 
BSP compression. The results from the UCID dataset 
are listed in Table 1. It is obvious that our previous 
expectations are confirmed if not surpassed: while 
image retrieval performance at low bitrates drops 
significantly for JPEG compression, image retrieval 
based on BSP is almost independent of compression. 
Retrieval performance is still very good even at these 
high compression ratios of well over 1:100! An example 
of this performance difference can be seen in Figure 1 
where a UCID query image is shown together with the 
top nine retrieved images, both for JPEG and BSP 
encoded images. While the BSP based retrieval retrieves 
all three model images in top ranks, none of the JPEG 
models are returned. Also, we can see that the images 
retrieved in ranks 4-9 are much more useful (three taken 
at the same location) than those returned by JPEG 
compressed images. 

Table 1. Image retrieval results from the Brodatz dataset. 

 
CBIR 
algorithm 

 
Q orig 
M orig 

JPEG 
Q cmp 
M orig 

JPEG 
Q orig 
M cmp 

BSP 
Q cmp 
M orig 

BSP 
Q orig 
M cmp 

LBP 3.60 64.40 33.24 80.12 71.03 
Rot.inv. LBP 5.05 81.69 57.94 95.45 92.29 
 

    
JPEG image 

 0.2 bpp     
BSP image  

0.2 bpp 

 
1 (hit) 2 (hit) 3 (hit) 1 2 3 

 
4 (hit) 5 (hit) 6 (hit) 4 5 6 

 
7 (hit) 7 8 9 8 9 

Figure 2: Example UCID query together with top 9 retrieved 
(using LBP) images both based on JPEG (left) and BSP (right) 
encoded images. 

Results for texture retrieval based on the Brodatz set 
show a different picture. Since BSP essentially divides 
an image in areas of uniform colour pixel-based 
statistics such as LBP and riLBP get heavily distorted. 
The image retrieval results are given in Table 2 from 
where we can see that while JPEG based image retrieval 
suffers from a significant performance drop this drop is 
even greater so for BSP images. Again we provide a 
visual example of this which is given in Figure 2. 



CONCLUSIONS 

Through an extensive set of simulations on two different 
image databases we have demonstrated that different 
compression algorithms will affect the outcome of 
image retrieval differently at high compression. While 
JPEG suffers from a significant performance drop for 
colour based CBIR, retrieval of BSP compressed images 
is almost independent of the compression rate. 
Therefore we suggest BSP as a much more appropriate 
compression method that can be used for image retrieval 
even at very low bitrates. On the other hand, texture 
based retrieval results are much less favourable, here 
BSP performs even worse than JPEG. Finally we want 
to emphasise that in this paper we made use only of the 
pixel based representations of the compressed images 
(hence, essentially decompressing them again). A more 
promising route is to couple the retrieval algorithm with 
the compression hence achieving compressed domain 
image retrieval. This alternative is not only attractive in 
terms of computational complexity but seems also to 
provide very good retrieval results as some initial work 
in [8] shows. 
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