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INTRODUCTION 

The past decades have seen a dramatic increase in the 
amount of data being stored. This has become possible by 
the availability of large amounts of computing power and 
storage at low cost. Nevertheless, the resulting mountains 
of data contain a lot of unexploited information nuggets 
waiting to be mined. These information nuggets play a key 
role in the competition among companies and in new dis-
coveries in science. Although statistics, query tools and 
OLAP (On Line Analytical Processing) tools are no longer 
strangers to management they do not contain in essence 
the potential of KDD (Knowledge Discovery in Data-
bases). 

This paper gives an overview of KDD and touches on 
its link with General Systems Theory (GST). It is very dif-
ficult to describe the commonality and the emphasis shifts 
in a few pages. It is assumed that the reader is already fa-
miliar with system theory and simulation. 

It can be shown that the life cycles of KDD and GST 
are almost identical, but with some emphasis shifts. Espe-
cially with regard to the sub-field of data mining, and put 
in the right perspective to KDD, it can be shown that data 
mining is nothing else but ‘classical’ modelling. The top-
down and bottom-up approach to modelling will be com-
pared to the deductive and inductive approach in KDD. 
Because of the abstraction level of GST, one expect that 
KDD can learn from GST, but an opposite knowledge 
transfer is equally possible. KDD puts more emphasis on 
pre-processing of data and the goal settings are more 
elaborated. These emphases can be transferred to the do-
main of general systems theory, therefore putting the latter 
in an even broader perspective.  

KNOWLEDGE DISCOVERY IN DATABASES AND 
DATA MINING 

Nowadays, more and more data is digitised and stored 
in databases. This happens thanks to automation in gener-
ating and collecting of data; via bar code readers, chip 
cards, etc. Tax returns, health care transactions, consumer 
behaviour, all kinds of commercial transactions, industrial 

transactions, scientific information, exploitation data, etc., 
are stored in databases, which consequently have grown 
explosively during the last decades. Unfortunately, the re-
sulting massive amount of facts cannot be processed by 
humans alone anymore to unravel informative hidden pat-
terns. As a consequence, tools and techniques have 
emerged that can assist humans intelligently and automati-
cally in analysing the abundant amount of raw data to ob-
tain the desired information. This kind of exploitation of 
data constitutes the domain of Knowledge Discovery in 
Databases (KDD). 

Generally, KDD is a data exploration methodology that 
is defined to be the non-trivial extraction of implicit, pre-
viously unknown, potentially useful, ‘relatively simple’, 
and not predefined information from large databases (Fay-
yad et al. 1996). Of course, data must be sufficiently con-
clusive and contain relevant attributes for representative 
cases. Hence, KDD comprises a knowledge intensive task 
consisting of complex interactions, protracted over time, 
between a human and a (large) database, possibly sup-
ported by a heterogeneous suite of tools. 

USE OF AN INTERESTINGNESS FUNCTION 

An interestingness function formalises what is deemed to 
be important knowledge for the problem at hand. Impor-
tance should be interpreted in its widest connotation. To 
list just a few parameters that make up an interestingness 
function, one has:   

- Novelty, which implies the (often unexpected) devia-
tion from prior knowledge,  

- Usefulness, which relates to the goal put forward (one 
is usually interested in a specific kind of knowledge) 

- Simplicity, which refers to the syntactical complexity 
of the pattern 

- Generality, which is determined by the fraction of the 
population the pattern refers to. 

Hence, it is obvious that an interestingness function is to a 
large extent subjective. It determines which methods can 



be used and which ones cannot. A pattern is then called 
knowledge if it is interesting enough, i.e., if the interest-
ingness function trespasses a threshold. 

THE KDD PROCESS 

“Data mining” refers to a class of methods that are 
used in some of the steps comprising the overall KDD pro-
cess. This term has mainly been used by statisticians, data 
analysts and the Management Information System (MIS) 
community. The term “KDD” has been used more by AI 
(Artificial Intelligence) and the ML (Machine Learning) 
community. Consequently, KDD systems typically draw 
upon methods, algorithms, and techniques from diverse 
fields such as ML, statistics, AI, exploratory data analysis, 
etc. Hence, it is common to find data mining methods from 
these fields. Unfortunately, terminology tends to be a bit 
confusing because it depends on the domain of application: 
e.g. dependent/independent variables, attributes/features, 
fields/records, test and validation set, …. A general defini-
tion of data mining and its link with KDD is given in 
(Fayyad et al. 1996) on page 9: 

‘Data mining is a step in the KDD process consisting 
of particular data mining algorithms that, under some ac-
ceptable computational efficiency limitations, produces a 
particular enumeration of patterns over the data set.’ 
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Figure 1: Steps in the KDD process 

The basic steps in KDD are depicted in Figure 1. 

One starts with the goal definition. For a goal put for-
ward, one has to formulate the problem and get an under-
standing of the domain in which it is situated. A priori 
knowledge must be considered and used whenever possi-
ble. Some a priori knowledge may be present in a knowl-
edge base. The goal should be formalized and made execu-
table so that it can be related to relevant data that is hope-
fully present in the database. Example: identify the credi-
bility of a potential customer for a mortgage loan. 

The data pre-processing step consists of attribute fo-
cusing, data focusing, data cleaning, and (if necessary) 
data projection.  

Attribute focusing involves an initial data reduction in 
the parameter space and it creates a target data set by fo-
cusing on a subset of variables that restrict the parameters 
used to do the analysis. Examples: possible relevant vari-
ables are occupation, marital status, possessions, bank ac-
counts with amount of money in them, age, other loans, 
etc., while irrelevant variables are hobbies, religion, race, 
etc.  

The data set may contain too many records and a sec-
ond data reduction (in the observation space) may be ob-
tained by looking at data samples that are relevant for the 
problem at hand. This is what is called data focusing. It is 
not to be confused with sampling the data for computa-
tional reasons. Example (ctd.): look at previously or exist-
ing customers that have a mortgage loan.  

Data cleaning concerns the removal of noise, the analy-
sis of outliers if appropriate, or the construction of a model 
to account for the noise. Additionally, a strategy for han-
dling missing data has to be chosen. In data pre-processing 
all available a priori knowledge should be used (e.g., what 
about an outlier?). Data cleaning, however, is a double-
edged sword: it is usually required to ‘clean’ poor data, but 
it may throw away a crucial indicator by considering it as 
an anomaly (e.g. outlier). Example (ctd.): outliers may be 
deceased customers, or cases where fraud is involved. In 
data projection, dimensionality reduction or transformation 
methods may further reduce the number of variables under 
consideration. 

The data-mining step consists of a model specifica-
tion, model fitting, model evaluation, and model refine-
ment. Model specification involves deciding whether we 
use classification, regression, neural networks, or other 
techniques. The goal has a large impact: is comprehensi-
bility more important (simple classification scheme) or is 
accuracy of prediction of major interest (recall the interest-
ingness function)? Different techniques/models may be 
tried depending on the structure of the data. Some specific 
parameters of a model are determined based on a chosen 
training set. This is the process of model fitting. Model 
evaluation validates the patterns found on a simple test set 
or via cross-validation. Model refinement, depending on 
the evaluation results, iteratively refines the initial model 
or tries other model paradigms. 



Consolidation of the newly found knowledge and out-
put generation consist of interpreting the patterns found, 
and if more algorithms have been used, comparing them. 
Hence, it is decided whether the found patterns represent 
useful or interesting knowledge. Further consolidation of 
the discovered knowledge happens by summarizing and 
documenting it. Finally, the knowledge has to be inte-
grated and conflicts (if any) that may arise with previous 
knowledge in the knowledge base must be resolved. 

Looking at the previous steps, one notices that in the 
KDD process, data visualization is quite important (even 
in determining a goal; e.g., one notes something interesting 
from the data and one wants to investigate it further via a 
hypothesis test). Appropriate display of data points and 
their relationships (e.g., scatter plots, etc.) can give the 
analyst insights that are virtually impossible to grasp from 
looking at very large tables of data records (trends, de-
pendencies, outliers, etc.). 

KDD IN A BROADER PERSPECTIVE: THE 
VIRTUOUS CYCLE OF DATA MINING 

In (Berry 1997) data mining (or KDD in our terminol-
ogy) is itself a sub-process of what is called ‘The virtuous 
cycle of data mining’. It goes on where KDD ends by 
transforming information into actionable processes. As 
Berry says: ‘one must be able to respond to the patterns, to 
act on them, ultimately turning the data into information, 
the information into action, and the action into value’. In 
other words, KDD itself is in fact only one major step in a 
even bigger business process that applies knowledge 
gained from increased understanding of customers, mar-
kets, products, and competitors to internal (continuously 
evolving) processes. The virtuous circle, which is depicted 
in Figure 2, is constructed by 

(1) identifying the business problem. This results in set-
ting the goal in the KDD module. 

(2) using pre-processing and data mining techniques to 
transform the data into actionable information. This is 
the remainder of the KDD process module. 

(3) acting on the information. This action is not consid-
ered in the KDD. 

(4) measuring the results and putting them in the database 
for possible further processing. This action is not con-
sidered very explicitly in KDD, i.e., one may consider 
two kinds of feedback from the results to the goal. 
(a) does it satisfy the goal? 
(b) will the action satisfy the goal (is the action wrong, 
does the goal need adjustments)? 
Only item (a) is considered in KDD. 

It can also be seen that item (1) and (3) are pure enter-
prise issues. These topics are the subject of management 
courses. Hence, the KDD approach delineated here com-

prises neither the business actions that have to be taken nor 
the consequences on new goal definitions. 

The module ‘measure results of action’ refers specifi-
cally to measures of business value that go beyond re-
sponse rates and costs, beyond average and standard devia-
tions. It is more than just knowledge consolidation; it is 
looking at the real world effect of applying the informa-
tion. Based on the results of the actions undertaken, one 
can define new goals or discover new business problems 
that have to be investigated further. 

The virtuous cycle can also be applied to scientific dis-
covery, where found information can often be tested by 
experiments (act on the information) and where as a result 
new goals (lines of research) can be set forward. 

Figure 2 shows that a data warehouse delivers data to 
three processes: report generation, OLAP (On Line Ana-
lytical Processing), and KDD. The low-level data process-
ing is done in a data warehouse or a data mart. The term 
data warehousing is very popular in MIS environments. It 
stands for collecting and cleaning transactional data and 
making them available for on-line retrieval. OLAP is a 
multi-dimensional data analysis that computes summaries 
and breakdowns along many dimensions. OLAP is supe-
rior to SQL (Structured Query Language) for analysis of 
data. Pure KDD goes further than OLAP. The latter only 
helps in answering specific questions (e.g., who are my 
best customers for a certain product?) in that it informs 
about general tendencies (patterns) in the data. KDD can 
better answer less trivial questions (e.g., what sort of cus-
tomers should we target?).   

To be able to link KDD with GST a brief overview of 
some relevant GST issues now follows. 

GENERAL SYSTEM THEORY 

Systems Theory concerns an interdisciplinary study 
that tries to find an abstraction that results in principles 
common to all complex entities, and the models that can 
be used to describe them. From a high abstractional level, 
there are two main routes that can be followed: the model-
ling (deductive) route and the identification (inductive) 
route. Of course, if a hybrid approach is possible it is ad-
visable to try to use the much of possible of both alterna-
tives. 

The modelling route divides the system into sub-
systems until one arrives at well-known sub-systems for 
which a model is available. The sub-models can then be 
joined together according to different methodologies to 
obtain a composite model, which represents the system 
under investigation. If the former approach is impossible, 
one has to treat the system as a black (or grey) box and try 
to infer a model via data-analysis of input and output sig-
nal recordings. This is the identification route, which is 
based on experimentation. 
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Figure 2 : Decision support and the role of data mining 

 

The definition of a system is very abstract and thus 
applicable to every situation: ‘a system is anything that 
is called a system’. Klir expresses general systems the-
ory by saying: “A general system is a standard and in-
terpretation-free system chosen to represent a class of 
systems equivalent (isomorphic) with respect to some 
relational aspects that are pragmatically relevant”, 
(Klir 1985). From this, a taxonomy of general systems 
based on (abstract) relational aspects that transcends 
the disciplines of sciences can be constructed. 

 In this paper, elaboration is done on only one type 
of classification: based on the degree of deductive 
knowledge one has.  White box systems can be com-
pletely modelled by use of a priori knowledge (well 
known inner structure and functioning), while black 
box is the other extreme: nothing is known about the 
system and one has to rely uniquely on observations.  
Hence, one has: 

• knowledge and insight about the system (white 
box component) 

• experimental data of system inputs and outputs 
(black box component). 

 

The deductive approach is preferred whenever pos-
sible, (Karplus 1976). This is referred to as the physi-
cality principle. Equations that follow from such physi-
cal principles are trustworthier than equations chosen 
on the basic of fit. 

Depending on the amount of both sources of 
knowledge one has different shades of grey. Conse-
quently, different approaches for investigating the sys-
tem under consideration prevail. 

A model is a surrogate for the real system under 
certain conditions (the conditions can be formalised in 
an experimental frame) such that, when solving a prob-
lem concerning the original system, it can solve the 
problem to better advantage. A model is a kind of sys-
tem, so it too can be a black, white or grey-box. For 
example, general neural networks can be considered 
black box models, while tree classifiers are white-box 
models. 



Model structure is a concept that may have different 
meanings: 

1) the geometry and topology of the system, e.g., how 
the components are coupled in a lumped system, or 
the general configuration of a distributed system. 

2) the type of the system description: e.g., differential 
equation form, etc. 

In linking GST and KDD, validity concepts of a 
model are important. The notion of validity, formalized 
in (Coombs et al. 1954), is extended by Zeigler, who 
distinguishes different degrees of validity, (Zeigler 
1976, p 5): 

1. A model is replicatively valid if it matches data 
already acquired from the original system.  

2. A model is predictively valid if it can match the 
data of the original system before these data are 
acquired from the original system. Predictive va-
lidity is stronger than replicative validity. 

3. A model is structurally valid if it not only predic-
tive valid, but also reflects the ways in which the 
original system operates to produce its behaviour. 

Other ‘validity’ types will not be considered here 
(e.g. conditional validity: i.e. the model accepted as be-
ing conditionally valid until falsified). 

Some directives should be taken into account when 
constructing or identifying a model. They reflect sound 
principles that stress the usefulness of the model. 
Firstly, a model must be able to explain empirical data 
in the sense that there must be close fit between the 
model output and the experimental data.  However, the 
aim of science should be to find the simplest explana-
tion; only if the simplest explanation proves unsatisfac-
tory should the scientist move on to consider greater 
complexity. This corresponds with Occam’s razor prin-
ciple, which can be found in the use of complexity 
measures, e.g. Akaike’s measure of fit. Additionally, 
complex models are difficult to calibrate and difficult 
to validate properly. Balanced accuracy comes into 
play when a global model consists of different model 
parts. Given a finite set of data and evidence, the global 
model will have its limitations and approximations, so 
it is wise to balance uncertainty over the different 
model parts. It makes little sense to strive for the most 
correct structure if that structure does not find the pa-
rameters or it does it only in a very poor way. A model 
is efficient if it is believed to be acceptable to a high 
degree if it is able to meet a variety of demands and if 
it is able to serve many purposes. It should at least 
serve the goal it is designed for. 

 

 

In the last decades, a considerable amount of re-
search has focused on model (and model structure in 
particular) characterization techniques. Each method 
developed consists essentially of a number of process-
ing tasks: 

1. conditioning the data to remove errors and noise ; 

2. extracting a number of decision quantities, which 
summarize the information in the data set concern-
ing the model structure; 

3. deciding on a suitable structure utilizing the quan-
tities just extracted 

The major difference between the methods resides 
in the choice of the decision criteria. 

Mathematical modelling has become a task which 
does not start from scratch every time the modelling 
activity is re-initiated, but is continued from the stored 
information obtained during previous runs. Hence, 
modelling often relies on stepwise-refinement methods. 

Inductive Modelling And System Identification 
Methodology 

System identification is the discipline of 
experimentally constructing mathematical models of 
systems, starting from observations on the system. 
Typically, a certain model structure with initially 
unknown parameters is chosen. Based on this structure, 
the parameters are identified. However, if the structure 
is not ‘right’, parameters are usually ‘tortured’ to make 
the fit work. Consequently, the model only represents 
the system well in a limited range. 

The Concise Encyclopaedia of Modelling & Simu-
lation describes identification as: 

“Identification describes the search for a definition 
of a model showing the behaviour of a process evolving 
under given conditions. It is usually realized by means 
of a set of measurements and by observing the behav-
iour of a system during a given time interval. The 
model obtained by identification must enable the evolu-
tion of the identified process to be predicted for a given 
horizon, when the evolution of the inputs and various 
external influences acting on this system during this 
time interval are known”, (Atherton et al. 1992). 

Hence, system identification is concerned with the 
problem of building mathematical models of dynamic 
systems based on I/O measurements. 
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Figure 3 : System identification 

 

The identification route is based on experimentation, 
but a mixed modelling-identification approach facili-
tates the maximum extraction of knowledge out of the 
system (if possible). The simplest approach is where 
deductive techniques result in an a priori model with 
known model structure. This would mean that in Figure 
3 the structure identification is completely replaced by 
a deductive model construction. Parameter identifica-
tion then delivers estimates for the yet unknown pa-
rameter values. The model validation encompass in it 
also a validation of the given structure: if a good vali-
dation cannot be obtained, then probably something is 
wrong with the given model structure. 

The approaches to identification as described in the 
Concise Encyclopaedia of Modelling & Simulation are 
quite general. They consist of  

• collection of input-output data from the system; 
data are usually recorded by sampling in discrete 
time, 

• settling for a set of candidate models, 

• choosing one particular member of the model set 
as the best representative, guided by the informa-
tion in the data. 

The identification procedure consists of four 
choices: 

1. Experiment design encompasses the choice of in-
puts to be made, sampling rates, pre-sampling fil-
ters, etc. to have the most informative data. Ex-
periment design takes into account the goal, the a 
priori information, and the data (goal, a priori 

knowledge and experimental frame blocks in 
Figure 3). 

2. The choice of a model set is the most difficult one. 
A priori knowledge and engineering intuition or 
insight has to be combined with formal properties 
of model and identification methods to contribute 
to a good result. It is the structure identification 
block Figure 3. 

3. The choice of criterion of fit concerns how to 
evaluate the quality of a particular model. 

4. The model validation determines if a model is 
good enough, based on the criterion of fit. 

PHILOSOPHICAL COMMONALITIES FOR GST 
AND KDD 

In the sequel, a model is defined as any formaliza-
tion that aids in understanding a system under investi-
gation (conform the theory of general systems). Hence, 
a model in its most general form can be: 

• a set of rules (if-then rules, association rules, …) 
 both domains 

• a set of differential equations,  GST 

• a block diagram,  GST 

• a Petri net,  GST 

• a Bond graph,  GST 

• a classification or regression tree,  KDD 

• a neural net,  both domains 



• a genetic algorithm,  both domains 

• a dependency network,  KDD 

• a hypothesis,  KDD 

• a Markov chain,  both domains 

• any qualitative model (e.g., confluences),  GST 

• a look-up table or contingency table,  both ? 

• a set of data (for lookup)  both ? 

• a regression model (linear, non-linear, logistic, …) 
 KDD 

• a discrimant function,  KDD 

• a clustering,  both ? 

• etc. 

The domain is suggested for which a model repre-
sentation is well known, corrections, remarks, sugges-
tions can be emailed to the author. 

Anyhow, the list above is consistent with the gen-
eral concept of  a model: "Something is a model of 
something else for an observer, if his/her relevant 
questions about the latter can be answered by the for-
mer ". 

In GST, either system observations may be ob-
tained actively; one can generate the observations, or 
passively; observations are given as such. In KDD, the 
latter situation is the rule, while in GST both settings 
deserved equal attention. 

The top-down approach to modelling is a deductive 
approach. It can be compared to hypothesis testing in 
KDD. In both cases, one has a priori knowledge that 
has to be cast in a formalized form, i.e., a model in its 

most general meaning. A difference in the deductive 
approach is that general systems theory has a long tra-
dition of handling systems and sub-systems (decompo-
sition of systems and coupling of sub-systems), while 
KDD usually tackles only one (undividable) system. 

The bottom-up approach to modelling is better 
known in general systems theory as system identifica-
tion. Klir calls the bottom-up approach 'investigative', 
(Elzas 1984). The latter term pertains  more to the term 
used in KDD, where the approach is known as data ex-
ploration. Both approaches are depicted in Figure 4. 

In general, one can say the KDD is an inductive ap-
proach and thus well applicable to ‘black box’ systems. 
Its success is then also mainly in the corresponding 
domains of science, where little or no a priori knowl-
edge is available (especially not in rigorous mathemati-
cal models such a ODE’s). Hence, most applications of 
KDD lie in the field of economics, sociology, ecology 
and physiology.  In the latter case, the model can be 
completely specified from a priori knowledge.  Figure 
5 shows the motivations for constructing a model and 
its use for different shades of grey, (Karplus 1976).  

Inductive approaches are mainly found in the left 
hemisphere of the rainbow, while deductive approaches 
are found mostly in the right hemisphere. In some 
cases, one has some a priori knowledge about a system 
so the black box concept does not apply fully, but this 
knowledge is not enough to write down the model de-
scription in such detail (e.g. model equations). Hence, 
the situation for a ‘grey box’ problem is worse than a 
white box, but better than a black box. Thus, in the 
middle of the rainbow, mixed approaches are used. 
Note the shift from quantitative to qualitative when go-
ing more into the darker regions of the spectrum.
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Figure 4 : Deductive and inductive approach in GST and KDD 
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Figure 5 : Spectrum of modelling 

 

With regard to the black box aspect, it is interesting 
to note the definition of a system according to Klir 
(which allows for both the deductive or inductive ap-
proach) where he says that it is sufficient to consider 
only the following constant traits of a system, (Klir 
1969, p 52): 

1. The set of external quantities together with the 
resolution level. 

2. A given activity. 

3. Permanent behaviour (e.g. a given relation be-
tween the quantities). 

4. Real UC-structure (universal coupling) 

5. Real ST-structure (state transition) 

Each of the above traits can be used for a basic 
definition of a system. If the activity (2) is given (in-
ductive approach or data exploration), we are interested 
in the other traits derivable from it: 

• the set of quantities and the resolution level (1) fol-
low directly from the form in which the activity is 
expressed, (GST and KDD) 

• for a behaviour (3) it is relatively easy to verify 
whether or not it is consistent with the given activ-
ity, (GST and KDD) 

• for a given set of state transitions (4), consistency 
can be checked, (GST and KDD) 

• for a given universal coupling (5) it can be 
checked also (see Klir 1969 p 53), (GST) 

Hence, a class of systems can be uniquely defined 
by given activity (series of I/O records). This corre-
sponds with a system identification approach in GST, 
and with the starting point of data exploration in KDD. 
The first three points are commonly used in KDD, 
while the latter two (UC and ST structure) are more 
typical for GST. 

THE LIFE CYCLE OF GST AND KDD 

The similarity between general systems theory and 
KDD is proposed in a unifying context in Figure 6. 
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Figure 6 : General modelling and KDD 

We now describe some important blocks of Figure 
6. 



Goal Formulation 

All problem statements start with the identification 
of the problem and by trying to set a goal in order to 
solve the problem at hand. To be able to meet the goal 
it has to be formalized so that a rigorous approach to 
problem solving can be obtained.  

In order to solve the problem and to satisfy the cor-
responding goal, a focus on part of reality has to occur: 
one has to define a system. Defining a system is stud-
ied in GST. It involves defining the boundaries of the 
system, the interaction of the system with the environ-
ment, and last but not least, defining the relevant vari-
ables (space-time resolution). Both KDD and GST 
stress the principle that a model should not be more 
complicated than absolutely necessary (Occam’s ra-
zor). However, GST puts some more emphasis on a 
correct classification and prediction. Only the ‘Quick 
decision’ problem type, where accuracy may be less 
important than comprehensibility, is less stressed in 
classical modelling. The interestingness function de-
fined earlier in KDD allows more flexible and general 
criteria settings to solve the problem at hand.  

Three broad levels of intervention in GST that can 
be distinguished (management, control and design) can 
be found in the virtuous data cycle, which stems from 
the domain of KDD. Data mining can be used gaining 
insight (model purpose), and the found pattern in KDD 
will provide us with an opportunity to intervene at 
some level (as in modelling). 

Data Pre-processing Or Experimental Frame Defi-
nition 

Defining a system has much to do with the defini-
tion of the object system as it is defined by Klir, or 
with an experimental frame (as defined by Zeigler). An 
experimental frame isolates specific input/output be-
haviour both of the real system and its model, (Elzas 
1984, p 44). In KDD, this corresponds with the data 
pre-processing step. Attribute focusing is in fact noth-
ing more than defining what are supposed to be rele-
vant variables for the system under investigation. This 
is consistent with the notion of an experimental frame 
and with what Klir calls an observation channel. It also 
fits the viewpoint taken in systematic modelling, which 
states that a model is conceived as a collection of vari-
ables and relations among them, (Ören 1984). The col-
lection of relevant variables is the attribute focusing, 
while identifying the relations is part of the data-
mining step. The KDD approach to attribute focusing is 
more related to the philosophical viewpoint of Klir 
than that of Zeigler. This is clear when considering 
what Elzas wrote: ' Imagine that we are able to prove 
that the model is not sufficiently detailed in its system 
description for some goal that was set beforehand. 
Confronted with this situation Klir will remark that the 
reason for this deficiency is a lack of knowledge, while 
Zeigler will consider the observation-frame to be insuf-
ficiently detailed ' (some text that was between brackets 

or between ‘—‘ in Elzas has been deleted). Data focus-
ing is less used in systems theory, because the nature of 
data is often different than for KDD. In KDD, one usu-
ally uses a collection of static independent records. 
Taking a relevant subset is the subject of sampling 
techniques and doesn’t pose such a problem as in the 
case of dynamic data.  

The field of sampling techniques is a field in its 
own right in KDD, while sampling techniques are 
known less well in GST. However, GST also considers 
other issues: e.g., data reduction can happen via the de-
termination of the Nyquist frequency (the latter deter-
mines the time steps that are relevant for sampling). 
Again, it illustrates some of the different 
static(KDD)/dynamic(GST) modelling aspects of the 
respective domains. To the contrary, data projection 
can be applied in both domains. It can be meaningful to 
create a new variable, which summarizes the behaviour 
of a set of others, and to use that new variable in the 
modelling phase to be followed later. Data projection 
also fits in the definition of an experimental frame. Fi-
nally, data cleaning is appropriate whenever values are 
missing. This is especially true when considering sys-
tem identification. For many problems in systems the-
ory (think about controllers and other man-made de-
vices), missing values are not of primary importance 
when compared to their role in KDD. Hence, modellers 
in the domain of systems theory rarely meet systems 
for which there are missing values (they do meet miss-
ing variables). Anyway, modellers in the latter domain 
can learn from the KDD domain about  how to deal 
with missing values. 

Another aspect is that the KDD society is used to 
handle all kind of variables (nominal, ordinal, continu-
ous, etc). The GST society also knows about this tax-
onomy of variables, but they do not have such a sys-
tematic approach to constructing appropriate models 
for them. In the KDD society (especially statistics), one 
uses different models for nominal variables, ordinal 
variables and continuous variables (e.g., linear regres-
sion versus logistic regression, chi-squared based mod-
els on contingency tables versus other). Furthermore, 
the size of the data set is important. For small data sets, 
exact methods are used, while for larger data sets as-
ymptotic methods can be used.  

Model Specification Or Structure Identification 

The data-mining step in KDD is strongly related to 
modelling in system theory. Model specification can be 
compared with model structure identification. It in-
volves deciding what type of model we use. (in system 
theory: Bond graphs, Petri nets, block diagrams, … in 
data mining: classification with decision trees, hierar-
chical clustering, linear regression, neural networks, 
etc.). The model specification step is straightforward, 
applicable to both domains and can be considered at 
different abstraction levels. On a very abstract level 
this involves choosing if one wants to use Bond graphs, 
Petri nets, block diagram, rules, neural nets, etc. (for 



systems theory) or trees, clustering, rules, neural nets, 
regression models, etc. (for KDD). On a more concrete 
level, one has to elaborately specify the model. Exam-
ples are: linear, logistic, or non-linear regression 
(KDD), linear or non-linear models (GST), state-space 
or transfer functions in block diagrams (GST), kind of 
neural net (both domains), kind of tree (decision, re-
gression or other kind of trees (KDD), order of a dif-
ferential equation (GST), type of clustering (KDD), 
etc. In both domains, the goal has a large impact on the 
used model paradigms: when comprehensibility is 
more important certain representations may be more 
preferred than others. For example in GST, a block 
diagram may be more comprehensible than a Petri net 
(it is also relative to the field of expertise). A tree struc-
ture is more comprehensible than a neural net (KDD). 
Rules are more comprehensible than some other model 
paradigms (both domains), and general neural nets are 
usually the least comprehensible (both domains). The 
issue about comprehensibility has to do with the colour 
of the model: black box models are always less com-
prehensible than white box models. 

Data Mining Or Parameter Estimation 

Model fitting involves parameter estimation in 
modelling. It is also called model calibration, (Elzas 
1984, p 51). In GST, this boils down to estimating pa-
rameters or coefficients in differential equations, the 
parameters in state-space models, etc. In KDD, similar 
estimation is done for regression models, tree models, 
etc. Neural nets parameters are the weights of the con-
nections, etc. 

Model evaluation is what is called model validation 
in systems theory. However, KDD goes further and 
compares totally different model structures (see knowl-
edge consolidation). If we stick to the ‘classical’ model 
validation, then comparing the behavioural data of the 
system under investigation and the calibrated (fitted) 
model is mostly done via a train-and test paradigm. For 
large data sets, a rule of thumb is to use 2/3 for model 
fitting (training) and 1/3 for validation (testing). Cross-
validation is commonly used in KDD, while it is less 
popular in GST. Even more specifically, bootstrapping 
is known too in KDD, but almost unknown in GST. 
Replicatively validity is known in GST: it consists of 
fitting the model on the training set. In KDD, this is 
better known as internal estimates (resubstitution esti-
mates, [Breiman 1984]). Predictively validity is done 
on a test set; it gives the real estimates. What Elzas 
calls 'realism', i.e., looking at structural isomorphisms 
at different degrees of lumping of sub-systems (and 
corresponding sub-models), is not considered in KDD. 
There is usually only one global level, and the valida-
tion takes place for the total system (no UC structure). 

KDD uses an interesting function for evaluating a 
model. The concept of an interesting function is more 
general than a simple evaluation function that is usu-
ally based on accuracy performance. Hence, KDD 
takes more into account that is economically interest-

ing. This may prove an important point for the model-
ling society when they want to evaluate their models in 
an economic context or when speed is of the utmost 
importance. KDD provides a better framework for 
dealing with these situations. 

Model refinement is equally applied in system the-
ory and KDD; when a model does not validate well, 
another model (structure) is chosen. When this fails 
too, one can go one step further back and redefine the 
experimental frame or adjust the goal. The refinement 
of an existing model is a big issue in modelling. The 
systems theory as developed by Zeigler (use of a SES 
(System Entity Structure) and model base) is designed 
to construct and refine models. 

Principles of good architecture such as consistency, 
orthogonality, property, parsimony, transparency, gen-
erality, open-endedness, and completeness, are equally 
applicable in KDD. This is because a model is a very 
abstract concept, which is so general that it encom-
passes the patterns that are sought and the hypothesis 
that may be tested in a KDD environment. 

From Figure 6 it can be seen that many models may 
be used in parallel. The models can be of a different 
paradigm (e.g., neural nets and genetic algorithms) and 
they can contain in addition other ‘deeper’ levels of 
knowledge (e.g., rules versus decomposed models). In 
the latter case, one speaks of shallow or deep models 
(in GST). The concept of shallow and deep models is 
also found in the KDD environment: report generation 
is shallower than OLAP, and OLAP is shallower than 
KDD. In KDD, much attention is paid to comprehensi-
bility of models, so a rule model can be investigated 
next to a tree classifier. They do not differ much in the 
expressiveness, but the machine learning society does 
make a difference with regard to how easily they can 
be understood. 

Knowledge Consolidation 

The knowledge consolidation step compares the 
different models used. Here, model evaluation is on 
another epistemological level than in the data-mining 
step. Models are not only compared on a validation set 
to validate the parameter estimation, but they are com-
pared on a test set to ‘validate’ or test the chosen model 
paradigm. This is clearly an abstraction level higher. 
The GST community has not done so much work in 
this aspect as the KDD community that focused and 
implemented this right away. Model switching is used 
in GST, but there the purpose is more to see if a model 
is still valid for time-dependent behaviour. Hence, the 
underlying paradigm is different; they are orthogonal: 
one deals with comparing models for the same behav-
iour, the other deals with models for changing behav-
iour. Luckily, they can both be used when studying 
time-variant behaviour. One can switch from a state-
space model to a neural net when the behaviour goes 
outside the specifications of the state-space model (i.e., 
when another structure is more appropriate). It could 



even be that, if the system goes out of the preset speci-
fications (and thus the state-space model fails), the goal 
settings change accordingly (e.g., speed becomes more 
important than accuracy). In GST it is known that, for 
example, linear models may have to be replaced by 
non-linear models in certain circumstances, but this is 
more because of the fact that linear models are often an 
approximation of non-linear systems, an approximation 
only valid within certain working parameters (experi-
mental frame). 

In GST, the newly found model can be stored in a 
model base, while in KDD this is not stated so explic-
itly. In the latter case, it is sometimes stored as previ-
ous strategic info. Hence, there is room for elaboration 
from both sides. 

Usually, output generation is heavily based on ap-
propriate graphical representations of the data. From 
that point of view, GST can learn from KDD, because 
the latter is well acquainted with all kinds of graphs 
(e.g., multidimensional graphs such as Trellis graphs). 

The rest of the picture (acting on the information, 
measuring the results of the action and storing them, 
perhaps recognizing another problem type) is so gen-
eral that is valid for any modelling attempt, be it via 
GST or via KDD. 

Remark 

In Figure 6 the knowledge base is not split up in a 
model base and a database of records because a matrix 
of records can be considered a model too. Rules that 
may serve as a priori knowledge (or even written in-
formation in plain English) can be considered as mod-
els too, be it of a less formalized level. Therefore, a 
general term could be ‘model base’, but it is more ap-
propriate to make it even more general by using the 
term ‘knowledge base’. 

CONCLUSIONS 

The tendency in GST is more on the dynamic struc-
ture of models, while KDD is more focused (until now) 
on the static structure of models. 

It is demonstrated that modelling in its most general 
meaning consists of the same steps in both the domains 
of general systems theory and knowledge discovery in 
databases. It has been shown that there are some para-
digm shifts, but nothing prevents us from merging 
them to make them available to both domains. KDD 
focuses a bit more on the comprehensibility and inter-
estingness of a model, hence making it more general 
with regard to a goal definition.  

GST focuses more on time-dependent data and on 
model decomposition. For complex problems, the de-
composition aspect can be used in KDD too. It may be 
better to split up a very complex system into sub-
systems and to tackle each subsystem in turn and then 

to cast the found information in a framework that keeps 
count of the coupling between the sub-systems. 

Finally, KDD is mainly based on an abstraction ap-
proach, while GST also included from the beginning a 
hierarchical approach. 

A merging of both domains seems feasible and the 
resulting meta-modelling methodology seems to be be-
neficial for both domains. 
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ABSTRACT 
 
        This paper summarizes the approach used at 
Champlain Regional College (St.Lawrence Campus) to 
introduce Physics students (pre-engineering) to computer-
based modeling of  physical systems.  Maple V is the 
language used. Simulation is integrated into the scientific 
method followed by the students in the laboratory. 
 
INTRODUCTION 
 
Questions 
 
    Simulation is currently used as a pedagogical tool in 
many parts of the Science and Engineering curricula in a 
variety of educational institutions.  Why should it it be 
taught? When should it be taught? What and how should be 
taught? Tentative elements of answers are suggested in the 
discussion below. 
 
Requests 
.  
    We solicit input (criticism, suggestions) from industrial 
and academic designers and users of computer models.. We 
would also like to request and encourage those who practise 
computer-based modeling to become partners in local 
educational institutions as mentors, both for the professors 
and for the students. 
 
WHY STUDENTS NEED TO SIMULATE 
 
Learning to think scientifically 
 
    One of the general objectives of a Science program is to 
teach students to think scientifically.  The scientist (whether 
pure or applied) explains data by creating an imaginary 
structure, a scientific model, which "behaves like" the real 
physical system.  An analysis of the behaviour of the model 
enables the scientist or engineer to predict other behaviour 
of the system which until now may not have been observed. 
An experiment is then done to verify those predictions and 
hence verify the model. "If we do X to the physical system 
it will do Y" if our model is valid. If we in fact observe Y 
when we do X  then that validates the model..  If the model 
has been confirmed often (i.e. one has confidence in the 
model as being functionally isomorphic with the real 

system)  the applied scientist  or engineer can use the model 
to develop new applications.   
 
Why simulation is necessary 
 
    For the simplest of physical systems it is possible to 
analyse the behaviour of the systems analytically, by the 
solution of simple algebraic and  differential equations.  
The hard reality is that the thousands of problems at the end 
of the chapters of many textbooks describe unrealistically 
simplified systems. The equations that come out of 
scientific models which represent real systems of any 
complexity usually cannot be solved analytically. Numeric 
techniques must be used. Dynamic simulation is an 
effective way to find the implications of the scientific 
models. 
 
The Black Box of Commercial   Simulations 
 
   Students use many computer simulations for pedagogical 
and entertainment purposes. The simulations may be 
commercially programmed or programmed by local faculty. 
In general, however, these simulations are "black boxes". 
Students are not equipped to verify the validity of such 
simulations.   They are "blind consumers". 
 
List of Result of Learning Simulation Techniques 
 
    Students who program their own simulations, even for 
simple physical systems... 
   i. develop a deeper understanding of the scientific models  
       they are learning  
   ii. have a better understanding of the pathway process of   
       solving problems. 
   iii.learn to appreciate the skill of professional 
       programmers  
    iv.may consider computer science as a possible career 
        choice...or not! 
     v.acquire confidence in their own ability to program 
        simulations for their own needs OR recognize when 
         to call on somebody with greater competency 
 
WHEN SHOULD SIMULATION BE TAUGHT? 
 
 Our Students 
 
"College" (="Cégep") in Québec province of Canada refers 
to the first level of post-secondary education in which the 
focus is both on "general" courses (language, humanities, 
physical education) and on specialized pre-university 



courses., College-level students in Pure and Applied 
Sciences or in Health Sciences (leading to studies in the 
sciences or in engineering)  have completed one or two 
algebra-based Physics courses at the secondary school level 
and are now somewhere in a sequence of  three compulsory 
Calculus-based courses in mainly classical Physics.  They 
also follow a two-semester Calculus sequence and a first 
course in linear algebra. Although we find that more and 
more students arrive at the college level with some 
programming experience, in general our students have not 
studied programming and are not taking programming 
courses. 
 
   We have found that the mathematical level of these 
students and the level of their Physics courses provides a 
satisfactory basis for introducing the concepts and 
techniques of basic simulation. 
 
.HOW SHOULD SIMULATION BE TAUGHT? 
 
 The Language Used 
 
    We have developed local simulation development 
environments (SIDE) in TurboPascal, in Java, in Java 
applets, and in JavaScript. We are currently beginning a 
similar project in Visual Basic.  Although these 
environments are useful, they hide a lot of the programming 
from the student.  Students merely entered the "core 
algorithms" describing the physical system under study. 
Much of the "dirty work" has already been done. We  
wanted to give our students the experience of programming 
the models themselves, from the ground up. 
 
    Our current generation of students uses Maple V, 
because it is available on our computer system  and because 
we have found that Maple V is user friendly for beginning 
students. Some students are familiar with   
 
    Maple V is a comprehensive computer language using 
mainly symbolic computation, but also with numerical 
capabilities (Monagan et al, Learning Guide, 1998). It has 
good graphing capabilities to represent the results of 
running a simulation. 
 
    Since the students are learning programming by doing 
the simulation exercises  we are limited to basic syntax. 
The following list will give the Maple V programmer an 
idea of what we expect students to learn beyond basic 
mathematical operations: 
               if..then,for..from.,arrays, procedures 
 
   Note that, as is the case of all programming 
environments, there are some frustrations for the student as 
they program in Maple V, such as incomprehensible error 
messages!! 
 
Object-Oriented Programming? We try... 
 
    In the early stages of teaching modelling and simulation 
we use a simplified form of object-oriented programming. 

Even if the programming language we are using (see the 
next section, below) is not object-oriented, we insist that 
students think in this mode for two reasons. First, object-
oriented models are more isomorphic to the object structure 
of the real world and hence are more intuitive. Secondly, it 
will prepare them for object-oriented programming. 
 
    Students must identify the interacting objects in the real 
physical system then program them in Maple V. They are 
asked to make the computer "think it is the physical system 
under study." 
 
    Students learn that real objects can be represented by 
Maple V procedures.  Real objects have properties which 
are represented by the values given to variables in the 
procedure.  . Real objects  respond to other real objects (e.g. 
a falling ball responds with an upwards acceleration when it 
"detects" that its position is the same as the position of the 
ground. This is effected by "methods" (procedures or other 
code sequences)  in the simulation object.  
 
   The idea of "class" is introduced in our pedagogical 
approach by explaining that the general plan of an object, 
 before values are assigned to the specific object, is a 
"class". Instantiation is done manually by the student 
assigning values, in the simulation program, to the property 
variables.   
 
    Multiple objects from the same class may be 
distinguished by using arrays of properties. Object 1 uses 
the first element of the mass array, for example. In this first 
introduction to simulation this concept was rarely used 
except in optional  Physics courses in the context of 
research projects.. 
 
    We do not even refer to  "advanced" object-oriented 
concepts such as inheritance. 
 
The Importance of doing experiments 
 
    In our context, simulation is part of the scientific 
approach.. The computers  follows the logic inherent in the 
scientific models underlying real systems to make 
predictions concerning the behaviour of those  systems.  
Students then test those predictions by experiment and draw 
appropriate conclusions 
 
EXAMPLE OF A "FINAL PRODUCT" 
 
    The simplest simulation seen by students is the "falling 
rock" (vertical projectile). This example is used to introduce 
the students both to the Maple V language and to the 
concept of computer simulation.  Below is one student's 
successful attempt to program the falling rock. At the end 
the programt calls up the following procedures:   
   1-Initialization of the simulation 
   2-Initialization of the system 
   3-The simulation itself 
   4-Graphical outpu 
  . 



 
 

>#--The Falling Rock--- 
># 1-Initialize the Simulation 
>siminit:=proc() 
>  global t,tt,ndp,dt: 
>  # t=time tt=total time 
>  # ndp=number of data points 
>  # dt=time increment between points 
>  local i: 
>   ndp:=1000: 
>   t[1]:=0:  
>   tt:=3: 
>   dt:=evalf(tt/(ndp-1)): #ndp-1 time increments 
> end:   
 
>#2-Initialize the System Model 
> rockinit:=proc() 
>  global y,vy,ay: 
>  # y is the position of the rock 
>  # vy = velocity, ay= acceleration 
>  y[1 ]:=0:# Initial y 
>  vy:= 10:# Initial vy 
>  ay:= -9.8: #Acceleration 
> end: 
 
>#3-Let the Model "Run" 
> rockfall:=proc() 
>  global t,tt,ndp,dt,y,vy,ay: 
>  local i; 
>  for i from 2 to ndp do 
>     t[i]:=evalf(t[i-1]+dt);  
>    # evalf ensures that the result is real 
>    vy:=evalf(vy+ay*dt): 
>     y[i]:=evalf(y[i-1]+vy*dt):     
>   od: 
> end: 
 
> #4-Graphical Output 
> graphdata:=proc() 
>     global t,tt,ndp,dt,y,vy,ay,dp: 
>     local i; 
>     dp:=[seq([t[i],y[i]],i=1..ndp)]: 
>     plot(dp); #Graph of y=f(t)  
>  end:    
   
> #5-Procedure Calls 
> siminit(): 
> rockinit(): 
> rockfall(): 
> graphdata(); 
> #End 

 
This obviously could have been programmed without 
procedures.   Insisting on procedures is an attempt, albeit 
weak, to keep the student thinking "object-orientedly". 
 
 
 
 

 
 
Other Student Simulation Projects 
 
   Some other   topics  where  we  integrate  simulation  into  
our pedagogical approach are the following: projectiles 
bouncing balls, charging and discharging capacitors, 
oscillations, interference of waves.   In the context of 
"Physics research projects" or "Engineering application 
projects"  students sometimes have done much more 
complex simulations. 
 
CONCLUSIONS 
 
    Our experience has demonstrated that beginning students 
can program computer models of simple physical systems. 
It is gratifying to see students who say "I hate computers" 
finally come to the point where they are excited when they 
finally see the "bouncing ball" graphically, on the screen. 
 
    Our most exciting experiences have been when, in the 
context of laboratory research projects, students were 
paired with experts in the field.  This mentoring relationhip 
is used only for "research projects" undertaken in advanced 
Physics courses.   
 
   Based on that experience, we would like to encourage 
industrial and academic specialists to make themselves 
available for such consultation.  Both the mentor and the  
student will find this experience enriching. 
 
   The preliminary ideas outlined in this paper will be the 
starting point for more formal research in this area. 
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ABSTRACT 
 
Various consultancy companies propose the use of the so-
called TAPE (Timeliness, Accuracy, Productivity, 
Efficiency) performance measures to assist business 
process re-engineering. We study their implementation and 
their relevance in comparison with traditional performance 
measures. We illustrate this by means of an incident 
management model for a call centre. 
 
 
INTRODUCTION 
 
The primary problem when comparing alternative designs 
of a system is to determine which performance measures to 
use. In a manufacturing environment, popular performance 
measures include throughput, lead-time, waiting time in 
queues, delays, etc. These measures are well described in 
the literature (Law and Kelton 1991). For business process 
re-engineering, various consultancy companies propose 
other performance measures, including the TAPE 
performance measures, that can be used as ranking criteria 
when comparing the alternative designs of a system. Most 
of the time these are used for system analysis by hand. We 
investigate their relevance for the comparison of alternative 
system designs by means of computer simulation. 
 
First we will describe a simulation model of a call centre 
which was implemented in ARENA®. Then we will discuss 
the four TAPE performance indicators and describe how to 
integrate them into the simulation model.  We will illustrate 
their use with results obtained from the simulation of the 
call centre model. Finally we compare alternative designs 
of this model based on the TAPE performance indicators 
and based on the traditional performance measures like 
waiting times in queues, resource parameters and service 
level.  
 
 

 
INCIDENT MANAGEMENT MODEL FOR A CALL 
CENTRE 
 
The simulation model we consider is the incident 
management process of a call centre. We will describe the 
elements of the model (the incidents, the resources and the 
skills matrix) and the process flow. The process flow is 
illustrated in figure 1. 
 
The incidents are initiated by the customers of the call 
center. These incidents are represented by the calls that 
arrive at the centre. These incoming calls follow a 
stochastic arrival pattern. The calls are subdivided into 4 
categories and 33 subcategories, depending on the area of 
expertise required by the customer. Each category has a 
specified probability of occurrence, while the subcategories 
within a certain category are assumed to be equiprobable.  
 
The resources in our model are the dispatcher(s) and the 
system engineers. Each resource has its own weekly 
working schedule and has a FIFO queue associated with it. 
Incoming calls will wait in the FIFO queue if the resource 
is busy. A call will be rejected (and leaves the system 
immediately) if the time spent waiting in a FIFO queue 
exceeds a certain fixed threshold. 
 
Every system engineer has his own areas of expertise, 
which are specified in the skills matrix. Every line in the 
matrix represents a subcategory, while every column 
represents a system engineer.  
 
The process flow used in our model can be summarized as 
follows. Every incoming call must pass through a 
dispatcher. The dispatcher will rout the call to a system 
engineer whose area of expertise covers the category and 
subcategory of the call. If multiple system engineers are 
eligible, the dispatcher will rout the call to the resource with 
the shortest queue. Ties are broken in favour of the resource 
located the most to the left in the skills matrix. The 
dispatching time (the time needed by the dispatcher to 
decide on the routing of the call) follows a triangular 
distribution.  
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The processing time (the time the system engineer needs to 
handle a call) is assumed to follow a specified triangular 
distribution, regardless of the subcategory. For every 
processed call, there is a fixed probability that the customer 
is not completely satisfied with the assistance provided. 
These customers will call back after a stochastic delay. 
These subsequent rework calls will result in a decrease in 
the performance of the call centre. If the customer is 
satisfied with the assistance provided, the call is disposed 
and leaves the system. 
 
 
PERFORMANCE INDICATORS 
 
The four so-called TAPE performance indicators, which are 
proposed by some consultancy companies, are timeliness, 
accuracy, productivity and efficiency. We investigate how 
to integrate these indicators into the computer simulation 
model decribed above. 
 
Timeliness 
 
We define the timeliness of the system as the percentage of 
the incoming calls that are considered timely calls. A call is 
considered timely if the time spent in the system until it has 

been processed by a system engineer does not exceed the 
timeliness threshold. The timeliness threshold is considered 
as an input parameter of the model. Note that rejected calls 
can never be timely.  
 
Accuracy 
 
The percentage of rework is determined by the accuracy of 
the system. While it is possible to measure this on a real-
life system, it has to be implemented as an input parameter 
for computer simulation models. Rework calls will be 
initiated when a customer is not satisfied by the assistance 
provided by the system engineer. The accuracy will be 
considered as the input parameter of the system which 
defines the probability that a processed call will result in a 
rework call. 
 
Productivity 
 
We define the productivity of the system as the average 
productivity of all the resources. Note that this may be a 
weighted average if the working schedules of the resources 
are not balanced. The productivity of a resource is the 
percentage of the working time of the resource during 
which the resource is not idle. We suppose that a resource 



is “adding value” to the system when busy. This indicator 
corresponds with the so-called scheduled utilisation of a 
resource which is a standard measure in ARENA®.  
 
Efficiency 
 
A lack of accuracy within the system will cause rework 
calls, as decribed above. The subsequent call will require 
the same area of expertise as the original call, and the 
resulting rework required of the available resources will 
decrease the efficiency of the system. The efficiency of the 
system is defined as being the average efficiency of all 
disposed calls. The efficiency of a disposed call is defined 
as the total handling time (dispatching time + processing 
time) of the initial call  divided by the sum of the total 
handling times of the initial call and all subsequent rework 
calls. For example: the efficiency for a call without rework 
is 1, the efficiency for a call followed by two call backs 
(assuming an equal total handling time duration for all three 
calls) is 0.33.  
 
 
SIMULATION 
 
Several different configurations of the system were 
simulated, and the observed performance indicators were 
compared. Reconfiguration of the system is simulated 
through changes in either the number of resources 
(additional system engineers or additional dispatchers), or 
through changes in the skills matrix. More radical changes, 
like the implementation of a frontoffice-backoffice strategy, 
were not considered. 
 
The screenshots in figure 2 and 3 give some examples of 
the output provided by the simulation. Each run simulated 
10000 minutes (nearly one week) of call center operation. 
 
 

 
 

 

Figure 3 

We illustrate the relevance of the 3 implemented TAPE 
performance indicators with the following simple scenario: 
in phase 1 we consider an overstaffed call centre (15 system 
engineers (SE’s)) that relies heavily on a few “key players” 
(SE’s with a very broad area of expertise), while several 
other SE’s are “newbies” (with a very limited area of 
expertise). In phase 2 we simply eliminate the three least 
productive SE’s. At this moment, the skills matrix still 
contains 12 subcategories which are only covered by a 
single SE. In phase 3 we start cross-training our personnel: 
the 3 least-skilled SE’s each receive training in 2 
subcategories which were previously only known by a 
single SE’s. Finally, in phase 4, we finalise the cross-
training effort in such a way that every single subcategory  
is now covered by at least 2 SE’s. 
 
Figure 4 illustrates the evolution of the timeliness, 
productivity and efficiency of the system over the 4 phases 
of our scenario. These results were based on 10 
replications, resulting in 95%-confidence intervals with a 
width of less than 2%. 
 
Both timeliness and productivity provide a quick and easy 
assesment of the “quality” of a certain system 
configuration. In phase 1 of the scenario described above, 
the low productivity indicates that the number of resources 
is more than sufficient, while the low timeliness indicates 
that there is a shortage of certain skills, causing long queues 
in front of key personnel. The combination of both 
indicators strongly suggests that more crosstraining could 
lead to a better configuration (requiring less personnel). As 
expected, the elimination of the least productive resources 
in phase 2 results in a greatly improved productivity, while 
the impact on the timeliness remains relatively limited. The 
first crosstraining session produces the expected results: 
both productivity and timeliness improve. The final 

Figure 2 



crosstraining session has no noticeable impact on 
timeliness, but still results in a minor increase in 
productivity. The high and relatively stable productivity 
level at this stage seems to suggest that more well-trained 
personnel will be necessary if we want to improve the 
timeliness. The impact of the considered system 
reconfigurations on efficiency is negligible, mostly due to 
the simplicity of the model and the changes considered. A 
more radical change (like the frontoffice-backoffice 
strategy mentioned earlier), is required before this indicator 
becomes relevant.    
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While the timeliness and productivity provide a good 
assesment of the overall quality of a configuration, one 
easily understands that more detailed indicators, like the 
traditional queue lengths, are essential for an in-depth 
understanding of the dynamics behind the model. It is for 
instance impossible to base the decisions that led from 
phase 1 to phase 4 in the example above (which SE’s to 
eliminate, how to organise cross-training) on the 3 
implemented TAPE indicators alone. 
 
 
CONCLUSIONS 
 
We have shown how to integrate three of the four TAPE 
performance indicators (timeliness, productivity and 
efficiency) in a computer simulation model of incident 
management processes for a call center. The fourth 
performance indicator (accuracy) had to be defined as an 
input parameter. These concepts can easily be applied to 
most other models. 
 
Simulation has shown that the top-level indications 
provided by these three performance indicators can be used 
as a simple and relatively powerful tool during the first 
phase of a business process re-engineering project, where 
one wants to compare fundamentally different designs of a 
system. Present research however has revealed the limited 
sensitivity of these TAPE performance measures to smaller 
changes in the system design, which suggests their relative 
irrelevance during the final fine-tuning phases of business 
process re-engineering projects. The traditional 

performance measures remain the performance indicators 
of choice for more refined and detailed analyses. 
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Abstract

SMPL is a discrete-event simulation language used
at the universities of many countries in order to
teach simulation. This language is appropriate for
beginners due to its simplicity and easy use. Until
now, we have not found in the literature significant
improvements to its implementation. In this work
we have improved the modeling capabilities of SMPL
by adding several instrumentation tools. They can be
used to collect simulation variables such as queueing
times, queueing lengths, or response times. These
tools, implemented as a collection of procedures, will
help programmers to improve clarity and readability
of simulation programs. The way they can be used
has been inspired on the instrumentation capabili-
ties of the CSIM simulation language. In particular,
we have added four main structures to collect system
data: tables, qtables, boxes and meters.

In this paper, the authors present a brief descrip-
tion of the implemented instrumentation tools and
some aspects about their internal design. We also
include a simple simulation example showing how to
use them and how results are reported.

∗This work was supported by the Spanish CICYT under
grant TIC2000-0472-C03-03

1 Introduction

Simulation is the imitation of the operation of a real-
world process or system over time [1]. In particular,
simulation is a useful technique for computer sys-
tems performance analysis. The choice of the pro-
gramming language has a significant impact on the
timely development of the model. General-purpose
languages are portable and provide a good control
over the efficiency and run time of the simulation [5].
Moreover, a model developed in a general purpose-
language can be easily converted for execution on
diferent computer systems.

SMPL (Simple Portable Simulation Language) [6]
is a discrete-event simulation language. It is a fun-
cional extension of the C general purpose program-
ing language, although implementations in other
programming languages also exist, as Fortran, Pas-
cal or PL/I. This extension takes the form of a set
of library functions with, together with the program-
ming language itself, compose an event-oriented sim-
ulation language. Simulation operations are per-
formed by means of calls on the functions of the
simulation subsystem. This approach provides a
simulation capability suitable for small to medium
scale models, whereas process-oriented simulation
languages, like CSIM [2], are preferable for large
scale models.

In a SMPL simulation model, there are three kinds
of entities: facilities, customers and events [7]. A fa-



cility is used to model a resource, such as the disk in
a computer system or the network in a distributed
system. In static form, a system comprises a collec-
tion of interconnected facilities. The interconnection
of facilities is not explicit, but rather is determined
by the routing of customers between them. Cus-
tomers represent the active entities in the system.
The dynamic behavior of the system is modeled by
the movement of customers through the facilities de-
fined in the model. Events represent a change of
state of any system entity, such as the arrival of a
customer into a facility. A SMPL simulation pro-
gram comprises an initialization routine, a control
routine, and some number of event routines.

Despite of SMPL was desinged many years ago,
nowadays it continues being used at the universities
of many countries in order to teach basic simulation
matters due to its simplicity and easy use. For exam-
ple, SMPL has been included as a part of the queue
module of the SimPack toolkit [4].

Until now, we have found no improvement to that
language in the literature since its original design.
In this work we have added several instrumentation
tools to SMPL for collecting and reporting distribu-
tions of simulation variables such as queueing times,
queueing lengths, or response times. These tools,
implemented as a collection of procedures, help pro-
grammers to improve clarity and readability of sim-
ulations programs. The added instrumentation tools
have been inspired on these used in CSIM [2], a lan-
guage for developing discrete-event, process-oriented
simulation models. This fact allows experienced pro-
grammers in CSIM easily apply the same instrumen-
tation procedures into SMPL programs. In partic-
ular, we have added four main structures to collect
system data: tables, qtables, boxes and meters.
More precisely, the extension of SMPL for the ad-
dition of tables has been originally discussed in [7].
Both the design and the data structure description
for tables presented here have served as a starting
point for own implementation.

The rest of the paper is organized as follows. Sec-
tion 2 describes the funcionality of each instrumen-
tation structure added to the SMPL language. Sec-
tion 3 shows some details about their implementa-

tion, and Section 4 describes and verifies the use of
these tools by means of a simple simulation model.
Finally, Section 5 summarizes the conclusions and
future work.

2 Instrumentation Overview

In this section we examine the main features of the
four implemented tools into the SMPL language.
Most of the work in implementing these structures
is in coding their report function; the code is simple,
but the formating process becomes wearisome. Data
values or events recorded in these structures are used
to compute the statistics, and in all cases no data is
actually stored. Previous to its use, each instrumen-
tation tool added to the model must be initialized.
All the data structures associated to these tools can
be cleared by means of the reset() function.

Tables are used to collect statistics on a sequence
of discrete values such as queueing times or response
times. A value v is included in a table t using the
procedure record(v,t).

Qtables are appropriate to know the distribution
of a population in a subsystem. A customer will ex-
ecute note_entry(qt) and note_exit(qt) in order
to note its entry and exit, respectively.

A box conceptually encloses a part of the model,
reporting information about both the residence time
and the population in that part of the model. This
information is saved in both a table and a qtable
associated to each box. A customer must execute
enter_box(b) and exit_box(b,ti) to enter and
exit a box, respectively, and it must specify the in-
stant of time ti when entered the box.

A meter is used to collect statistics about the
flow of customers at some point in a model. A
customer notes its passage by a meter using the
note_passage(m) procedure.

Statistics of the previous structures includes,
among others, the mean, the number of values
recorded, the minimum and maximum values, the
sum and the range of values, etc. Also, confidence
intervals for the mean can be automatically com-



puted by using the following formulas:

m ± z1−α
2

s√
n

, n > 30

m ± t1−α
2
;n−1

s√
n

, n < 30

where n is the number of samples recorded, z and
t are the normal and Student distribution functions,
respectively, and 1 − α/2 is the confidence level or
confidence coeficient (considered values in the imple-
mentation are 0.90, 0.95 and 0.98).

Finally, histograms can also be specified for the
four instrumentation tools in order to get more de-
tailed information about the collected values.

A detailed description of how to use these struc-
tures and how to gather statistics can be found in
the CSIM User’s Guide [2].

3 Implementation

The implementation of SMPL uses the C language.
SMPL basic files are smpl.c (main simulation sub-
system), rand.c (random variate generation func-
tions), smpl.h (external name declarations) and
stat.c (normal ant t distribution quantile func-
tions). In order to include the extra capabilities
presented in this work, we have added code to the
smpl.c and smpl.h files.

We have maintained the compactness of its origi-
nal design, allowing both the use of SMPL in com-
puters with limited memory sizes and as a part of a
larger application-oriented simulation system. Com-
pactness has been achieved using a single basic data
element for all data structures. These elements com-
prises five fields, L1 and L2 for real values, and L3,
L4 and L5 for integer values. SMPL maintains a pool
of these elements, which are allocated from this pool
in order to build facility descriptors, queue entries,
and event list entries. This pool of elements has been
used in order to construct table, qtable, meter and
box descriptors. The basic structure of the element
pool for the instrumentation tools is shown in Fig-
ure 3.

In the structure for tables we need to store the
maximum and minimum of introduced values, as
well as their sum and square sum, which will be used
to obtain other statistics, such as the variance or the
coefficient of variation. Additionally, there is a set of
fields that are useful for the representation of the his-
togram of each table. These are “from” (it indicates
the lower limit of the rank of the histogram), cell
interval (it establishes the width of each interval),
overflow and underflow (they count the values out
of the rank), cell set index (it contains a reference to
the first element of a structure, implemented as an
array of integer type, that contains the number of
observations that lie in each interval), and the num-
ber of intervals. Finally, there is a field to store the
total amount of introduced values and a special field
called “options”, which indicates if the table belongs
to a more complex structure like a box.

In the structure for qtables we need to consider
two fields for keeping clock values: first, the instant
in which a qtable starts to collect data, and also the
instant when took place the last update. Moreover,
it is necessary to consider the state of the qtable
(length of the queue), the maximum and minimum
values of this state, as well as the initial value of the
queue length. As in the case of tables, qtables need
to store the sum and square sum of values, the qtable
chain link and also the index of name. Moreover, the
number of entries and exits in the queue, as well as
a group of fields that keep information related to
the histogram, are considered. However, in the case
of qtables, the cell set index links to an array of
real type (each interval of the histogram represents
a value of time).

The structure for meters have five fields: the clock
value at the begining of measuring, the clock value
at the moment of the last update, the meter chain
link and the index of name. The last field contains a
value that identifies the table associated to the me-
ter, because meters use functions offered by tables.

Finally, the structure for boxes is similar to that
used by meters. However, in this case we need an
additional field, because boxes use the functions pro-
vided by both tables and qtables. Therefore, this
field keeps the identifier of the qtable associated to
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Figure 1: Added elements to the SMPL basic pool
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4 Simulation Example

In this section we present some results obtained us-
ing the SMPL simulation language with the added
instrumentation tools. The model we have used is
based on the central server, and it is depicted in Fig-
ure 2. This model has analytical solution that can

be found by using the Mean Value Analysis (MVA)
algorithm [5]. This fact will help us to compare the-
oretical results with these one obtained by simula-
tion. The parameters used for this model are shown
in Table 1.

Parameter Value
Processing time 0.05 s
Disk access time 0.035 s
Disk visit ratio 3
Thinking time 5 s
Number of disks 3

Table 1: Configuration parameters

We have added four monitoring points in this
model, indicated in the Figure 3, in order to measure
the mean values of the following system variables:

1. System response time. This variable measures
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Figure 3: Queueing model indicating instrumenta-
tion points

the time a customer spends in the system, being
computed by means of a box.

2. Throughput of disks. It measures the cumula-
tive throughput of the three disks in the system,
and it is measured by means of a meter.

3. Processor response time. This variable quanti-
fies the time a customer spends in each visit to
the CPU. It is measured by means of a table.

4. Number of thinking customers. It represents
the number of customers in the thinking state
(elapsed time between two consecutive requests
to the system). We have measured it by using
a qtable.

The following lines show the simulation program
in SMPL language implementing the closed central
server model. Comments has been added in order
to provide enough readability to those who are not
experienced with an event-oriented simulation lan-
guage. A complete report of the results obtaining
when running this program can be found in the Ap-
pendix.

#include "smpl.h"
#include <stdio.h>
#include <math.h>

#define MAX_JOBS 100

#define MAX_DISKS 5

double h, gm;
int start_period, batch_size;
int event, customer;
int i, endsim, nbatches;

double tcpu = 0.05;
double tdisk = 0.035;
double Zt = 5.0;
int JOBS = 15;
int DISKS = 3;

void sim(); // *** simulation function
void test_end(); // *** simulation end

struct info_token
{

int disk;
double arrival;
double incpu;

} token[MAX_JOBS];

/* Facilitites in the model. */
int TERMS, CPU, DISK[MAX_DISKS];

/* Instrumentation tools in the model. */
int b; // *** box
int m; // *** meter
int t; // *** table
int qt; // *** qtable
int bmt, gmt; // *** tables for batch means

/* Main program. */
void main()
{

sim();
}

/* Simulation program. */
void sim()
{

/* Initialization of model. */
smpl(0,"Closed Model");

/* Initialization of facilities. */
TERMS = facility("TERMS",JOBS);
CPU = facility("CPU",1);
for (i=0;i<=DISKS-1;i++)
DISK[i]=facility("DISK",1);

/* Initialization of instrumentation tools. */



b = box("System response time");
box_time_confidence(b);
box_time_histogram(b,5,0.0,10.0);

m = meter("Cumulative throughput of disks");
meter_confidence(m);

t = table("Processor response time");
table_confidence(t);
table_histogram(t,3,0.0,0.75);

qt = qtable("Thinking customers");
qtable_histogram(qt,4,0,10);

bmt = table("Batch mean table");
gmt = table("Grand mean table");

/* Initial job scheduling. */
for (customer=1;customer<=JOBS;customer++)
schedule(1,0.0,customer);

/* Initialization of batch means variables. */
start_period = 5000;
batch_size = 15000;
endsim=0;

while (endsim==0)
{
cause(&event,&customer);

switch(event)
{
case 1: // *** Begin of think time

note_entry(qt);
request(TERMS,customer,0);
schedule(2,expntl(Zt),customer);
break;

case 2: // *** End of think time
release(TERMS,customer);
note_exit(qt);
token[customer].arrival = enter_box(b);
token[customer].incpu = time();
schedule(3,0.0,customer);
break;

case 3: // *** Request cpu
if (request(CPU,customer,0)==0)
schedule(4,expntl(tcpu),customer);
break;

case 4: // *** Release cpu

release(CPU,customer);
record(time()-token[customer].incpu,t);
if (ranf()<=0.1)
{
exit_box(b,token[customer].arrival);
test_end();
schedule(1,0.0,customer);

}
else
{
token[customer].disk=random(0,DISKS-1);
schedule(5,0.0,customer);

}
break;

case 5: // *** Request disk
i = token[customer].disk;
if (request(DISK[i],customer,0)==0)
schedule(6,expntl(tdisk),customer);

break;

case 6: // *** Release disk
i = token[customer].disk;
release(DISK[i],customer);
note_passage(m);
token[customer].incpu = time();
schedule(3,0.0,customer);
break;

}
}
full_report();
printf("\nResponse time: %f +/- %f",gm,h);

}

void test_end() // *** batch means
{
if (table_cnt(box_time_table(b))>start_period)
{
record(time()-token[customer].arrival,bmt);
if (table_cnt(bmt)==batch_size)
{
record(table_mean(bmt),gmt);
nbatches = table_cnt(gmt);
gm = table_mean(gmt);
h = table_conf_halfwidth(0.95,gmt);
if ((nbatches>=10)&&((h/gm)<0.1)) endsim=1;
reset_table(bmt);

}
}

}

Instrumentation tools in the model are variables



b, m, t and qt. Confidence intervals and histograms
have been requested for variables b and t.

The number of thinking customers can be com-
puted by noting the entry into the TERMS facility
(case 1) and noting the exit when releasing it (case
2). The mean value of thinking customers calculated
by the qtable is 9.4656, agreeing with that indicated
by the analytical solution.

The system response time lasts since a job leaves
the TERMS facility (case 2) until it realases the pro-
cessor to begin a new think time (case 4). These
two cases are used to note the entry and the exit,
respectively, of a job into the box.

Throughput of disks has been measured by noting
the passage of each job when releasing any of the
three disks in the model (case 6).

Processor response time is calculated using a
table as the difference between the time a job re-
leases it (case 4) and the time that job entered
it (case 2). The computed mean response time is
0.2539 ± 0.003 (95% confidence level), that agrees
the analytical solution.

The simulation method used is batch means [3],
and it has been implemented in the test_end()
function similary to the batch means module de-
signed in [7]. However, in our case, the method has
been implemented using two tables. The output
simulation value used is the mean system response
time. It has been defined a start period of 5000 ob-
servations and each batch consists of 15000 samples.
After the initial period, values of the variable are
considered until a full batch is accumulated in the
bmt table. Then, the mean of the batch is consid-
ered to compute the grand mean by using the gmt ta-
ble. The simulation stops when ten or more batches
have been collected and the relative error between
the grand sample mean and the half width of the
conficence interval is less than 0.1. The confidence
interval is computed with a confidence level of 95
percent. The simulation of this model gives a sys-
tem response time of 2.929±0.051, that includes the
theoretical value of 2.928.

5 Summary and future work

In this paper we have described a set of instrumen-
tation tools that have been added to the well-known
SMPL language. These tools can help model design-
ers to implement simulation programs easier to read,
debug and understand. The added source to SMPL
is open and it can be obtained by sending an e-mail
to one of the authors of this work.

As a future work, we are now working on the in-
clusion into SMPL of another set of extensions such
as: storages (to model resources), facilities with infi-
nite servers (to model delays), customer classes (for
multiclass systems), and other scheduling policies at
queues (as Round Robin).
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Appendix: full report of simulation

This appendix contains the output of the simulation program presented in Section 4. This output is produced
by means of the full_report() function.

smpl SIMULATION FULL REPORT

Closed Model

Ending simulation time: 82057.641
Elapsed simulation time: 82057.641

facility service through- queue response compl
name time util. put length time count
---------------------------------------------------------------------------
TERMS 5.0105 9.4647 1.8890 9.4647 5.0105 155004
CPU 0.0501 0.9457 18.8940 4.7981 0.2539 1550399
DISK[0] 0.0350 0.1991 5.6836 0.2462 0.0433 466386
DISK[1] 0.0350 0.1980 5.6573 0.2446 0.0432 464228
DISK[2] 0.0351 0.1986 5.6641 0.2454 0.0433 464784

TABLE : Processor response t

minimum 0.0000 mean 0.2539
maximum 1.5154 variance 0.0293

range 1.5154 standard deviation 0.1712
observations 1550399 coeficient of var 0.6741

_________________________________________________________________

confidence intervals for the mean after 1550399 observations

level confidence interval
90 % 0.2539 +/- 0.0002 = [ 0.2537, 0.2542]
95 % 0.2539 +/- 0.0003 = [ 0.2537, 0.2542]
98 % 0.2539 +/- 0.0003 = [ 0.2536, 0.2543]

_________________________________________________________________

HISTOGRAM Processor response t

lower limit frequency proportion cum. prop.
0.0000 858129 0.55349 0.55349 ********************
0.2500 550598 0.35513 0.90862 ************
0.5000 125825 0.08116 0.98978 **

> 0.7500 15847 0.01022 1.00000

TABLE : Batch mean table

>No data recorded since creation or reset

TABLE : Grand mean table



minimum 2.7836 mean 2.9290
maximum 3.0286 variance 0.0050

range 0.2449 standard deviation 0.0707
observations 10 coeficient of var 0.0241

QTABLE : Thinking customers

initial 0 minimum 0 mean 9.4656
final 10 maximum 15 variance 7.1721

entries 155014 range 15 standard deviation 2.6781
exits 155004 coeficient of var 0.2829

HISTOGRAM Thinking customers

number total time proportion cum. prop.
0 300.6090 0.00366 0.00366
3 5872.4408 0.07157 0.07523 **
6 23425.0911 0.28547 0.36070 ********

> 9 52458.9600 0.63930 1.00000 ********************

METER : Cumulative throughput of disks

count 1395398 rate 17.0051

interpassage time statistics

minimum 0.0000 mean 0.0588
maximum 3.2740 variance 0.0042

range 3.2740 standard deviation 0.0652
observations 1395398 coeficient of var 1.1082

_________________________________________________________________

confidence intervals for the mean after 1395398 observations

level confidence interval
90 % 0.0588 +/- 0.0001 = [ 0.0587, 0.0589]
95 % 0.0588 +/- 0.0001 = [ 0.0587, 0.0589]
98 % 0.0588 +/- 0.0001 = [ 0.0587, 0.0589]

_________________________________________________________________

BOX : System response time

statistics on elapsed time

minimum 0.0000 mean 2.9299
maximum 47.2148 variance 9.8671

range 47.2148 standard deviation 3.1412
observations 155000 coeficient of var 1.0721

_________________________________________________________________

confidence intervals for the mean after 155000 observations



level confidence interval
90 % 2.9299 +/- 0.0131 = [ 2.9167, 2.9430]
95 % 2.9299 +/- 0.0156 = [ 2.9142, 2.9455]
98 % 2.9299 +/- 0.0186 = [ 2.9113, 2.9484]

_________________________________________________________________

HISTOGRAM

lower limit frequency proportion cum. prop.
0.0000 80445 0.51900 0.51900 ********************
2.0000 36211 0.23362 0.75262 *********
4.0000 17780 0.11471 0.86733 ****
6.0000 9358 0.06037 0.92770 **
8.0000 4943 0.03189 0.95959 *

> 10.0000 6263 0.04041 1.00000 *

statistics on population

initial 0 minimum 0 mean 5.5344
final 4 maximum 15 variance 7.1721

entries 155004 range 15 standard deviation 2.6781
exits 155000 coeficient of var 0.4839

System response time: 2.929 +/- 0.051
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ABSTRACT 
 
   Modeling and simulation tools have been used for helping 
in the early stages of hardware/software systems design. 
The DEVS formalism is a technique that enables 
hierarchical description of discrete event models that can be 
used for this task. The CD++ tool enables the description of 
discrete event models based on the DEVS formalism, and 
we have used it to provide hardware-in-the-loop simulation 
using the CODEC of a DSP board. First, a DEVS model 
was built using the real-time version of CD++ to simulate 
the behavior of the CODEC together with a test program 
using the CODEC. Next, the actual CODEC was deployed 
as a hardware prototype to replace the CD++ model, 
integrating the prototype into the original DEVS 
component. The real-time data communication between the 
CD++ model and the DSP board was explored in detail. As 
a result, we are now able to study models in a simulated 
environment, and to execute them in a hardware surrogate. 
The hierarchical nature of DEVS permitted to do this 
without modifying the original models, providing the base 
for enhanced system development in embedded platforms.  
 
INTRODUCTION 
 
   In the early stage of the design of embedded systems, 
software and hardware are designed independently. The 
software development team is waiting for the hardware 
prototypes to be available; however, the hardware 
development team is waiting for the software environment 
for hardware prototype verification and testing. It is 
difficult to decide the trade-offs between the hardware and 
software solutions in terms of system performance 
requirements (time, power consumption) and probably 
delays the product design cycle. In addition, there are few 
interactions between hardware and software, which restrict 
the exploration of solutions where some functionality could 
migrate between both components (Berge 1997). With the 
emerging of the specific components (I/O, DSP, ASIC, 
FPGA), a mixed-system design is more efficient to realize 
specific applications, such as signal processing or 
telecommunications. The user can test the functionality of 
the hardware in a very early stage. This is economically 

efficient, and shortens the product development cycle and 
time-to-market period. 
 
   The DEVS (Discrete EVents Systems specifications) 
formalism for modeling and simulation (Zeigler. Praehofer 
and Kim 2000) provides a framework for the construction 
of hierarchical models in a modular fashion, allowing 
model reuse, reducing development and testing time. The 
hierarchical and discrete event nature of DEVS makes it a 
good choice to achieve an efficient product development 
test. DEVS are timed models, which also enables us to 
define timing properties for the models under development. 
Each DEVS model can be built as a behavioral (atomic) or 
a structural (coupled) model. A DEVS atomic model is 
described as: 
 

M = <X, S, Y, δint, δext, λ, D > 
 

X: the input events set 
S: the state set 
Y: the output events set 
δint : internal transition function 
δext : external transition function 
λ: output function 
D: the elapsed time 
 
A DEVS coupled model is formed by configuring several 
atomic models or coupled models: 
 

CM = < X, Y, D, {Mi}, {Ii}, {Zij} , select > 
 

X: the set of input events 
Y: the set of output events 
D: an index of components, each i∈ D 
Mi: a basic DEVS model, where Mi = < Ii, Xi, Si, Yi, δinti, 
δexti , tai > 
Ii: the set of influencees of model I, each j ∈ Ii     
Zij: the i to j translation function 
Select: the function prescribes which atomic model should 
be activated first under simultaneous events. 
 
   The CD++ environment (Wainer 2002) is a tool built to 
implement the DEVS and Cell-DEVS theory. The toolkit 
has been built as a set of independent software pieces, each 
of them independent of the operating environment chosen. 
The defined models are built as a class hierarchy, and each 



of them is related with a simulation entity that is activated 
whenever the model needs to be executed. New models can 
be incorporated into this class hierarchy by writing DEVS 
models in C++, overloading the basic methods representing 
DEVS specifications: external transitions, internal 
transitions and output functions. CD++ employs a virtual 
time simulation approach (Rodríguez and Wainer 1999), 
which allows skipping periods of inactivity. The abstract 
simulation technique enables defining and using different 
simulation engines without affecting existing models. The 
recent real-time extension (Glinsky and Wainer 2002) 
enables simulation advancing based on the wall-clock, 
making the simulation process to be quiescent between 
events. The model being executed must react to external 
event in a timely fashion. This means when an external 
event arrives, the model should react within a predefined 
deadline, and return a result before that time. The real-time 
extension of the toolkit allows associating deadline with 
external events.  
 
   We show how to gradually incorporate hardware 
prototypes into a simulated environment using the real-time 
version of CD++ toolkit (Glinsky and Wainer 2002). The 
hardware prototype employed is a CODEC (a device 
performing A/D and D/A operations) embedded in a Digital 
Signal Processor (DSP) board (Analog Devices 2000). The 
block diagram in figure 1 below is the 2189M EZ-KITLITE 
DSP Board (Analog Devices 2000) and some major 
components used.  
  

 
Figure 1: Scheme of the Analog Devices 2189M EZ-

KITLITE Evaluation Board 
 
THE APPLICATION MODEL 
 
   The prototype was designed in two stages. In the first 
stage, we built a set of DEVS atomic models using the real-
time version of CD++. Figure 2 shows the test A 
experimental frame built in CD++, which was used to test 
the behavior of the CODEC model.  
  
   The test A experimental frame includes five atomic 
models. They are clock, control, CODEC, analog signal 
generator and display. A brief description of the these 
atomic models is given below: 
 
• Clock: generates control signals with a predefined 

period.  

• Control: distinguishes the incoming signal. If a 
command signal is received, it will invoke the CODEC 
atomic model.  

• CODEC: simulates the behavior of the CODEC.  
• Analog signal generator: generates an analog signal. 
• Display: updates the results from the CODEC model 

and displays them. 
 

 
Figure 2: Test A, Experimental Frame Conceptual Model 

 
   The detailed definition of these models can be found in 
(Li, Pearce and Wainer 2002), but we will focus in the 
description of the CODEC model. Later, we will show its 
implementation using the available hardware. The CODEC 
model is responsible for translating an analog signal into an 
output digital signal. Figure 3 shows the CODEC DEVS 
atomic model used in our example.  
 

CODEC = <X, Y, S, δext, δint, λ, D> 
 
X = { ControlIn ∈ N+, AnalogIn ∈ R } 
Y = { DigitOut ∈ BinaryStream } 
S = { AnalogIn ∈ R } ∪ { ControlIn = 1 } 
 
δext ( s, e, x ){ 
  If ControlIn //check which port is signaling 
  
  case: port = ControlIn 
    if control = 1, //start signal conversion 
 analog_data = X.AnalogIn;  
 digital_data = convert (analog.data); 
 holdIn (active, time); 
    else   
 passivate(); // wait for the next event 
  
  //if AnalogIn signals 
  case: port = AnalogIn 
 passivate(); // wait for the next event 
} 
δint ( s, e ) { 
 passivate(); 
} 
λ (s) { 
 send digital_data to DigitOut; 
} 

 
Figure 3: CODEC Model Conceptual Definition 

 
   When an event arrives at ControlIn and its value equals to 
1, the CODEC atomic model starts analog to digital signal 
conversion using the analog received in the AnalogIn port. 
When the signal conversion completes, the CODEC sends 
all results using the DigitOut port. The analog signal is a 
stream of floats and the digital signal is a stream of binary 



strings. Please see the table 1 for a sample analog->digital 
conversion. The Analog generator is an atomic model and 
all it does is to randomly generate float representation of 
the analog signal. 

 
Table 1: Analog to Digital Conversion 

 
Analog Input (voltage) Digital Output 
0 0000 
0.2 0001 
0.4 0010 
0.6 0011 
0.8 0100 

 
   The test A coupled model is built to test the behavior of 
the software version of the CODEC. Figure 4 is the 
simulation output of the test A experimental frame. 
According to the figure, the first digital signal is obtained at 
time 00:00:40:708 through the signal output port. Its 
associated value is 0001 (here we use binary strings 
representing the digital signal value). At the time 
00:00:41:608, another digital signal is arrived at ground 
output port and its value is 0000. All digital signals are 
processed successfully through the software CODEC 
model. 
 
Wall Clock Time    Result    Output Port  Value 
00:00:40:708     succeeded     signal      0001 
00:00:41:008     succeeded     signal      0110 
00:00:41:308     succeeded     signal      0011 
00:00:41:608     succeeded     ground      0000 
00:00:41:900     succeeded     signal      1010 
… 

 
Figure 4: Output of Test A Experimental Frame 

 
INTRODUCING HARDWARE-IN-THE-LOOP 
 
   The application model we built in the previous section 
was reused when we replaced the model for the CODEC by 
the actual hardware. The new experimental frame (figure 5) 
was built to support interaction with the real CODEC on the 
board, and existing atomic models were reused. A clock 
model generates periodic signals to awake the control 
model. Then the control model will invoke the TCL model, 
which is in charge of initializing the CODEC and start the 
conversion. When the CODEC finishes the conversion, the 
dataTransfer model will acquire these data and send them 
to the control model. Finally, the DataTransfer model will 
feed the data to the display model. A brief description of 
the new atomic models is given following:  
 
• TCL: invokes and opens the VisualDSP debugger 

system. Once the debugger system is opened, the 
different TCL files needed for A/D and D/A access can 
be invoked to obtain samples and regenerate the analog 
signal. 

• DataTransfer: reads the digital samples and sends 
them back to the control model. In addition, the data 
will be written back to the board for display if the DAC 
is working. 

 
 

Figure 5: Test B Experimental Frame Conceptual Model 
with Hardware-in-the-loop 

 
   Figure 6 shows the CD++ coupled model definition of the 
Test B experimental frame. The first line in the figure 
defines the Top model, which includes four atomic models 
and one coupled model. The Out port represents two output 
ports: signal, ground, and the links describe the internal and 
external coupled schema. The similar configurations are 
specified for each of the atomic models in the Test B 
experimental frame conceptual model.  
 
   The [top] model always defines the coupled model at the 
top level. As showed in the formal specifications presented 
earlier, four properties must be configured:  
• Components: describes the models integrating a 

coupled model. The syntax is modelName@className, 
allowing more than one instance of the same model 
using different names. The class name reference to 
either atomic or coupled models (which should be 
defined in the same configuration file).  

• Out: it defines the names of output ports.  
• In: it defines the names of input ports. 
• Link: it describes the internal and external coupling 

scheme. The syntax is: source_port[@model]    
destination_port[@model]. The name of the 
model is optional and, if it is not indicated, the coupled 
model being defined is used. 

 
[top] 
components : clock@Clock control tcl@TclCycle 
display@DisplayCycle DataTransfer@FileTransferCy 
Out : ground signal 
Link : out@clock in@control 
Link : out@control in@tcl 
Link : out@tcl start@transfer 
Link : out@transfer in@display 
Link : ground@display ground 
Link : signal@display signal 
 
[control] 
components : queue@Queue central@ControlCycle 
In : in  
Out : out data_out 
Link : in in@queue 
Link : out@queue in@central 
Link : data_out@central done@queue 
… 

 
Figure 6: CD++ Coupled Model Specification for Source 

Code for Test B 
 



IMPLEMENTATION 
 
   The system was designed using two components: one 
running in a PC/Workstation, and another on the DSP 
board. See figure 7.  
 

  
Figure 7: A High-level Architecture of the Simulation 
 
   The CD++ test experimental frame communicates with 
the board through the IDE software, and a built-in TCL 
script controls the debugger operation. The IDE uses serial 
communication to access the ADSP chip memory on the 
DSP board. In the board, a talkthrough program is loaded 
by the IDE, which invokes the CODEC, stores the digital 
samples in a circular buffer, and sends the data back to the 
CODEC for output. When the samples are available, the 
TCL control script gets them and makes them available for 
CD++ as new external events. The interaction between the 
components is depicted in Figure 7. There are three 
cooperating subsystems in the simulation, the DSP board, 
the IDE and CD++. The DSP board subsystem acquires an 
analog signal from a 15MHZ function/waveform generator, 
and digitizes it through an A/D of the CODEC. These 
digital samples are saved in a predefined location in the 
DSP chip memory. In addition, the CODEC D/A writes 
these digital samples back to reproduce the analog signal, 
and displays them in a digital oscilloscope. 
 
   An important issue raised was how to achieve the 
system’s deadline. The real-time CD++ simulator uses the 
wall-clock to determine when to execute the next event. In 
this case, when the TCL model invokes the IDE 
application, we need time to reset the board. The solution is 
to let the model to wait for the hardware to start. During 
this period, the model will remain in the active state, and 
after that, it will generate an internal transition, recording 
the physical time it takes to this action. Another issue is to 
ensure that the model is ready to start a new read cycle, and 
that will depend on the speed for reading. The clock model 
will generate the read command according to the following 
diagram (Figure 8): 
 

 
Figure 8: Clock Timing Diagram 

 
   Figure 8 shows that at time 0:0:1:0, the model started to 
read data from the board memory. After 9 time units, the 
model finished reading the data. The clock model will 
record this time, and then it will issue the next command at 
time 0:0:11:0 to start another cycle. 
 
   Displaying the analog signal on the real-time digital 
oscilloscope is another difficult issue. Due to the limitation 
of the current IDE debugger, only 256 sample points can be 
written back at a time. These digital points went through the 
D/A and displayed on the oscilloscope. The following 
digital pictures show a 1 KHz sine waveform on the scope. 
 

    
 

 
 

Figure 9: Digital Pictures of 1 KHz Sin Waveform 
 
   The top is the input signal in sine waveform; the bottom 
image is the output from the simulation. Since the output 
signal is instantaneous, the display of the output signal is 
caught by freezing the screen. After adjusting the scale of 
the signal, we can read that the frequency is 1 KHz, which 
means the output signal is correct (in the picture they seem 
to be different, because the digital oscilloscope does not 
have enough signals to acquire in order to auto-set the 
display).  
 
TEST EXAMPLES 
 
   Different tests were conducted to evaluate the software 
and hardware components, as well as the program as a 
whole (refer to Test B conceptual frame) to examine the 
correctness and performance of the simulation. 
 
   1) Examining the A/D functionality of the CODEC. At 
initialization, the clock atomic model generated a control 
signal to start the control atomic model at time 
00:00:00:040. The control model then invokes the TCL 



model to start the IDE application and to load the TCL 
script. After pressing the reset button on the DSP board, the 
talkthrough program is loaded into the DSP board. At the 
same time, the dataTransfer atomic model is hold in the 
sleep state and is waiting for the data to be generated by the 
CODEC on the DSP board. Upon receipt of the converted 
digital data, the dataTransfer model will take these data and 
send them back to the control model. Finally, through a 
display atomic model, these samples will be updated and 
stored in a bin. After one simulation cycle, the clock will 
generate the next command. The simulation can be 
terminated by a preset simulation time or manually.  
 
   The following execution results show that all the signal 
conversions are successful and the values are obtained. 
These results match with those of the test A experimental 
frame and the differences in the value column represent a 
difference in the format and the analog waveform used.  
 
Wall clock time  results  Output Port    value 
00:00:40:708    succeeded   signal      0.50391 
00:00:41:008    succeeded   signal     -1.00000 
00:00:41:308    succeeded   signal     -0.97546 
00:00:41:608    succeeded   ground      0.03967 
00:00:41:900    succeeded   signal     -1.00000 
… 
00:06:51:210    succeeded   signal      0.99997 
00:06:51:210    succeeded   ground      0.03894 

 
Figure 10: Output of Test Model 

 
   2) D/A functionality of the CODEC was added into the 
simulation cycle. The purpose of this test is to verify the 
correctness of the digital samples obtained from the 
previous testing case. 
 
CONCLUSION  
 
   We presented how to achieve hardware-in-the-loop 
simulation of discrete event models based on the DEVS 
formalism. The real-time data communication between the 
CD++ model and the DSP board was explored in detail. As 
a result, we are now able to study models in a simulated 
environment, and to execute them in a hardware surrogate. 
The hierarchical nature of DEVS permitted to do this 
without modifying the original models, providing the base 
for enhanced system development in embedded platforms.  
 
   This is the first version of the CD++ simulation platform 
that employs an actual piece of hardware in the simulation 
loop. The hardware has been successfully introduced into 
the CD++ simulation platform. Different test examples and 
results were described to verify the correctness of the 
approach. The future development could be done towards 
making large systems and exploring different ways of 
hardware/software communications to further enhance and 
formalizing real-time simulation using CD++. 
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ABSTRACT 
 
This paper shows a methodology to solve a problem of 
execution speed of a continuous processing plant dynamic 
simulation that acts as data engine for a personnel-training 
system for the sugar industry. This system is based on a set 
of PCs over Windows NT linked by a communication 
network, uses a Supervisory Control and Data Acquisition 
system (SCADA) to emulate the control rooms normally 
used in sugar factories (additionally this SCADA can be 
configured as a trainer console) and substitutes the 
production process for the simulation previously mentioned. 
The main idea of the developed methodology is to 
distribute the simulation in several simulation engines that 
are synchronized and share data using the OPC 
communication protocol. This methodology, that can be 
applicable to any full scale simulator, is illustrated using the 
training simulator developed in the CTA (Sugar 
Technology Center) of the University of Valladolid (Spain). 
 
INTRODUCTION 
 
Simulation systems are very important as industrial training 
tools. The objectives of the simulation program is to 
reproduce in the most reliable way the global dynamic 
performance of the process and to allow the training of 
operators in abnormal and dangerous situations. In the case 
of sugar production the process can be divided on several 
stages; in each one some process units appear repeatedly. 
For this reasons, a library of complex mathematical first 
principle models of process units has been developed using 
an Object Oriented Modelling Language for hybrid systems 
named EcosimPro (EcosimPro, 2003). Using this library is 
possible to construct a dynamic model of a whole sugar 
factory and simulate its behaviour. 

In order to train the operators in the same conditions as in 
the real plant the dynamic simulation must run at least in 
real time. However, the complexity of the mathematical 
models of the process units (the plant is composed by 
continuous, batch and semi batch process units) and the 
high number of them (one factory can has several hundreds 
of process units) do not allow to work in real time using 
traditional simulation procedures. 
 
As, it is not possible to manipulate the ODEs integration 
algorithms and the event treatment laws of the simulation 
package, only two procedures can be used to increase the 
speed of the simulation. The first one is to modify the 
library of models and reduce their complexity. The second 
one is to distribute the whole simulation in several 
computers. As reducing the complexity of the models 
implies in a reduction of the reliability of the simulations 
the second alternative seems to be the most indicated. Thus, 
this paper presents the development of a distributed 
simulator for a sugar factory. The paper is organised as 
follows: in next section some alternatives are shown and the 
standard that they apply. Section 3 describes the distributed 
architecture of the simulator based on OPC. Section 4 
presents the application of the methodology to a sugar plant 
simulator. Finally, in section 5 some conclusions are 
presented. 
 
DISTRIBUTED SIMULATION  
 
In industrial environments large scale control systems uses 
communications at different levels: at low or field level, at 
medium or control-supervision level and at high or 
management level. In the low level, industrial field buses 
are normally used to perform the communications between 
devices. In the others levels traditionally specific drivers are 
used to allow the access to the devices through the field bus. 
In order to avoid the use of a great number of specific 
drivers in the same network, a group of companies, in 
collaboration with Microsoft, define a standard for the data 
intercommunication called OPC (for OLE Process Control) 
(F.Iwainitz et al, 2002). This standard is based on a Client-



Server communication system and allows a uniform access 
to the data connected to a network. 
 
In Microsoft Windows environments, the communications 
between distributed components are based on DCOM 
(Distributed Component Object Model) (Microsoft, 1996). 
DCOM allows the development of software components 
using any programming language and network protocol and 
also with free location. CORBA (Common Object Request 
Broker Architecture) (OMG, 1998) and Java RMI (Remote 
Method Invocation) (Sun, 2003) can also be used instead of 
DCOM as they have similar characteristics. The objective 
of all these middlewares is to provide a software bus on 
which components and clients can be connected 
independently origin and location. 
 
OPC is based on DCOM. It consists in a standard set of 
interfaces, properties and methods that can be used in 
process control and manufacture applications. Its main 
objective is to uniform the access to the data in industrial 
applications, in such a way that several clients can access to 
the data managed by an OPC server through a Windows 
network (Figure 1). 
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Figure 1. Client-Server communications with OPC. 
 
For the distribution of simulations it is possible to use 
standards like HLA (High Level Architecture) (DoD 
DMSO, 2002) and CAPE-OPEN (Computer Aided Process 
Engineering Open Simulation Enviroment) (CAPE-OPEN, 
1999). HLA uses their own communications and 
synchronization libraries, called Runtime Infrastructure 
(RTI). CAPE-OPEN specifies the interfaces of the 
components for CORBA and DCOM. In both cases, the 
common idea is the accomplishment of a series of 
components specifications so that they can be developed 
and easily reused by third people. 
 
On the practical case studied in this paper, the use of OPC 
is based on the necessity to uniform the access to the 
simulations, as well as to facilitate the remote access to 
them. The system will allow the access to the simulations 
and OPC servers from supervision and control systems. 
Thus, defining an OPC server interface for the simulations, 
it is possible to connect the simulations with several control 
and supervision software (commercial or local developed 
software) and also to use remote access.  
 
Also the OPC interface can be used in the distributed 
simulation to make the data interchange and 
synchronization avoiding the use of additional 
communication mechanism. 
 

DISTRIBUTED ARCHITECTURE OF THE 
SIMULATOR BASED ON OPC 
 
The main property of OPC servers is that they allow the 
access from any OPC application client. In this work the 
objective is to provide an OPC server interface to the 
simulations generated by Ecosimpro (Zamarreño et al., 
2000), in such a way that any client can access them in the 
same way as other OPC server associated to an industry 
physical device. 
 
The OPC interface can be added to the simulations because 
Ecosimpro could generate the code of the simulation in 
C++ language. The generation of the servers is made by the 
union of the simulation code and the OPC server, which is 
created using specific toolbox of the company Softing 
(Softing, 2002) that facilitates the development of OPC 
servers and clients.  
 
The server has two principal parts: the thread that handles 
the advance of the simulation, and the OPC server, which 
includes the access to the simulation (Figure 2). 
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Figure 2. Parts of the server. 
 
For the generation of the servers with the simulations a 
program that automates the process has been developed. In 
order to generate the server is enough filling up a series of 
fields relatives to: the simulation in Ecosimpro, where the 
server will be generated, as well as some parameters for its 
configuration.  Once generated the server it is necessary to 
generate a configuration file indicating the relation between 
the OPC server variables and the simulation variables. 
 
When simulating a complete process, it is necessary to 
communicate several simulations running in different 
computers of the network. 
 
A program that makes the data interchange between all the 
OPC server simulations does this communication. Also, to 
change the data in the some sample period a 
synchronization mechanism must be used (Figure 3). 
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Figure 3. Data exchange between simulations. 
 
In the proposed system an external application interchanges 
the data and makes the synchronization of the simulations. 
This application includes an OPC client configured with all 
the variables to interchange and the control variables of the 

simulations. This application contains a thread that handles 
the interchange of data between the simulations. When it 
detects that all the simulations have finished their 
calculations makes the data interchange, after this 
procedure is finished, it orders to the simulations to make 
the next calculation. 
 
The resulting architecture of the simulator consists of 
several PCs connected in a Windows NT network. All of 
them execute the simulations, and one of them is used to 
run the program that makes the union of the simulations  
(Figure 4).  
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Figure 4. Simulator architecture. 
 
 
CASE STUDY: APPLICATION TO A SUGAR PLANT 
SIMULATOR 
 
This methodology it has been used in the CTA (Sugar 
Technology Centre) for the development of a sugar factory 
training simulator.  
 
From a functional point of view the simulator has a real 
time simulation of the sugar production process and its 
control system, one or several operators consoles from 
which the operator acts over the simulation as he was acting 
over the real process, and an instructor console from which 
the supervisor manages the training session and projects 
schematics, photographs and videos related with the 
simulated process. 
 
In sugar factories, sucrose crystals are obtained from sugar 
beets. Sugar beets are cut and washed. Once this has been 
done the extraction is carried out in the diffusion section. In 
this section we extract the sucrose contained in the sugar 
beets using hot water. We obtain a dissolution of sucrose 
and other substances called juice. Impurities present in this 
juice are removed in the depuration stage. After that, the 
juice is concentrated by means of the evaporation of part of 
the water contained in the juice. The concentrated syrup 
obtained is crystallized in the sugar house. Then, crystals 

are dried and packed, and ready for selling. Exhausted 
beets, with a previous drying stage, are used as animal food. 
An scheme of the production process is shown in the figure 
5. 

 
Due to the calculus load that would originate a whole plant 
simulation in a single computer the plant model has been 
divided in six different stages interchanging data one each 
other. In sugar plants there are points, usually connecting 
different kind of operations, in witch only two or three 
pipes do the connection. For example between diffusion 
stage and depuration stage there is only one pipe connecting 
them, a pipe with raw juice inside. We, making good use of 
that property of sugar plants, divide the simulation models 
in a similar way than in real plants. We have considered six 
different stages in the sugar process, corresponding to 
diffusion, depuration, evaporation, sugarhouse, steam 
boilers and pulp dryer. We have developed individual 
simulation models for each section fixing as boundaries the 
values of the variables coming from other sections. When 
we join all sections in the full plant simulations the 
variables coming from other sections overwrite the 
boundaries of the individual sections.  
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Figure 5. Simplified scheme of a sugar factory 

 
 
Applying the explained methodology to the sugar factories 
simulator for the creation of a distributed simulation we 
have to follow the next steps: 
 

- First, to develop the C++ simulation models, using a 
library of models of the process units implemented in 
an object oriented modelling tool for hybrid systems 
named EcosimPro and to use the tool CREAOPC 
(Figure 6) to create and configure the OPC servers 
for the previous developed models. 

 

 
 

Figure 6. CREAOPC Interface 
 
- Second, to register the OPC servers and give the 

necessary permissions in DCOM configuration.  
 
- Third, using the UNESIMCNFG application to assign 

the interchanged variables and nodes in which the 
simulation servers are going to be executed (Figure 
7). 

 

 
 

Figure 7. UNESIMCNFG Interface 
 
- Finally, using the UNESIM application to run the 

distributed simulation (Figure 8). 
 

 
 

Figure 8. UNESIM Interface 
 

Once created the distributed simulation, following the 
shown methodology, it can be connected to SCADA system. 
In the CTA a configurable SCADA system has been 
developed in order to use it as operator console, so that a 
operator can manage the simulation as if he was managing 
the real system. 



 
This SCADA allows the access to the simulations and show 
data to the operator with the same interfaces that have in the 
real factory (Figure 9). 

 
In this image we can see the interface of the evaporation 
section of the simulator 
 

 
 

Figure 9. SCADA Inteface  
 
 
This interface is exactly the same than the operators have in 
the real plant.  
 
Besides this schematic representations, the operators are 
going to be able to accede to different representation types. 
In this representations operators can see historical data 
(Figure 10), data in the present time and allows the 
operators to manage the process. 
 

 
 

Figure 10. SCADA graphics 
 
 
 
 

 
 
CONCLUSIONS 
 
In this article it has been show a methodology for the 
development of distributed simulations from simulations 
generated with EcosimPro, communicated via OPC, and 
their application to the practical case of a sugar factory. In 
order to facilitate the development, a series of applications 
has been created that automate the process and allow the 
execution of the simulation in distributed environments. In 
the case of study the adopted solution is valid, since the 
communications time is minimum with respect to the 
calculation time. Number of interchanged variables is 
reduced to a hundred of variables every 5 seconds, in a 
dedicated network, with last generation computers, and 
knowing the OPC data interchange capacity (Al Chisholm, 
1998) can be seen that it produces low communication 
times. The gain in execution time of the simulations is 
notable, and increases when increasing the degree of 
distribution, without affects the communications times, 
under the parameters before mentioned. Finally we have 
used this methodology in the development of a whole sugar 
factory simulator. Showing the necessary steps to make the 
simulator.  
At this moment we are trying to improve the simulation 
engines, because, as you can see in figure 8, sometimes we 
have some delay in the simulation time respect real time. 
That happens when the mathematical model has a lot of 
algebraic loops, structural singularities, events or when the 
model inputs are dramatically changed. 
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ABSTRACT

There exist various tools for knowledge representation,
modelling, and simulation in Artificial Intelligence. We
have designed and built a software tool (expert system
shell) called McESE (McMaster Expert System Environ-
ment) that processes a set of production (decision) rules
of a very general form. Such a production (decision) set
can be equivalently symbolized as a decision tree.

In real life, even if the logical structure of a production
system (decision tree) is provided, the knowledge engi-
neer may be faced with the lack of knowledge of other
important parameters of the tree. For instance, in our
system McESE, the weights, threshold, and the certainty
propagation functions – all of these are a part of the
machinery handling the certainty/uncertainty of deci-
sions – have to be designed according to a set of training
(representative) events, observations, and examples.

One possible way of deriving these parameters is to
employ machine learning (ML) or data mining (DM)
algorithms. However, ‘traditional’ algorithms in both
fields select immediate (usually local) optimal values –
in the context of a whole decision set such algorithms
select optimal values for each rule without regard to
optimal values for the whole knowledge base. Genetic
algorithms comprise a long process of evolution of a
large population of objects (chromosomes) before select-
ing (usually global) optimal values, and so giving a
‘chance’ to weaker, worse objects, that nevertheless may
prove to be optimal in the context of the whole knowl-
edge base.

In this methodology case study, we expect that a set of
McESE decision rules (or more precisely, the topology of
a decision tree) is given. The paper discusses a simula-
tion of an application of genetic algorithms to generate

parameters of the given tree that can be then used in the
rule-based expert system shell McESE.

INTRODUCTION

A builder of an expect system usually employs an expert
system shell to design and develop a decision-support
expert system for a given problem. We have designed
and built a software tool (expert system shell) called
McESE (McMaster Expert System Environment) that
processes a set of production (decision) rules of a very
general form allowing several means of handling uncer-
tainty (Franek 1989; Franek and Bruha 1989). Note that
such a production (decision) set can be equivalently
exhibited as a decision tree.

In this study, we expect that the logical structure or the
topology of a set of decision rules (a decision tree) is
given. Even if this logical structure is provided, particu-
larly in real-world tasks, the designer may be faced with
the lack of knowledge of other parameters of the tree.
These parameters are usually adjustable values (either
discrete or numerical ones) of production rules or other
knowledge representation formalisms such as frames. In
particular, in our system McESE, these are represented
by weights and thresholds for terms and the selection of
the certainty value propagation functions (CVPF for
short) from a predefined set. We use the traditional
approach of machine learning (ML) and data mining
(DM): we adjust the above parameters according to a set
of training (representative) observations (examples).
However, we use a different and relatively new approach
for the inductive process based on the paradigm of ge-
netic algorithms.

Genetic algorithm (GA) encompasses a long process of
evolution of a large population of chromosomes
(individuals) before selecting optimal values that have a
better chance of being globally optimal compared to the
traditional methods. The fundamental idea is simple:
chromosomes selected according to an ‘evaluation’ are
allowed to crossover so as to produce a ‘slightly



different’ new one – the offspring. It is clear that the
algorithm performs according to how ‘slightly different’
and ‘evaluation’ are defined.

In this paper, we present a simulation of applying GAs
to generate/adjust the parameter values of a McESE
decision tree.

Section 2 of this paper briefly describes our rule-based
expert system shell McESE with emphasis on the form
of rules. Section 3 then surveys the structure of GAs.
Afterwards, Section 4 introduces the methodology of this
project including a case study.

RULE-BASED EXPERT SYSTEM SHELL MCESE

McESE (McMaster Expert System Environment)
(Franek 1989; Franek and Bruha 1989) is an interactive
environment for design, creation, and execution of
backward-or forward-chaining rule-based expert
systems. The main objectives of the project focused on
two aspects: to provide extensions of regular languages
to deal with McESE rule bases and inference with them,
and a versatile machinery to deal with uncertainty.

The language extension is facilitated through a set of
functions with the native syntax that provide the full
functionality required (for instance, in the Common-Lisp
extension these are Common-Lisp functions callable
both in the interactive or compiled mode, in the C
extension, these are C functions callable in any C
program).

The versatility of the treatment of uncertainty is
facilitated by the design of McESE rules utilizing
weights, threshold directives, and CVPF's (Certainty
Value Propagation Function). The McESE rule has the
following syntax:

R: T1 & T2 & .... & Tn =F=> T

T1,...,Tn are the left-hand side terms of the rule R and T
is the right-hand side term of the rule R. A term has the
form:

weight * predicate [op cvalue]

where weight is an explicit certainty value, predicate is
a possibly negated (by ~ or -) predicate possibly with
variables, and op cvalue is the threshold directive (op
can either be >, >=, <, or <=, and cvalue is an explicit
certainty value). If the weight is omitted it is assumed to
be 1 by default. The threshold directive can also be
omitted. The certainty values are reals in the range 0..1 .

The value of a term depends on the current value of the
predicate for the particular instantiation of its variables;
if the threshold directive is used, the value becomes 0 (if
the current value of the predicate does not satisfy the

directive), or 1 (if it does). The resulting value of the
term is then the value of the predicate modified by the
threshold directive and multiplied by the weight.

In McESE in the backward-chaining mode, each rule
that has the predicate being evaluated as its right-hand
side predicate is eligible to fire. The firing of a McESE
rule consists of instantiating the variables of the left-
hand side predicates by the instances of the variables of
the right-hand size predicate, evaluating all the left-hand
side terms and assigning the new certainty value to the
predicate of the right-hand side term (for the given
instantiation of variables). The value is computed by the
CVPF F based on the values of the terms T1,...,Tn . In
simplified terms, the certainty of the evaluation of the
left-hand side terms determines the certainty of the right-
hand side predicate. There are several built-in CVPF’s
the user can use (min, max, average, weighted average),
or the user can provide his/her own custom-made
CVPF's. This approach allows, for instance, to create
expert systems with fuzzy logic, or Bayesian logic, or
many others (Jaffer 1990).

Any rule-based expert system must deal with the
problem of which of the eligible rules should be ‘fired’.
This is dealt with by what is commonly referred to as
conflict resolution. In McESE the problem is slightly
different; each rule is fired and it provides an evaluation
of the right-hand predicate – and we face the problem
which of the evaluation should be used. McESE provides
the user with three predefined conflict resolution
strategies: min (where one of the rules leading to the
minimal certainty value is considered fired), max (where
one of the rules leading to the maximal certainty value is
considered fired), and rand (a randomly chosen rule is
considered fired). The user has the option to use his/her
own conflict resolution strategy as well.

GENETIC ALGORITHMS: A SURVEY

The induction of concepts from databases consists of
searching usually a large space of possible concept
descriptions. There exist several paradigms how to
control this search, for instance various statistical
methods, logical/symbolic algorithms, neural nets, and
the like. However, such traditional algorithms select
immediate (usually local) optimal values.

On the other hand, the genetic algorithms (GAs)
comprise a long process of evolution of a large
population of individuals (objects, chromosomes) before
selecting optimal values, thus giving a ‘chance’ to
weaker, worse objects. They exhibit two important
characteristics: the search is usually global and parallel
in nature since a GA processes not just a single
individual but a large set (population) of individuals.



Genetic algorithms emulate biological evolution and are
utilized in optimization processes. The optimization is
performed by processing a population of individuals
(chromosomes). A designer of a GA has to provide an
evaluation function, called fitness, that evaluates any
individual. The fitter individual is given a greater chance
to participate in forming of the new generation. Given an
initial population of individuals, a genetic algorithm
proceeds by choosing individuals to become parents and
then replacing members of the current population by the
new individuals (offsprings) that are modified copies of
their parents. This process of reproduction and
population replacement continues until a specified stop
condition is satisfied or the predefined amount of time is
exhausted.

Genetic algorithms exploit several so-called genetic
operators:

• Select ion operator chooses individuals
(chromosomes) as parents depending on their
fitness; the fitter individuals have on average more
children (offsprings) than the less fit ones.
Selecting the fittest individuals tends to improve the
population.

• Crossover operator creates offsprings by combining
the information involved in the parents.

• Mutation causes the offsprings to differ from their
parents by introducing a localized change.

Details of the theory of genetic algorithms may be found
in several books, e.g. (Goldberg 1889; Holland 1975).
There are many papers and projects concerning genetic
algorithms and their incorporation into data mining
(Bala et al. 1995; De Jong et al. 1993; Giordana and
Saitta 1993; Janikow 1993; Turney 1995).

We now briefly describe the performance of the genetic
algorithm we have designed and implemented for
general purposes, including this project. The foundation
for our algorithms is the CN4 learning algorithm (Bruha
and Kockova 1994), a significant extension of the well-
known algorithm CN2 (Clark and Boswell 1991; Clark
and Niblett 1989). For our new learning algorithm
(genetic learner) GA-CN4, we removed the original
search section from the inductive algorithm and replaced
it by a domain-independent genetic algorithm working
with fixed-length chromosomes.

The learning starts with an initial population of
individuals (chromosomes) and lets them evolve by
combining them by means of genetic operators. More
precisely, its high-level logic can be described as follows:

procedure GA
Initialize randomly a new population
Until stop condition is satisfied do

1. Select individuals by the tournament
selection operator

2. Generate offsprings by the two-point
crossover operator

3. Perform the bit mutation
4. Check whether each new individual has

the correct value (depending on the type
of the task); if not the individual's fitness
is set to 0 (i.e., to the worst value)

enddo
Select the fittest individual
If this individual is statistically significant then

return it
else return nil

The above algorithm mentions some particular
operations used in our GA. Their detailed description
can be found e.g. in (Bruha et al. 2000; Goldberg 1989;
Holland 1975). More specifically, the generation mode
of replacing a population is used. The fitness function is
derived from the Laplacian evaluation formula. The
default parameter values in our genetic algorithm: size
of population is 30, probability of mutation Pmut =
0.002 . The genetic algorithm stops the search when the
Laplacian criterion does not improve after 10000
generations.

Our GA also includes a check for statistical significance
of the fittest individual. It has to comply with the
statistical characteristics of a database which is used for
training; the P2-statistics is used for this test of
conformity. If no fittest individual can be found, or it
does not comply with the P2-statistic, then nil is
returned in order to stop further search; the details can
be found in (Bruha and Kockova 1994).

CASE STUDY

In our project, an individual is formed by a fixed-length
list (array) of the following parameters of the McESE
system:

- the weight of each term of McESE rule,
- the threshold value cvalue of each term,
- the selection of the CVPF of each rule from a

predefined set of CVPF’s
- the conflict resolution for the entire decision tree.

Since our GA-CN4 is able to process numerical
(continuous) attributes, the above parameters weight and
cvalue can be properly handled. As for the CVPF, it is
considered as a discrete attribute with these singular
values (as mentioned above): min, max, average, and



weighed average. Similarly, the conflict resolution is
treated as a discrete attribute.

Since the list of the above parameters is of the fixed size,
we can apply the GA-CN4 algorithm that can process
the fixed-length chromosomes (objects) only.

The entire process of deriving the right values of the
above parameters (weights, cvalues, CVPF’s, conflict
resolution) looks as follows:

1. A dataset of typical (representative) examples for a
given task is selected (usually by a knowledge
engineer that is to solve a given task).

2. The knowledge engineer (together with a domain
expert) induces the set of decision rules, i.e. the
topology of the decision tree, without specifying
values of the above parameters.

3. The genetic learner GA-CN4 induces the right
values of the above parameters by processing the
training database.

To illustrate our new methodology of knowledge
acquisition we introduce the following case study. We
consider a very simple task of heating and mixing three
liquids L1, L2, and L3 . The first two have to be controlled
by their flow and temperature; then they are mixed with
L3 . Thus, we can derive these four rules:

R1: w11 * F1 [>= c11] & w12 * T1 [>= c12] =f1=> H1

R2: w21 * F2 [>= c21] & w22 * T2 [>= c22] =f2=> H2

R3: w31 * H1 [>= c31] & w32 * F1 [>= c32] &
w33 * H2 [>= c33] & w34 * F3 [>= c34] =f3=> A1

R4: w41 * H2 [>= c41] & w42 * F2 [>= c42] &
w43 * H1 [>= c43] & w44 * F3 [>= c44] =f4=> A2

Here Fi is the flow of Li , Ti its temperature, Hi the
resulting mix, Ai the adjusted mix, i =1, 2 (or 3). The
corresponding decision tree is on Fig. 1.

We assume that the above topology of the decision tree
(without the right values of its parameters) was derived
by the knowledge engineer. The unknown parameters
wij , cij , fi, including the conflict resolution then form a
chromosome (individual) of length 29 attributes. The
global optimal value of this chromosome is then induced
by the genetic algorithm GA-CN4.

ANALYSIS AND FUTURE RESEARCH

The primary aim of this project was to design a new
methodology for inducing parameters for an expect
system under the condition that the topology (the
decision tree) is known. We have selected domain-
independent genetic algorithm that searches for a global
optimizing parameters values.

Our analysis of the methodology indicates that it is quite
a viable one. The traditional algorithms explore a small
number of hypotheses at a time, whereas the genetic
algorithm carries out a parallel search within a robust
population. The only disadvantage our study found
concerns the time complexity. Our genetic learner is
about 20 times slower than the traditional machine
learning algorithms.

In the near future, we are going to implement the entire
system discussed here and compare it with other
inductive data mining tools. The McESE system will
thus comprise another tool for rule-base knowledge
processing (besides neural net and Petri nets) (Franek
and Bruha 1989).

The algorithm GA-CN4 h is written in C and runs under
both Unix and Windows. The McESE system has been
implemented both in C and Lisp.
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ABSTRACT 
 
The Thermoptim software package (www.thermoptim.com) 
is mainly a very original and without equivalent systemic 
environment for modeling energy technologies, which 
makes possible the adoption of new methods particularly 
fertile as regards teaching, modeling and optimization. 
 
By assembling models of preset components, it makes it 
possible to very easily represent various energy systems, 
from the simplest to the most complex ones. According to 
cases, the models of these components can be either purely 
phenomenological, or more technological, i.e. able to carry 
out sizings or to simulate operation in off-design mode. 
Thermoptim differs from other software by highlighting the 
couplings and interactions between these components, i.e. 
the systemic properties of the plants studied. It is thus 
complementary to specialized tools developed by the 
manufacturers for the development and the manufacture of 
their components. 
 
The libraries and the methods of calculation of its core 
enable it to very largely cover the field of energy systems 
(vapor cycles, refrigeration cycles, combustion, wet 
mixtures...), and an extension mechanism confers to it great 
possibilities in term of interoperation: addition of external 
components, customized control of its calculation scheme. 
 

 
Figure 1: Thermoptim system modeler 
 
IMPROVING ENERGY SYSTEMS TEACHING 
 

Regarded up to now as particularly difficult by generations 
of students and engineers, thermodynamics applied to energy 
systems can today make use of an original and extremely 
simplified method of training, based on the use of 
Thermoptim, in which, to study energy technologies, the 
accent is put more on the systems and qualitative aspects 
than on the detailed analysis of the behaviour of the 
components and the quantification of their performances.  
 
Research into applied sciences didactics shows that the 
teaching of a discipline is anchored in a double reference 
frame corresponding on the one hand to certified scientific 
knowledge such as that produced by the research 
laboratories (one often speaks about the knowledge or 
declaratory knowledge), and on the other hand to knowledge 
relating to the techniques and their applications in the the 
real world (one speaks then about know-how or procedural 
knowledge). The first is rather abstract and deal with the 
theory, while the second is more practical and directed 
towards action. To make a success of their training, it is 
more and more generally recognized that students must build 
their knowledge starting from their own former assets, 
navigating between these two reference frames, modelling 
being one of the privileged ways to do it. 
 
For energy systems, it is unfortunately almost always 
impossible to find models at the same time simple and 
precise. While hardly caricaturing, one could say that the 
traditional presentations of the discipline are confronted with 
a dilemma, the models they lead rely upon either unrealistic, 
or incalculable. This explains why thermodynamics is often 
regarded as a matter difficult to teach. The problem has been 
identified for a long time, and many efforts were made to 
cure it, but until recently one still missed solutions, and this 
in spite of the efforts made by the teachers and the 
evolutions of the programs.  
 
Thermoptim facilitates the study of energy systems by 
simplifying the modelling approach and making it more safe. 
It makes it possible to represent many energy technologies 
by simple graphic assembly of preset components. Without 
writing a single line of code, it is possible to establish 
phenomenological models to calculate their performances 
with a very high degree of accuracy and to plot their cycles 
in various thermodynamic charts. Discharged from the usual 
calculative difficulties on the matter, the students get much 
more motivated for the discipline and assimilate it much 
better. 
 
Tested for a few years in the various teaching cycles of the 
Ecole des Mines de Paris, and used at the end of 2002 in 
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around fifty higher education establishments (preparatory 
classes for the Grandes Ecoles, IUT, Universities and 
engineering schools, in France and abroad), this pedagogy 
has come to supplement the traditional approach by 
proposing to the students to initiate themselves to the energy 
systems study while exploring or while working out by 
themselves the models of the main energy conversion 
technologies, this thanks to the Thermoptim software 
package. They thus have a virtual experimental platform 
enabling them to work out models of many energy systems. 
On the basis of experience gained these last years, one may 
summarize in three main categories the possible teaching 
approaches that a tool like Thermoptim enables: guided 
exploration activities, in which the student visualizes models 
pre-assembled in a catalogue of examples, model assembly 
activities starting from preset components, in which he/she 
must himself/herself build and parameterise the system 
studied, and finally the addition of new components to those 
of the existing core, which requires of him/her to write the 
model of the component (choice of the characteristic 
parameters, the variables of coupling and the set of 
equations adapted, definition of the graphic interface and 
computer implementation). 
 
The first category addresses to beginners, especially if they 
have little time and if they work by themselves, for example 
while following a e-learning module. The second requires 
more time, as well as a more thorough training of 
Thermoptim, in particular on behalf of the teacher, who must 
be able to correct model construction errors. The third 
finally is addressed to students already familiar with the 
software package and sufficiently skilled in thermodynamics 
to be able to start to design by themselves the component 
models. They must moreover have a minimum of knowledge 
in programming with Java or at least C. Interfaces with 
Fortran can easily be made. 
 
FACILITATING AND MAKING SAFE ENERGY 
SYSTEMS MODELING 
 
More and more, energy technologies form complex inter-
connected systems with multiple functions, these systems 
themselves being very deeply integrated and having to adapt 
to evolutionary specifications during their lifespan. To study 
them, it is desirable to have access to environments allowing 
to facilitate and make safe their modelling.  
 
Combining systemic and traditional analytical and/or 
empirical approaches, the Thermoptim software package 
offers a significant potential in this context. Its graphic 
environment makes it possible to visually build models of 
many energy systems, from the simplest ones like a 
refrigerator to the most complex ones like integrated coal 
gasification combined cycle power plants bringing into play 
several hundreds of elements.  
 
Thermoptim enables its users to very easily calculate even 
complex thermodynamic cycles, and this without having to 
write any equation or to program a line of code if they use 
the preset components in the core of the software package. 
Moreover, thanks to the extension mechanisms under 
development, they can also customize their tool by defining 

substances or components non available in the core of 
Thermoptim, which are perfectly integrated in the 
environment. 
 
Not only such a manner of doing notably simplifies the 
modelling and later on facilitates the use and the 
maintenance of the model, but especially it makes safe its 
construction by automating the establishment of the 
couplings between the various elements which make it up 
and by guaranteeing their coherence. This last point is 
essential for the large systems bringing into play several 
hundreds or thousands of equations whose checking requires 
to be automated in one way or another. 
 
OPTIMISING COMPLEX ENERGY SYSTEMS 
THANKS TO EXERGY METHODS 
 
The traditional approaches as regards optimisation of energy 
technologies, valid for optimising one by one various 
components of an installation, remain insufficient to guide 
the designer in the choice of the best complete system 
architecture. The optimisation of the thermal couplings by 
extension of the pinch analysis provides a rigorous method 
for that, while making it possible to optimise the total 
configuration of the installation, and by guaranteeing the 
best coherence between the energy requirements and 
availabilities. 
 
Optimisation by systemic integration, on which we work 
since ten years, is part of the exergy methods. When one 
assembles different components to form a system, particular 
irreversibilities appear in addition of those of each element. 
These irreversibilities can be qualified as systemic ones 
because they depend mainly on relative positioning of the 
components. The reduction of these irreversibilities makes it 
possible to increase the system effectiveness, thanks in 
particular to a better internal regeneration. Our work gave 
place to several publications, collaborations with 
industrialists (Babcock, EDF, Framatome), and to the 
implementation in Thermoptim of a set of well validated 
algorithms. 
 
THERMOPTIM DEVELOPMENTS 2002-2003 
 
In 2002, various improvements of Thermoptim were carried 
out, the principal ones relating to the following points: 
- security of modelling: addition of new tests of 

coherence and messages, improvement of the 
editor/simulator connections, in particular for the 
renaming or the removal of elements;  

- introduction of new interactive charts: Clapeyron (P,v) 
for water and ideal gases, Mollier (h,s) and exergetic (h, 
xh) or (s, xh) for 6 fluids, and wet mixtures Mollier (w, 
q');  

- new possibilities for the layout of the cycles: 
superposition of several cycles on the same chart, plot 
according to isovalue lines, setting of the plot color. 

 
- In addition, on the basis of experience gained these last 

years, the reflexion on the various teaching uses of 
Thermoptim was continued as stated above.  

 

 



 

Lastly, a stabilized version of the simulator allowing the 
study of many thermodynamic cycles is fully operational and 
documented today (version 1.45). In addition to its teaching 
applications, it is used in industry (EDF, CEA, Framatome, 
Elyo, Laborelec...), in particular for its optimization method. 
 
For 2003 the developments are being pursued in several 
directions: 
 
1) at the simulator level:  
- the possibility for a user of customizing the software 

package by adding to the common core its own 
substances and/or components, thanks to the addition of 
external classes dynamically loaded in Thermoptim. 
This extension results in introducing a distinction 
relating to the complexity of the couplings which can 
exist between the components, according to whether 
they bring into play one or more forms of energy 
(mechanical and thermal); one speaks thus about mono-
functional components (like those available in the core) 
or multi-functional; various external classes have been 
implemented allowing to represent components such as 
fuel cells, diffusers and nozzles for aeronautics motor 
modelling, chemical Gibbs reactors (CO shift 
conversion), LiBr-H2O absorption units; 

- preparation of a version for "technological design", 
allowing, once a thermodynamic cycle is chosen, to size 
its various components (surfaces of heat-exchangers, 
choice of a compressor in a manufacturer catalogue...);  

- extension of this new version to be able to study 
operation off-design mode of the modelled systems. The 
existing version is a prototype allowing to study 
industrial refrigeration machines. 

 
2) at the teaching level:  
- the preparation of a e-learning module on energy 

systems based on the teaching method by guided 
exploration activities (realization ISIGE/ENSMP);  

- the realization of a first prototype of Intelligent Tutorial 
System allowing to guide a student while training in 
applied thermodynamics by using Thermoptim 
(realization CAOR/ENSMP);  

- the realization, within the framework of the Grande 
Ecole Virtuelle project of the Group of the Schools of 
the Mines, of a Web site dedicated to Thermoptim and 
its teaching uses, which will give access to many 
resources (realization ISIGE/ENSMP);  

- continuation of exchanges on the use of the Information 
Technologies for the teaching of thermodynamics, 

within Club ALET created in 1999 and gathering today 
about 25 teachers of the field. 
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ABSTRACT 

Modelling and simulation is of crucial importance for system 
design and optimisation. The rapid increase in computational 
power has now come to a point where complete modelling and 
simulation of all the sub systems in, for instance, an aircraft or 
road vehicle is possible.  

In this paper it is discussed how direct optimisation based on 
simulation can be applied to an aircraft flight control system 
using a flight dynamics model of the aircraft coupled to a 
model of the actuation system. In this way the system can be 
optimised for certain flight condition by "test flying” the 
system. Apart from high efficiency, simulation for use with 
direct optimisation is also subject to other constraints. They 
need to be very robust, since parameters (and system 
dynamics) might have extreme variations, simulation times 
also needs to be reasonably deterministic. The distributed 
modelling approach used here is extremely robust and makes 
it possible to simulate this system much faster than real time 
on an ordinary PC. This means that system optimisation can 
be performed in reasonable time.  

INTRODUCTION 

There are several levels of design from requirement analysis 
and system architecture down to detail design. There is a clear 
danger that systems engineering activities are performed only 
at top level of a design. In order to have an impact on the 
product development process it must, however, permeate all 
levels of the design in such a way that a holistic view is 
maintained through all stages of the design. This can be 
achieved with common model of the complete system, where 
the subsystem designs can be tested and optimised in an 
environment where the interaction with other sub-system and 
the whole aircraft can be studied. It does, however, impose 
strong requirements on robustness in the simulation models. 

The rapid development in simulation methods and the general 
increase in hardware performance imply that design methods 
based on different kinds of numerical optimisation for system 
design, are becoming much more important.  Over the year a 
number of more or less advanced schemes for design 
optimization has evolved. There is a relative rich literature in 
design omtimization, see for example G.V. Reklaitis, A. 

Ravindran, K.M. Ragsdell ,1983, Papalambros, Douglass, 
Wilde 1988, or C Onwubiko 2000. There are, however,  
situations where there is very little information regarding the 
nature of the object function, gradients can not be obtained 
explicitly and constraints are implicit. This is true when 
evaluation of the object function relays on simulation of 
dynamic systems. In these situations direct search methods are 
very attractive. 

Requirements on simulation 
Optimisation based on simulation puts very high demands on 
the numerical efficiency and robustness of the simulation. 
Since a high number of simulations need to be done, typically 
ranging from a few hundred to tens of thousands, low 
simulation times are of course very important.  

The following strategy that has been adopted for the 
development of the HOPSAN package, developed at 
Linköping University, for simulation based optimisation: 

• Modelling on a detailed equation level using a symbolic 
math package to generate implementation. In order to 
provide highly numerically robust models 

• The distributed modelling approach for partitioning of 
systems, based on bi-directional delay lines, see 
(Auslander 1968) and (Krus et al 1990). In order to be 
able to handle large systems efficiently. 

• Different time step for different parts of the model but 
constant over time. In order to give short and 
deterministic simulation times. 

• Co-simulation, in order to have an open flexible 
framework for connecting models from different groups 
using different simulation tools (Jansson 2001) 

There is also ongoing development with the prime objective to 
introduce a model centric architecture as opposed to the 
traditional tool-centric architecture. The extensible markup 
language XML is a prime candidate for defining tools 
independent model-structures. The Modelith schema 
(http://hydra.ikp.liu.se/modelith/) is an effort to define a 
schema for simulation models. A simulation model can also be 
a component in a process involving several other design tools.  

http://hydra.ikp.liu.se/modelith/


OPTIMISATION 
 
If a system model in the form of a simulation model is 
defined, it is possible to use optimisation based on simulation. 
Using this method, the system is simulated using different sets 
of system parameters.  From each system evaluation a set of 
system characteristics are obtained, and using these the 
objective function f is formulated. In general the simulation is 
used to obtain the performance characteristics of the system 
and the object function is a function of the system 
characteristics. A lot of the design effort should be channelled 
into the formulation of the object function since it determines 
the design of the final system. 
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EXAMPLE: SIMULTANEOUS OPTIMISATIO
CONTROL SYSTEM AND ACTUATION  SYS
 
As an example an aircraft system was optim
manoeuvre. The system model contains a 6-DOF m
flight dynamics, propulsion, and flight actuat
There is also a flight control unit. This could eith
an actual flight control unit or just a system
represent a pilot to fly the aircraft through the

There are ten design parameters used for the optimisation in 
this example. They are  

• Size of the aileron pistons 
• Size of the elevator and rudder pistons 
• The size of the aileron valves 
• The size of the elevator and rudder valves 
• Gain of the aileron servos 
• Gain of the elevator and rudder servos 
• FCU gain in pitch 
• FCU gain in roll 
• FCU gain in yaw 
• FCU coupling gain between yaw and roll 

 object function value 
(and violation flag) The objective function 

The main objective is to produce an actuation system that can 
turn the aircraft as fast as it is possible while having as low 
weight as possible. That means that the components should 
have as small size as possible. In addition the pressure 
variations in the actuators is something that should be kept 
down in order to promote stable systems. In this example there 
are no constraint except in the explicit design relations.  
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Results 
The aircraft actuation system was optimised for the case of a 
sharp 90 deg turn. The simulation started at the time –30 
second and the turn was to be initiated at the time 0. The 
system was then simulated for an additional 40 seconds 
bringing the total up to 70 seconds. Each simulation run took 
4 seconds on a Pentium M 1.6 Ghz processor. The optimum 
solution was found after 500 simulation runs.  

 

 

Figure 1. The evolution of design parameters 

The optimised flight path is shown in figure 2. 
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ABSTRACT 
 
Software reuse has been claimed to be one of the most 
promising approaches to enhance programmer productivity 
and software quality. One of the problems to be addresses 
to achieve high software reuse is organizing databases of 
software experience, in which information on software 
products and processes is stored and organized to enhance 
reuse. 
 
This paper presents a new approach to define and construct 
such databases called the Reuse Description Formalism 
(RDF). The formalism is a generalization of the faceted 
index approach to classification. Unlike the faceted 
approach, objects in RDF can be described in terms of 
different sets of faceted and in terms of other object 
descriptions. This allows a software library to contain 
different classes of objects, to represent various types of 
relations among these classes, and to refine classification 
schemes by adding more detail supporting a growing 
application domain and reducing the impact of initial 
domain analysis. In particular, RDF provides a specification 
language based on concepts of set theory capable of 
representing a rich variety of software and non-software 
domains; it provides a retrieval mechanism based on exact 
matches and similarity metrics which can be customized to 
specific domains; and it provides a mechanism for defining 
and ensuring certain semantic relations between attribute 
values. 
 
1. INTRODUCTION 
 
Complex computer programs have placed a growing 
demand on the talents of software engineers as well as on 
existing technologies for software development. In order to 
keep up with the increasing complexity of today's software 
systems, productivity must be increased and cost reduced in 
all phases of the software construction process (Barnes and 
Bollinbger 1991). An important aspect of the projected 
solution to this growing demand for new software is the 
development of support technologies to help increase 
software reuse, that is, the reapplication of knowledge 
about one system to other similar systems (Anderson and 
al. 1988, Biggerstaff and Perlis 1989). Rather than starting 
from scratch in new development efforts, the emphasis 
must be placed on using already available software assets 

(e.g., processes, documents, components, tools). This 
approach avoids the duplication of work and lowers the 
overall development cost associated with the construction 
of new software applications. One important characteristic 
common to most approaches to software reuse is that they 
rely, either explicitly or implicitly, on some kind of 
software repository or library from where the "basic 
building blocks" are extracted. The fact that software 
libraries are such an important aspect of most reuse 
systems, has made software reuse library systems (i.e., 
systems for designing, building, using, and maintaining 
software libraries) a very important research topic in the 
area of software reuse (Houhamdi 2003). 
 
Although these classification models provide the basis for a 
useful software reuse library system, they have significant 
limitations and, therefore, can only be regarded as a first 
step towards a more complete system. They all suffer from 
one or more of the following problems (Houhamdi and 
Ghoul 2001): 
• Restricted domain. Some reuse library systems have 

been designed with the purpose of improving reuse at 
code level. Their representation language usually does 
not have the expressive power to model more abstract or 
complex software domain (e.g. software project, defect, 
or processes). 

• Poor retrieval mechanism. One essential characteristic 
of any software reuse library system is to allow the 
retrieval of candidate reuse components based on partial 
or incorrect specifications. This functionality requires 
the ability to perform similarity-based comparisons, but 
most systems only provide retrieval based on partial 
keyword matches or predefined hierarchical structures. 

• Not flexible. Software reuse library systems must 
evolve as the level of expertise in an organization 
evolves. Because of this, a software reuse library system 
must be flexible enough to allow the incorporation of 
new classification schemes or new retrieval patterns, yet 
this is not the case in most systems. 

• No consistency verification. Most software reuse library 
systems are based on representation models, which must 
satisfy certain basic predicates for the library to be in a 
consistent state. Yet, most of these systems do not 
provide a mechanism for ensuring this consistency. 

 
This paper proposes a classification system for software 
reuse called the Reuse Description Formalism (RDF) which 
addresses the limitations of current software reuse library 
systems. RDF is based on the principles of faceted 
classification, which have proven to be an effective 



mechanism for creating such systems (Prieto-Diaz 1985, 
Prieto-Diaz 1987). RDF is capable of representing a rich 
variety of software (and no-software) domains; provides a 
powerful and flexible similarity-based retrieval mechanism; 
and provides facilities for ensuring the consistency of the 
libraries. 
 
2. FOUNDATION OF RDF 
 
The Reuse Description Formalism uses a generalization of 
the faceted classification approach proposed by Diaz 
(Prieto-Diaz 1991) to represent and classify software 
objects. The faceted index approach relies on a predefined 
set of facets defined by experts. Facets and associated sets 
of terms form a classification scheme for describing 
components. Component descriptions can be viewed as a 
records with a fixed number of fields (facets), where each 
field have a value selected among a finite set of values 
(terms). Faceted classification scheme has proven to be an 
effective technique to create libraries of reusable software 
components. Yet, it suffers from various shortcomings, 
which limit its usefulness and applicability. The RDF 
approach to classification overcomes these limitations by 
extending the representation model as follow (Houhamdi 
2002): 
• Components are replaced by instances that belong to 

several different classes. Instances and classes are 
defined in terms of attributes and other classes, 
supporting multiple inheritances. 

• Facets are replaced by typed attributes. Possible types 
are: integers, string, enumerations, classes, and sets of 
the above. Having instances as attribute values allows a 
library designer to create relations among different 
instances (e.g., that push is a component of stack). 

• The concept of similarity is extended to account for the 
richer type system, including comparisons of instances 
of different classes and comparisons of set values. 

• Semantic attribute relations can be defined and checked 
using the assertion construct. This facility simplifies the 
process of maintaining the consistency of the definitions 
in a software library. 

• An integrated language describes attributes, terms, 
classes, instances, distances, and their dependencies. 
Descriptions are type checked. The language is based on 
a formal mathematical model, which makes it both 
coherent and analyzable.  

 
2.1. Representation model 
 
To understand the representation principles of RDF, it is 
useful to consider descriptions of objects of a particular 
class as point in a multidimensional space, were each 
dimension is represented by an attribute. Attributes have a 
name and a list of possible values defined by their 
associated type (i.e., set of values). If a is an attribute name, 
and v belongs to the a's type, the assignment "a = v" 
represent the set all objects whose attribute a is v. 
Assignment can be combined in expression to define other 
sets of objects. In particular, if A1 and A2 are two 
assignments, the expression «A1 & A2» represents the 

intersection of the sets A1 and A2. Similarly, "A1| A2" 
represents the union of these sets. In addition, the set of 
objects that have been defined in terms of a particular 
attribute a, independently of the value associated with a, is 
denoted by "has a". The set of objects defined by the "has" 
operator is a short form of the expression "a = v1 | a = v2| … 
|a = vn" where the value vi are the elements of the type of a. 
A set of objects is called a class in RDF. Classes can be 
given a name they are denoted as class (E) where E is an 
expression; i.e., unions and intersections of other sets of 
objects. If c is a class name, the set of objects it represents 
is denoted by "in c", and can be combined with other sets of 
objects in an expression. An object description is called an 
instance in RDF. Instances can be given a name and they 
are denoted as instance (E) or [E] where E is an expression. 
Semantically, an instance must have only one set of 
attributes, therefore we say that instance (E) is well defined 
if and only if: (1)E is not a contradiction (i.e. , class(E) ≠ 
∅), (2) E defines a mapping from attributes to values, that 
is, E can be simplified into a consistent conjunct of 
assignments. 
 
Expressions can also be used to characterize particular sets 
of instances defined in a RDF library. We denote by set 
(E) the set {i| i ∈ D ∩ class (E)}, where D is the set of 
instances in the library. In other words, the set operator 
defines the set of instances in the library that belong to the 
class defined by E. 
 

2.2. Similarity model 
 
The goal of any Reuse Library System is to facilitate the 
process of finding suitable objects for reuse. RDF supports 
two criteria for selection candidate objects: by exact match 
and by similarity. For exact matches the construct set (E) 
already described is used. Similarity-based queries are 
performed using the construct "query E", which denoted the 
list of instances in the library sorted by decreasing 
similarity to the target object define by E. That is, the first 
element of the "query E" is the best reuse candidate for [E], 
the following element the second best, and so on. 
 
As mentioned earlier, similarity is quantified by a non-
negative magnitude called similarity distance, which is used 
as an estimator of the amount of effort required to 
transform one object into another. Because of this, 
distances between two object descriptions, A and B, are not 
symmetric, because the effort to transform A into B is not 
necessarily the same as the one required to transform B into 
A. For this reason, whenever a distance is computed, it is 
important to define which object is the source and which 
the target. 
 
Let Z be an object class defined by the set of attributes Z' = 
{A1,…, An}, and S and T be two instances in this class. 
Also, let S'⊆ Z' be the actual set of attributes used to define 
S, and similarly for T'. The distance from S to T is denoted 
by D (S,T) and is computed as follows:  
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Where I.A denotes the value of an attribute A on an 
instance I. The set S'∩T' represents the attributes shared by 
S and T, while S'-T' is the set of attributes found in S but 
not in T, and similarly for T'-S'. These three sets are 
disjoint. In addition, each constant KA is called the 
relevance factor of attribute A. Their values fall in the range 
0 to 1., and must satisfy the relation ∑ ∈

=
'

1
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Functions TA, RA and CA are called comparators, and are 
explained later in this section. The expression for distance 
D(S,T) is based on the assumption that the overall 
transformation effort from S to T can be computed using a 
linear combination of the differences between their 
respective attributes. In other words, attributes are 
considered independent of each other when computing 
similarity. This is a strong assumption that limits the types 
of domains that can be handled by RDF's similarity model. 
 
Relevance factors. 
In general, the distance between two RDF objects is given 
by the sum of the distances between their corresponding 
attributes. This default scheme gives equal importance to all 
attributes. In our particular situation, this is not a reasonable 
assumption. For example, one would consider that the 
difference between component subsystems is more 
important than the difference between their numbers of 
lines of source code. Therefore, the first step required to 
design comparators is to assign a relevance factor to each 
attribute in the representation model, that is, to define the 
amount of influence they have in the computation of 
similarity distances. 
 
Comparators. 
Explained earlier, each attribute has three associated 
functions TA, RA and CA called comparators. TA is the 
transformation comparator and is used to qualify the 
amount of effort required to transform one value of attribute 
into another. RA is the removal comparator and is used to 
estimate the amount of effort required to eliminate a source 
attribute value not required in the target specification. 
Finally, CA is the construction comparator and estimates the 
amount of effort required to supply a target value not 
specified in the source specification. The set of all attribute 
comparators plus their associated relevance factors define a 
specific similarity model for reuse library. These functions 
and values must be specified using a process called domain 
analysis (Prieto-Diaz 1987) which, among other thing, 
defines the criteria for similarity for objects in a particular 
domain. Nonetheless, RDF provides default comparators 
for each type of attribute. These default comparators can be 
used as a starting point from which to refine the similarity 
model of a library. This refinement is normally done by 
assigning attributes non-default comparators using 
"foreign" functions specified in some conventional 
programming language. 
 
RDF defines default comparators for each different kind of 
RDF type. Although default comparators are well suited for 

certain domains, sometimes it is necessary to define 
alternative comparators to be able to capture the semantics 
and relations of specific objects and attributes. For this 
purpose, RDF allows the library designer to define arbitrary 
comparators, which can be assigned to any attribute or type 
using the "distance" clause. 
 
2.3. RDF Specification language 
 
This section presents a formal definition of the syntax of 
the RDF language. Syntax is presented in a variation of the 
BNF using the following conventions: Keywords and 
symbols occurring literally are written in bold; non-
terminals are written in italics; type-name, attribute-name, 
instance-name, term, and class-name all denote identifiers; 
symbol, … means one or more occurrences of symbol, 
separated by commas; and keywordopt means that the 
keyword may or may not occur, without affecting the 
semantics. 
 
Declarations. 
A RDF library consists of a sequence of declarations. Each 
declaration either defines a name (of a type, an attribute, an 
instance, or a class) or describes an assertion that must be 
true of all instances in the library. 
 
Library         ::= declaration 
Declaration  ::= type-declaration  attribute-declaration  

instance-declaration  class-declaration  assertion 
 

Attributes and types. 
Software components and other objects are described in 
terms of their attributes. We can think of attributes as fields 
of a record describing the object. The declaration of an 
attribute specifies the type of the values for the attribute. 
RDF supports the following types: number, string, term 
enumerations, object classes, and homogeneous sets of the 
above. 
 
Attribute-declaration ::= attribute attribute-name : type; 
Type-declaration       ::= type type-name = type; 
Type                           ::= simple-type distance-clause  
                                       set distance-clause of type 
Simple-type              ::= number string {term, …}class 
                                       type-name 
Distance-clause ::= distanceoptno distancedistance 

{triplet,…}distance *{triplet,…} 
triplet                    ::= termopt  → termopt : number-literal 
 
The keyword distance by itself is optional and assigns 
default distance functions. The case “no distance” indicates 
that the distance between values of the associated type is 
always zero. In the third and the fourth forms of the 
distance clause, the triplet t1 → t2: n means that the 
distance from t1 to term t2 is n. if t1 is omitted the 
unspecified value is assumed (i.e., n is creation distance of 
t2). If both t1 and the arrow are omitted, the previous t1 is 
assumed. If the keyword distance is followed by the 
character “*”, then the distances between terms not 
mentioned in a triplet will be set to infinity. If “*” is not 



specified, distances between all terms will be adjusted by 
computing the shortest path between them. 
 
Expressions. 
Expression are formed from attribute assignments, the 
unary operators has and in, and the binary operators & 
(intersection) and  (union). 
 
Expression ::= attribute-name = value  has attribute-name 

 in class-name  expression & expression 
 expressionexpression  (expression) 

 
The expression “attribute-name = value” means that the 
value of attribute-name for the instance being defined is 
value. The expression “in class” means that the instance 
defined belongs to the class; it is similar to a macro-
expansion of the expression that defines the class. The 
expression “ has attribute-name” denotes the condition that 
the instance being defined has some value for attribute-
name. 
 
Values. 
Values are used in assignment expressions. Values are 
either simple values or set values. A simple value is either a 
literal (number or string), a term, an instance, or the value 
of an attribute of an instance. Set values must denote 
homogenous sets; they are described either by extension or 
by intention, using the set construct. Only sets of instances 
can be described by intention. 
 

Value   ::= simple-value {simple-value, …} 
           set (expression)set (instance-nameexpression) 
Simple-value ::= number  string  term instance  

self Instance.attribute-name  
                 self.attribute-name 

 
The construct set (E) represents the set of all instances in 
the library that satisfy the expression (i.e., that belong to 
class (E)). If the optional instance-name is used, the name 
is bound within E to each instance in the library. The dot 
notation “instance.attribute-name” is used to refer to the 
value of the attribute attribute-name of an instance. This 
notation is similar to that used in other languages to access 
record fields. The keyword self is a reference to the 
instance defined by the expression in which the value is 
used. Within an instance construct, self is bound the 
instance defined. Within an assertion, self is bound to 
every instance in the library in turn. Within nested instance 
construct, self is bound to the innermost instance. 
 
Classes. 
A class is defined by giving the corresponding expression; 
the class denotes the set of all objects for which the 
expression holds. Classes are used to abstract proprieties of 
instances and also as abbreviations for the corresponding 
expressions. Classes are also used as types of attributes 
whose values are instances. 
 

Class-declaration ::= class-name = class; 
     Class ::= class (expression)class-name 

Instances. 
Instances are defined in terms of an expression. An instance 
defined by an expression E is a representative of the class 
of instances defined by “class (E)” 
 
Instance-declaration ::= instance-name = instance; 
Instance ::= instance (expression) [expression] 
 
An instance may not exist either because the class is empty 
(i.e., the expression is a contradiction) or because the class 
is not specific enough (i.e., it defines more than one valid 
set of attributes) a sketch of a possible simplification and 
verification algorithm is as follows. 
1. Expand all “in” propositions with the expressions of 

the corresponding classes. 
2. Transform the expression into disjunctive normal form, 

as follows: 
 Restructure the expression using associativity laws 

so that no disjunction occurs within a conjunction. 
 Represent each conjunct as a set of assignments 

and has propositions. 
 Represent the expression as a set of these 

conjuncts. 
3. For each conjunction do the following: 

 Delete redundant assignments. 
 If there are still two assignments to the same 

attribute, or there are unsatisfied have propositions, 
delete the conjunction. 

 Else, delete has propositions (not needed 
anymore). 

4. Delete conjunctions that imply another conjunction. 
5. If there no conjunctions left, fail (E is a contradiction) 
6. If there are more than one conjunction left, fail (E is 

not specific enough) 
 
Assertion. 
An assertion specifies a semantic constraint that must be 
true of all instances in the library. Expressions are used to 
represent dependencies between attributes, to constrain data 
types and classes, and to enforce correct typing. 
 

Assertion ::= assertion expression ⇒ expression; 
 
The meaning of “assertion E1 ⇒ E2” is similar to set (E1) 
⊆ set (E2). This definition does not capture subtleties with 
respect to the binding of self. RDF signals false assertions 
Queries and distance computations: Queries are used to 
examine a RDF library; they are not part of the library 
itself. A query command computes a list of instances in the 
library sorted by decreasing similarity (increasing distance) 
to the implicit target instance define by an expression. The 
syntax of queries is: 
 

Query ::= query expression  
                 query expression : identifier 

 
If specified, identifier must be the name of an attribute or a 
type, and distances are computed using the distance 
functions associated with the type or the attribute. If 
identifier is not specified, distances are computed using the 



default distance functions provided by RDF. The distance 
command is used to compute similarity distances between a 
pair of values. This command is useful for verifying the 
definition of distance functions and the results they 
produce. 
 
Distance ::= distance source-valueopt → target-valueopt     

            distance source-valueopt → target-valueopt : identifier 
 
The source -value and target-value must be values of the 
same type (e.g., instance names). In case of terms, they 
must belong to the same enumeration. If both names are 
specified, the command computes their transformation 
distance. If only the source value is given, its destruction 
distance is computed. Finally, if only the target is specified, 
its construction distance is computed. The identifier has the 
same use as in the case of the query command. 
 
3. CONTRIBUTION OF THIS WORK.  
 
As explain earlier, current software reuse systems based on 
the faceted index approach to classification suffer from one 
or more of the following problems: they are applicable to a 
restricted set of domains; they posses poor retrieval 
mechanisms; their classification schemes are not extensible; 
and/or they lack mechanisms for ensuring the consistency 
of library definitions. The primary contribution of this 
dissertation is the design and implementation of the Reuse 
Description Formalism (Houhamdi 2002), which 
overcomes these problems. 
• RDF is applicable to a wide range of software and non-

software domains. The RDF specification language is 
capable of representing not only software components at 
the code level, but it is also capable of representing 
more abstract or complex software entities such as 
projects, defects, or processes. What is more, these 
software entities can all be made part of one software 
library and can be arranged in semantic nets using 
various types of relations such as "is-a", "component-
of", and "members-of".  

• RDF provides an extensible representation scheme. A 
software reuse library system must be flexible enough to 
allow representation schemes to evolve as the needs and 
level of expertise in an organization increases. The RDF 
specification language provides several alternatives to 
extend or adjust a taxonomy so as to allow the 
incorporation of new objects into the library without 
having to classify all other objects.  

• RDF has a powerful similarity-based retrieval 
mechanism. One essential characteristic of any software 
library system is to allow the retrieval of candidate 
reuse components based on partial or incorrect 
specification. RDF provides a retrieval mechanism that 
selects candidate components based on the degree of 
similarity of their associated library descriptions. This 
mechanism is based on an alternative refinement 
process in which components at different levels of 
granularity can be retrieved. It also includes facilities 
that allow a library designer to customize the retrieval 
process by including domain specific function. 

• In short, RDF addresses the main limitations of current 
faceted classification systems by extending their 
representation model. 

 
4. SUMMARY AND FUTURE WORKS 
 
The RDF is a general system for creating, using, and 
maintaining libraries of object descriptions with the purpose 
of improving reusability in software and non-software 
organizations. RDF overcomes the limitations of the actual 
systems by extending their representation model and 
incorporating a retrieval mechanism based on asymmetric 
similarity distances. In summary, we have presented a 
software reuse library system called RDF and show how its 
representation model overcome the limitations of current 
reuse library systems based on faceted representations of 
objects. Although the RDF reuse system has to be an 
effective reuse tool, its performance and usefulness can be 
enhanced. Several areas that need more research were 
identified: 
1. Domain analysis. In general, to create a library for 

software reuse it is necessary to perform a domain 
analysis, the process of identifying, collecting, 
organizing, analyzing, and representing a domain 
model and software architecture from the study of 
existing systems, underlying theory, emerging 
technology, and development histories within the 
domain of interest. Domain analysis is currently done 
by human expert, but several proposals for formalizing 
and automating this process have been presented in the 
literature. 

2. Semi-automatic classification. A method is needed to 
classify components in terms of a given representation 
model. In a general, this involves analysis of the 
different parts of a component (e.g., source code, 
documentation, etc.), and the use of heuristics to extract 
attributes based on this analysis. 

3. Similarity distances. A method is needed to test 
whether the reuse candidates proposed by the system 
are truly best ones available in the software library. For 
example, if we classify a new component A know to be 
similar to a previously classified component B, we 
would expect the library system to propose B as a reuse 
candidate for A. failure to do this could arise due to 
errors in classification of components A or B, or 
because of errors in the definition of relevance factors 
and/or distance comparators. 
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ABSTRACT

Heavy-tailed distributions have been used for modeling
several variables involved in telecommunication networks
—like page size distributions in Web servers or file size
distribution in FTP servers— and in economic models. In
G/G/1 queue systems there are few published results to
compute their performance parameters analytically, so many
times the only method to study them is to use computer sim-
ulation. Computer simulation of queue systems where the
demanded service time distribution is heavy-tailed presents
some difficulties. In this paper we try to gain some insight
in those difficulties and evaluate a possible method —based
upon control variates— to speed up simulations of G/G/1
queue systems. We present its performance in M/G/1 queue
systems, with G heavy-tailed.

INTRODUCTION

Recent research has shown that the simulation of M/G/1
queue systems with G a heavy-tailed distribution presents
difficulties such as a slow convergence of the simula-
tion estimated parameters towards their theoretical values
[Gross et al, 2002]. In this paper we propose a method to
speed up simulations to mitigate the main problem arising
from heavy-tailed demanded service time distribution. This
method will be integrated in a simulation tool we are
developing for accurately analyzing the performance of
networks of queues under various traffic patterns.

Random variables with Heavy-tailed distribution may take
high values that appear with very low probability but still
have important effects on the moments of the distribution,
and therefore on some figures of the queue system. Con-
versely, in light-tailed distributions, the high values appear
with so low probability that their effect on the moments
of the distribution is often negligible. The mean queue
waiting time, W , of a M/G/1 queue system depends on the
second moment of the demanded service time distribution,
S2 (see below). Hence, the heavy-tailed condition of G
will decisively influence the value of W and the overall
performance measures of the system. It seems reasonable

to suppose that the low probability of the high values of S
will delay considerably their appearance in the simulation,
hence contributing to slow down the speed of convergence
towards the theoretical value, W , of the estimator. In this
paper we will study a M/G/1 queue system with demanded
service time distributed as a Pareto random variable. We will
estimate its W using and evaluating a control variate method
in order to reduce the “variance” —it will be infinite in our
case study— of the estimator. In a M/G/1 queue system the
Pollaczek-Khintchine formula for W is

W =
λ · S2

2 · (1 − ρ)

where S is the demanded service time random variable, λ
the mean value of the Poissonian arrival process, and ρ the
utilization factor of the system [Kleinrock, 1975]. We will
use S2 as a control variate for W and study the rate of
convergence of the mean value estimator to its theoretical
value. Finally, we will present some conclusions and some
further work to try to extend our results to the simulation
of G/G/1 queue systems.

HEAVY-TAILED DISTRIBUTIONS

A random variable (RV) X , with cumulative distribution
function (cdf) F (x), is said to be heavy-tailed if its comple-
mentary distribution function, 1−F (x), has an hyperbolic
decaying tail:

∃α > 0

∣∣∣∣ lim
k→∞

1 − F (x)

x−α
= c ∈ (0,∞)

The Pareto cdf, clearly heavy-tailed, is given by

F (x) = 1 −

(
m

x

)α

∀x ≥ m > 0

where m and α are respectively called the scale and shape
parameters. In [Gross et al, 2002] a displaced Pareto distri-
bution with m = 1 is used in a M/P/1 queue to show the
problems when simulating such system when α is near 2.
In this paper we also fix m to 1 to demonstrate the benefits
of our method in a similar scenario. The Pareto probability
density function (pdf) is given by

f (x) =
α · mα

xα+1
x > m > 0



So the Pareto kth order moment exists if and only if α > k.
Its mean value exists if and only if α > 1 and is given by
X = α · m/(α − 1). Its second order moment exists if and
only if α > 2 and is given by X2 = α · m2/(α − 2)

ESTIMATION OF THE PARETO FIRST AND SEC-
OND MOMENTS

The Pollaczek-Khinchin formula shows that W depends on
the second order moment of S. Hence, it seems reasonable
to suppose that any problem concerning the generation of
sample values from S will affect W . We can give a rough
estimation of how well a fixed number of sample values
from a Pareto can give good estimations of the second order
moment: the weight of the tail of a Pareto beyond a certain
limit K, i.e. the probability of getting one value in the range
(K,∞), is given by

Pr (S > K) =

∫
∞

K

α

xα+1
dx =

1

Kα

The probability of getting all the sample values smaller than
K in r trials is

(
1 −

1

Kα

)r

(1)

In the Pareto case, when α is close to 2, the tail has a great
influence in the value of its second order moment.

For example, with α = 2.1 the mean value of the corre-
sponding Pareto is S = 1.909 and the second order moment
is S2 = 21.

If we generate a sample of 1 million observations, the
probability of getting all the values below K, i.e., the
probability of having a sample indistinguishable of that from
a truncated Pareto with truncation parameter K is

P =

(
1 −

1

Kα

)10
6

=

((
1 −

1

Kα

)K
α
) 10

6

Kα

' e−
10

6

Kα (2)

Considering the service time RV, S, whose pdf is a Pareto,
and a service time RV St, whose pdf is a truncated Pareto
from the former, with truncation value K, we have

fSt
(x) =

fS (x)

1 − Pr (x < K)
x < K

with first and second moments

St =
K

α − K

Kα − 1
· S

S2
t =

K
α − K

2

Kα − 1
· S2 (3)

From Eq. (2), with α = 2.1, with a probability of 99 percent
all of the million observations will be lower than 6434. This
means that with a probability of 99 percent we are obtaining
a sample from a Pareto that is indistinguishable of that from

a truncated Pareto, St, with truncation parameter K = 6434.
This distribution has St = 0.999934 ·S but S2

t = 0.58 ·S2,
so we will probably have an accurate estimation of the mean
value of the Pareto, but a very poor one for the second order
moment. This will probably make the estimation of W too
low.

This means that an a priori long enough simulation length
can be clearly insufficient when the service time distribution
is heavy-tailed. To have more accurate results we need many
more sample values in the simulation.

For example, if we want the mean value of the gener-
ated sample to be approximately 99 percent that of the
untruncated Pareto, from Eq. (3) we obtain K = 1020.
And from Eq. (1) we see that with a probability of 99
percent we will have a truncated Pareto with such truncation
value after generating 1040 sample values. If we want the
truncated Pareto mean value to be a 90 percent of that of
the untruncated Pareto, with a probability of 99 percent we
will need no less than 1019 sample values.

These examples show that although the M/P/1 process,
with α near 2, is ergodic in theory, the simulation length
to check that ergodicity will be too high to consider the
system ergodic in practice. So estimating W through the
classical estimator (average of the sample values) will
be computationally very expensive even if we start our
simulations in steady-state, due to the large sample size to
be generated before obtaining a representative set for the
involved processes.

PROPOSED METHOD

The method we propose will use S2 as the control variate
for W —we know S2, its theoretical mean value— and will
compute each WCV,i for the estimation of W as

WCV,i = Wi − a · (S2
i−1 − S2) (4)

where Wi is the queue waiting time of the ith customer, and
Si−1 is the demanded service time of the (i−1)th customer
in the system. Actually, we will use the average of a sample
of WCV from each simulation.

We choose a as

aPK =
λ

2 · (1 − ρ)
(5)

the proportionality factor between W and S2 in the
Pollaczek-Khinchin formula, as a study previous to the
estimation of its value from the S2 and W samples, given
that in G/G/1 queue systems we do not know a closed form
for the theoretical W from which we can deduce a value
for a.

CLASSICAL SIMULATION AND THEORETICAL
VALUE FROM THE MARGINAL PDF OF W

The first alternative method we are going to use for compar-
ison is the classical simulation starting from the empty state,
where the underlying physics of the system are simulated,



starting from an empty system and letting it evolve over
time, taking into account the new arrivals and the departures
of the customers already served. In this type of simulation,
we simply estimate W from the average value of the queue
waiting times of all the customers that have been served in
the system, until a certain number of sample values of W
is reached in each simulation.

The second method to compare with, generates independent
values of W directly from its theoretical marginal pdf, what
represents a simulation with the best initialization possible
and keeping only one sample value per simulation. In a
M/G/1 queue system, we can obtain the marginal pdf of W
as

fW (w) =

∞∑

k=0

(1 − ρ) · ρk
· fr,k (w) (6)

[Benes, 1956] where

fr,k (w) = fr (w) ∗ fr (w) ∗ · · · ∗ fr (w) (k-times)

the operator ∗ meaning convolution, and f r (w) being the
pdf of the service time residual life.

Eq. (6) represents an infinite sum of individual pdfs. Since
each pdf is the convolution of k residual life pdfs, this
means that each RV whose pdf is f r,k (w) can be obtained
by adding k independent residual lives. We generate one
geometric RV to select which f r,k (w) to sample, and the
sample value of W will be a sample value of the selected
pdf.

So we can generate several samples of size one of W from
its marginal pdf and compute their average.

CASE STUDY

In this section we will compare the proposed method
with the other two described in the previous section, in a
especially difficult case, showing the potential improvement
to be achieved in more realistic cases. This would make
a simulator implementing the proposed method a more
efficient and useful tool.

We will simulate a M/P/1 queue system with ρ = 0.5 and
a Pareto RV with α = 2.1. Using the Pollaczek-Khinchin
formula we can see that W = 5.5. Moreover, the variance
of W will be infinite. Fig. 1 shows the computed W from
100 simulation runs versus the sample size of each one of
them for the three specified methods. The bottom line results
from 100 classical simulation runs. We see that there is a
big difference between the estimated value with sample size
1 million —around 3.1— and the theoretical value —5.5.
The line labeled “pdf” shows the computed W from 100
sets of independent samples of the marginal pdf of W .

We see that the new estimation of W is much better than
in the classical simulation due to the fact that we are
generating independent sample values of W directly from
its marginal pdf, this is, we are in the steady state. But
there is still a noticeable difference between the estimated
W —now around 4.6 for a sample size of 1 million—
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Fig. 1. Rate of convergence to the theoretical value of W of the estimated
mean values from the classical method, the marginal pdf of W method
and the proposed method

and the theoretical value. The line labeled “CV” shows the
computed W from 100 simulation runs of the proposed
method, using the ideal aPK from Eq. (5). We see that
the new method produces an average very close to the
theoretical mean value, even from the lowest sample length
—10000 sample values.

Fig. 2 and Fig. 3 plot the histograms obtained using dif-
ferent simulation sample lengths —10000 and 1 million,
respectively— each one for one hundred simulation exper-
iments. In the figures we have represented the theoretical
value as a vertical line. The estimated averages of each
method are shown in the upper part of the plots. We
can see very slow convergence associated to the classical
method and the noticeable improvement when we generate
independent sample values of W directly from its marginal
pdf. We see also that the proposed method gives accurate
estimations in all the cases.
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Table 1 shows the average and standard deviation for the
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classical method, pdf of W method and CV method after
100 simulation experiments with different sample sizes. The
standard deviations are calculated using the theoretical W =
5.5:

σ̂W [n] =

√∑n

i=1

(
Wi − W

)2

n

TABLE I
COMPARISON BETWEEN THE AVERAGE VALUES AND STANDARD

DEVIATIONS FROM THE THEORETICAL W FOR THE CLASSICAL,
MARGINAL PDF OF W AND CV METHODS.

Samples 10 000 100 000 1 million

Method Ŵ σ̂[100] Ŵ σ̂[100] Ŵ σ̂[100]
Classical 3.00 4.27 2.92 2.76 3.13 2.48
pdf of W 4.76 7.43 4.40 2.31 4.76 2.52

CV 5.60 0.75 5.52 0.13 5.48 0.077

We can see that the CV method performs well estimating the
mean value, and its sample deviation is very low compared
to those from the other two methods. Moreover, while we
know that the first two methods produce W estimators
with infinite variance, it seems that the CV one, with
known factor aPK, gives rise to a finite variance estimator,
presumably tending to zero as the sample size increases.
As an indirect proof of the finite variance of Ŵ , we see in
Fig. 6 several 95% confidence intervals for W , each one
constructed from 100 simulation runs 10000 observations
each. The confidence intervals were constructed using the
t-Student method, that is, it supposes each WCV average
(one simulation sample) to be Gaussian distributed (hence,
it supposes its variance finite). The theoretical aPK has been
used in the computations, and the achieved coverage is 97
percent, very close to the theoretical one.

In the previous studies we have used a = aPK, directly
derived from the value in the Pollaczek-Khinchin formula
—Eq. (5)—, as a previous study before its estimation in
G/G/1 systems. We have made 100 runs of different sample

sizes each, with some other values for a, namely 0.5 · aPK,
0.9 · aPK, 1.1 · aPK and 1.5 · aPK. We have plotted the
estimated W versus the sample size in each case in Fig. 4.
We see that the greater the difference between the selected
a and aPK, the greater the difference in the estimations for
samples of 1 million values, and as the simulation sample
size grows, the estimations are more accurate. We see in
Fig. 4 that for 1 million sample values, the marginal pdf of
W method and the CV method with coefficients of 1.5 ·aPK

and 0.5 · aPK —50 percent error— give similar accuracy
estimators for W . In Table 2 we see the computed average
and standard deviation values of the estimators of W with
100 runs of 10000, 100000 and 1 million sample values
each, when we use different values for a other than aPK.
We have plotted in Fig. 5 the histograms for 100 runs of
100000 sample values each, for the CV method with aPK,
0.50 · aPK and 1.50 · aPK. All this information will be used
to help in the evaluation of different a estimators in further
work in order to be able to apply the method to those cases
where the queue system is G/G/1 and we do not know W
in advance.
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TABLE II
COMPARISON BETWEEN THE AVERAGE VALUES AND STANDARD

DEVIATIONS FROM THE THEORETICAL W FOR THE CV METHOD WITH

VARIOUS VALUES FOR THE CORRECTION FACTOR a.

Samples 10 000 100 000 1 million

a/aPK Ŵ σ̂[100] Ŵ σ̂[100] Ŵ σ̂[100]
0.50 4.30 2.39 4.22 1.38 4.31 1.24
0.90 5.34 1.01 5.26 0.30 5.25 0.26
1.00 5.60 0.75 5.52 0.13 5.48 0.077
1.10 5.86 0.65 5.78 0.32 5.25 0.26
1.50 6.90 1.66 6.82 1.40 4.30 1.25

CONCLUSION

We see that our method gets accurate estimations of W
using the information contained in the pairs (

∑
Si,
∑

Wi)
obtained through the classical simulation. The correlation
between this magnitudes plays a very important role in
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determining the performance values of the system. So it
seems that obtaining independent sample values from the
actual marginal pdf of W —to achieve steady state and
independence— is not as important as to use the informa-
tion contained in the relationship between the stochastic
processes of interest in the system. We can see that in
the Pollaczek-Khinchin formula, W depends on the values
of λ, S —ρ = λ · S— and S2. Since we can get good
estimations of λ and S —when working with Pareto RVs
with α greater than 2—, it seems evident that the difficulties
found to estimate W have their roots in the difficulties
to estimate S2, and so those are the difficulties found in
the classical simulation: the service times generated with
a low sample size of S do not give good estimations of
S2. In the proposed method we use the information we
have about the demanded service time distribution to help
in such estimation. Further work to be done is the estimation
of the correction factor from the samples of W and S in
order to use the CV method in G/G/1 queue systems, and
the evaluation of different methods in order to compute

confidence intervals for the mean value.
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Universidade de Vigo. He received a telecommunication
engineering degree from Universidade de Vigo in 2001.
Nowadays, he is working toward his Ph.D. in the Departa-
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Universidade de Vigo. He received a Ph.D. degree in
telecommunication engineering from Universidade de Vigo
in 2000. He is a member of ACM. His current research
interests include simulation methodology and analysis of
stochastic systems.
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Universidade de Vigo. He received a Ph.D. degree in
telecommunication engineering from Universidade de Vigo
in 1999. He is a member of ACM.

DIEGO TEIJEIRO-RUIZ is a researcher in the Departa-
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ABSTRACT 
 
Aperture Synthesis is a technique used to produce high-
resolution images using a relatively small sensor fixed on a 
moving platform. The technique is based on storing 
successive snapshots of the target’s scene as the platform 
moves then process the collected data as if it has been 
received from a large physical aperture. This will produce a 
high-resolution image of the target scene. The technique has 
been successfully used in astronomy and in both satellite and 
aircraft borne radar. However, its use in sonar was limited 
mainly due to the difficulties in maintaining stable track in 
water, which causes blurring in the images produced. 
 
In this study, the use of Autofocusing technique to reduce 
the effects of motion errors in Synthetic Aperture Sonar is 
investigated.  Results showed that Autofocus is very 
effective in removing the effects of motion errors and in 
restoring the focus of synthetic aperture sonar images. 
 
INTRODUCTION 
 
Sidescan sonars are now a widely accepted and important 
tool of ocean technology. Broadly, they fall into one of two 
classes: the short-range high-resolution systems working at a 
relatively high frequency (e.g., about 100kHz). and the long-
range low-resolution systems working at 10kHz or less. The 
former have a wide range of applications in surveying of oil 
wells, pipelines and shipwrecks, and in defense in mine-
hunting. The longer range systems such as GLORIA have 
contributed significantly to the study of the deep ocean floor. 
The original method of determining seabed topography is by 
means of an ship-mounted echo sounder, covering a given 
area in a raster fashion. This is slow and leaves large 
undetected areas between the survey lines; multibeam 
systems have been developed which give improved 
coverage. An alternative technique, the bathymctric sidescan 
sonar, was developed in the 1970s, inferring the angle of 
arrival of an echo from the seabed (and, hence, the seabed 
topography) from the phase difference measured at two 
closely-spaced receivers. A review of the historical 
development of the technique and of its principles of 
operation has been given by Denbigh (Denbigh, 1983). 
Several commercial systems have been developed, notably 
the Bathyscan 300 and SeaMARC systems (Blackington, 
1983). The technique has some similarities to radar 
interferometry, and has the same problem of unambiguous 
reconstruction of the surface, since the phase is only 
measured modulo-2π. 

 
Synthetic aperture techniques have been very successfully 
applied in radar, both from aircraft and from satellites. 
Several studies have shown that it is possible to apply 
synthetic aperture processing to sonar systems (Cutrona, 
1975, Williams, 1976, Lee, 1979), and several experimental 
systems have been built and evaluated. A particular 
attraction of synthetic aperture systems is that the along-
track resolution is independent of range (in principle equal to 
half the along-track dimension of the transducer array), so 
high-resolution images can be obtained without the need for 
a physically large array. A number of problems have been 
identified, some common to both radar and sonar and some 
particular to sonar. These have been the subject of research 
during the past two decades: (i) the stability of the sonar 
propagation medium, (ii) estimation and correction of 
motion errors, (iii) the sampling of the synthetic aperture (a 
consequence of the much lower velocity of propagation in 
the sonar case), and (iv) the processing required to form the 
synthetic aperture image. The first three, to some extent, 
remain and are discussed later in this paper; the fourth has 
been overtaken by increases in processing power and 
development of suitable processing architectures. 
 
BASIC PRINCIPLE OF SYNTHETICAPERTURE 
SONAR (SAS) 
 
Synthetic Aperture is a technique used to produce high-
resolution image of target scene by synthesising the effect of 
very long physical phased array (Figure 1).  
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Figure 1: Synthetic Aperture Sonar 
 
The principle of aperture synthesis consists of storing 
successive echoes obtained from a moving platform (usually 
a tow fish), and subsequently synthesising the effect of a 
large along-track phased array by correcting the phase 
excursions of echoes in a given direction and summing the 
sequence of echoes, hence providing high along-track (cross 
range) resolution. 
 

 



MOTION ERRORS 
 
The theory of SAS relies heavily on maintaining coherence 
across the length of the aperture being synthesised. 
Coherence can be reduced by the phase errors due to 
unexpected signal path introduced by unknown motions 
between the target and the towed array. The distorted 
geometry can be divided into two categories: along-track 
and across-track. It has been shown (Meng, 1995, Checketts, 
1986) that across-track acceleration and along-track velocity 
errors are the most critical motions in synthetic aperture 
imagery as they cause image defocusing. These motion 
errors can be compensated by internal navigation 
information, but such information is not always available or 
not precise enough to produce acceptable results. At the 
same time, there has been significant research work on 
trying to correct for these motion errors using signal and 
image processing techniques. One of the most promising 
signal processing technique to solve the SAS motion error is 
Atofocusing (Finley, 1995).  
 
Figure 2 shows the six types of platform motion error, which 
represent three rotational and three translation motion errors. 
The rotations mainly affect the beam orientation and hence 
the echo amplitude, while the translations mainly disturb the 
aperture sampling and hence cause distortion in the image 
(Checketts, 1986).  
 
 

 
Figure 2: Motion Errors in SAS. 

 
MOTION COMPENSATION 
 
It is well known that motion errors cause distortion 
(blurring) of synthetic aperture images. The errors can be 
estimated and compensated either by inertial navigation 
techniques, or using the image data itself by means of so-
called autofocus methods. Of key importance is the 
relationship between the spatial scale (i.e. wavelength) of the 
error and the length of the synthetic aperture. In the 
following Section we review various autofocus techniques 
and comment on their potential to estimate and correct for 
errors in interferometry 
 

AUTOFOCUS TECHNIQUES 
 
Autofocus techniques rely on maximising some parameter of 
the image itself. Four common techniques are power spectra 
estimation, contrast optimisation, multi-look registration, 
and phase gradient autofocus (Blake, 1995). The approach 
adopted in each of these techniques is described briefly 
below: 
 
(i) Power spectra Estimation: This technique uses the 
received signal from a single point scatterer, which will itself 
provide the phase history for a target with the towfish path. 
The matched filter can then be directly derived from this. 
However, in practice, if the image is badly focused then the 
identification of a single scatterer may not be reliable. 
Alternatively the spectrum of the received signals may be 
used to estimate the bandwidth of the received signal (from 
all scatterers). In this process the phase is lost so the matched 
filter cannot be directly estimated, but from the extremes of 
the bandwidths the chirp rate can be determined and the 
matched filter estimated. 
 
(ii) Contrast optimisation: This technique maximises the 
contrast of the image, the contrast being a statistical measure 
of the image. The contrast of a highly structured part of the 
image is maximised and then this is similarly applied to the 
surrounding image, or all of the image. This technique is 
described in more detail below. 
 
(iii) Mullilook image registration: Multilook registration 
divides the synthetic aperture into a number of subapertures. 
forming a separate image or 'look' with each. The looks arc 
coregistered by cross-correlation, which yields an estimate 
of the motion errors. A disadvantage of this technique is that 
each of the image strips formed inevitably have a lower 
resolution due to the shorter aperture used for each image 
strip. 
 
(iv) Phase gradient autofocus: This works by identifying 
strong targets in the distorted image as a function of range, 
employing a circular-shifting process to center the targets in 
azimuth, windowing, and then integrating to estimate the 
actual parabolic sensor-target path, relying on the facts that 
the speckle will average to zero and the actual path is only a 
weak function of range. The algorithm is claimed to work 
even with images of low contrast. 
 
All the above techniques rely on post processing an image 
containing at least one highly structural target which allows 
a reference for the autofocusing as opposed to background 
scatter. For this reason it maybe necessary to deliberately 
place transponders within the target scene to allow proper 
operation of the auto-focus algorithms. Also (particularly for 
the contrast optimisation and multilook registration 
algorithms), they will work best in correcting relatively low 
frequency errors, that is, of the same order as the synthetic 
aperture length. This suggests that the autofocus techniques 
may be complementary to the inertial navigation methods, 
the former correcting low-frequency errors and the latter 
correcting high frequency errors. The contrast optimisation 

 



autofocusing method was implemented and its application is 
now discussed. 
 
CONTRAST OPTIMISATION 
 
For this technique it is assumed that at areas within the 
image where there is highly structural content (e.g. a single 
scatterer) the standard deviation of the image can be used as 
a measure of the focus of the image; the sharper the focus 
the greater the maximum value of the target point on the 
image. The measure of contrast is then the standard 
deviation of the image, usually normalised by dividing by 
the image mean. The parameter which is adjusted as the 
independent variable in order to maximise the contrast is the 
along-track velocity. Evaluating the contrast against along-
track velocity enables autofocusing to be implemented to 
detect effects of both along-track and across-track errors. 
The motion errors that affect the focusing of an image are: 
across-track acceleration, along-track velocity and along-
track acceleration. The defocusing effect of across-track 
acceleration can be related to an equivalent effect produced 
by along-track velocity, and hence both motion errors can be 
considered as one: the effective along-track velocity. Along-
track acceleration, if not too significant, can be 
approximated in a piecewise fashion by velocity. 
The contrast optimisation algorithm first identifies an image 
area of highly structural content on which the optimisation 
will be performed. This is taken to be an area where the 
signal-to-noise ratio is a maximum. The image area is then 
re-processed using a set of different along-track velocities in 
order to maximise the contrast parameter for the image area, 
as described above. When the optimum velocity has been 
determined (to the desired resolution) the complete image is 
reprocessed at this velocity to produce the focused image. 
If the motion error varies significantly over the aperture then 
the optimum velocity evaluated for one area of the image 
may not be valid for other aperture positions. In this case the 
image may be divided into strips and the optimum velocity 
evaluated for a point of structural content within each strip. 
The velocity will then apply only to that strip. If there is no 
significant structural content within a strip then an adjacent 
velocity may be an adequate estimate. 
 
SIMULATION  
 
In order to study the effects of different motion errors on the 
images of SAS and the effectiveness of Autofocus technique 
to remove these effects, a simulation platform was 
developed using Matlab.  
 
Figure 3 below shows the simulation set-up. The target 
scene S-S’ to be observed is 100cm long by 20cm wide with 
5 point targets at the same range, 3m away from the sonar 
track. The sonar platform transversed through a 5m nominal 
track (dashed line) from D to D’. The actual sonar trajectory 
is nominally indicated by a solid freeform line. A 2m long 
synthetic aperture (thick solid line) slide from P to P’ to 
form each pixel in the scene S-S’.  
 

 
Figure 3: Simulation Geometry 

 
The image of the whole scene was also split into five strips 
in order to let autofocusing cope with the non uniform track 
errors. The autofocusing processing on each strip used the 
best autofocus parameter of the previous strip, but always 
started with a wide triple estimate spacing, i.e. several depths 
of spacing. 
The image formed with error free aperture is shown in 
Figure 4 below. 
 

 
Figure 4: The Error-Free Image 

 
The fairly simple examples for the sonar trajectory with 
motion errors is that the platform traversed along the straight 
line with some non-uniform sampling spacing errors. In the 
following, some simulations for non-uniform sampling 
spacing errors are presented. Figures 5a, 6a and 7a show the 
defocused images caused by sampling spacing errors while 
Figures 5b, 6b and 7b show the same images using 
autofocue technique. 
 
RESULTS 
 
Along Track Sampling Spacing Errors 
Case 1: linearly changing form -8 times depth of spacing 
to +8times depth of spacing during sonar moving from D to 
D' 

 
along track 

Figure 5a: Image formed from data with spacing error 
 

 



 
Figure 5b: Image formed with Autofocus 

 
Case 2: Changing in sine form, one cycle within the track 
D-D’ with the amplitude 16 times depth of spacing.  

 
Figure 6a: Image formed from data with spacing error 

 

 
Figure 6b: Image formed from data with Autofocus 

 
 
Case 3: Changing in sine form, two cycles within the track 
D-D’ with the amplitude 16 times depth of spacing.  
 

 
Figure 7a: Image formed from data with spacing error. 

 

 
Figure 7b: Image formed from data with Autofocus 

 
 
 

Along Track Displacement Errors 
For most practical situations, the actual trajectory of the 
towfish would not be straight but a kind of periodic like 
curved line, e.g. the error motion caused by a surface wave. 
Some simulations for such kinds of track with lateral 
displacement from the nominal track are presented below.  
 
Case 4: Changing in sine form one cycles within the track 
D-D’ with the amplitude 2λ.  

 
Figure 8a: Image formed from data with track error. 

 

 
Figure 8b: Image formed from data with Autofocus 

 
 
Case 5: Changing in sine form five cycles within the track 
D-D’ with the amplitude 2λ.  

 
Figure 9a: Image formed with the track errors 

 

 
Figure 9b:  Autofocused image 

 

 



Case 6: Changing in sine form ten cycles within the track 
D-D’ with the amplitude 2λ. 
 

 
Figure 10a: Image with track error 

 
Figure 10b: Autofocused image 

 
Case 7: Random errors within the track D-D’ with the 
amplitude 2λ. 
 

 
Figure 11a: Image with track error 

 
 

Figure 11b: Autofocused image 
 
 
DISCUSSION 
 
Along Track Sampling Spacing Errors 
In these simulations, the two-cycle in track sine form 
spacing error caused most severe defocus. This indicated 
that the most harmful spacing error was the periodic like 
errors with the wavelength similar to the synthetic aperture 
length.  
 

Along Track Displacement Errors 
Since non-uniform across-track displacement from the 
nominal track was caused by non-zero across-track 
acceleration, these track errors can be corrected by 
compensating for the across-track acceleration. The across-
track acceleration can be compensated for by its equivalent 
along-track velocity error, further by the equivalent along-
track sampling spacing error. Therefore, the along-track 
spacing was still used in the autofocus processing to correct 
the track error. 
In these simulations, the track error with one cycle in track 
caused the least defocus; therefore, the improvement on the 
focus of their autofocused image was not significant. 
However, the image corresponding to the track error of five 
cycles in track was severely defocused, and the autofocusing 
improved its focus dramatically. For the error with ten cycles 
in track or the periodic like random error (Case 6 and Case 
7), the performances of the autofocus processing were not 
good. It seemed to agree with the suggestion made by I. P. 
Finley and J. W. Wood which was that the autofocusing 
couldn’t cope with the motion error with a structure much 
finer than the synthetic aperture. 
The results presented in this study demonstrated the good 
performance of Autofocus algorithms in focusing synthetic 
aperture sonar images. 
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ABSTRACT 
 
As our understanding of the world improves and as more 
complex products and processes are developed, effective 
modelling and simulation becomes increasingly difficult. 
Hence the need arises for decision support for modelling, 
which considers the numerous criteria required for 
successful, modern-day modelling and simulation. Important 
criteria are presented in this paper along with existing means 
to assist in dealing with an important few in isolation. It is 
proposed that these means be unified to provide a foundation 
for multi-criteria decision support for modelling and 
simulation. The types of disparate evidence that must be 
evaluated to provide such support are briefly reviewed and 
the role of modellers’ judgements is highlighted. Hence 
means of judgement consensus are discussed along with 
biases to be expected in decision making. Addressing the 
issues presented in this paper contributes to the development 
of decision support for modelling and simulation that is 
being pursued by the authors. 
 
INTRODUCTION 
 
Modelling and simulation are becoming increasingly 
difficult to conduct appropriately, as our knowledge of the 
world expands. Furthermore, products and processes that we 
wish to model and simulate are becoming more complex. 
Models and simulations are subject to a range of 
uncertainties, variabilities and errors (Rajabally et al. 2002a) 
that make validation, verification and accreditation, onerous 
tasks. Indeed, such tasks have been suggested as deserving 
of computer support (Balci 1998; Lewis 1998). Validation 

has been simply described as establishing whether the 
“right” model is being built with respect to modelling 
objectives whilst verification is establishing if the model is 
being built “right” (Balci 1998). Model accreditation is the 
official certification that a model is acceptable for use for a 
specific purpose (United States Department of Defense 
1996). 
 
Given the concerns mentioned, this paper identifies and 
addresses issues that contribute towards decision support for 
modelling and simulation. The wide range of criteria that 
must be considered are presented in the next section as an 
aid to modellers. The section after this surveys existing 
approaches to assist in dealing with certain criteria, which 
may be used to advance effective modelling. Then, in the 
section after this, important issues are presented that concern 
the consideration of disparate evidence in decision support 
for modelling and simulation. Finally, concluding remarks 
are given in the last section. 
 
MULTI-CRITERIA IN MODELLING 
 
In performing model accreditation, one must consider a wide 
range of criteria. Due to an endless variety of possible 
models and their purposes, accreditation is often an ad hoc 
procedure. Thus, the need arises for a decision support 
system to enable more rigorous and objective, selection and 
use of models. All the criteria considered for model 
certification contribute to the suitability of a model or its 
fitness for purpose. Model suitability or fitness for purpose 
have also been referred to as “total quality” (Balci 1998)  or 
“acceptability” (Balci 2001) and provide model “candidate 
criteria” (Kilikauskas 2000). A list of important criteria is 
given below: 
• accessibility, 

 



 

• availability of model, input data and qualified 
operators/analysts, 

• communicativenss, 
• computational requirements, 
• consistency, 
• cost, 
• deployability, 
• device-independence/portability, 
• execution time, 
• extensibility/adaptability, 
• fidelity, 
• integrity/robustness, 
• interoperability, 
• legibility, 
• maintainability, 
• maturity, 
• security considerations, 
• self-containedness, 
• self-descriptiveness, 
• structuredness, 
• testability, 
• traceability, and 
• usability/reusability. 
 
The list is by no means exhaustive. Futhermore, some of the 
criteria may be considered to be interdependent and each 
criterion may have associated sub-criteria. For instance, 
Muessig (2000) defines “usability” as the “risk of simulation 
misuse” and proposes this to be related to the following: 
• training in model use, 
• training in results interpretation,  
• documentation,  
• technical support, 
• user groups, and 
• configuration management.  
Meanwhile, Balci (2001) suggests that the total financial 
cost of modelling and simulation is dictated by the cost of:  
• training,  
• use,  
• maintenance, and  
• technical support.   
 
It is generally a difficult task to satisfy all modelling criteria. 
For example, it may be expected that the cost of modelling 
and simulation would rise as usability increases. A bespoke 
computer model for an employee’s individual use would 
likely require significant investment in order to be formally 
deployed within their organisation. One must not only 
consider the financial costs listed of such a deployment, but 
also costs incurred in suitably developing the computer 
model to, say, satisfy  the employer’s software standards. A 
compromise between the often-competing criteria of cost 
and usability is frequently required. 
 
EXISTING MODELLING SUPPORT 
 
Given the numerous criteria in modern modelling and 
simulation, efforts have been made to assist in model 
selection and use. The following three subsections present 
three important areas in which progress has been made. The 

authors of this paper propose that aspects from these areas 
be unified in order to provide the foundation for progress 
towards multi-criteria decision support for modelling and 
simulation. Indeed, this is the focus of our work. 
 
Credibility Assessment 
 
Model credibility is a measure of confidence in the 
correctness or fidelity of a model and its appropriateness to 
the application of interest (Köster 2002). Several 
methodologies have been developed to aid modellers in 
demonstrating model credibility. For instance, Fossett et al. 
(1991) propose a framework of qualitative factors for 
assessing the credibility of military models and apply this to 
three competing models. In addition, Gass (1993) presents a 
numerical rating system for model accreditation that has 
been implemented in the software, EXPERT CHOICE. The 
system employs the Analytical Hierarchy Process (AHP) for 
rating, which is a ranking procedure based upon pair-wise 
comparisons. More recently, Balci (2001) describes the 
“Evaluation EnvironmentTM” software tool, which has been 
employed since 1999 in the United States National Missile 
Defence Program for model certification and also uses the 
AHP. Also, Brade and Köster (2001) propose “Credibility 
Indicator Trees” for assessing model credibility. Here, 
linguistic assessments of various model aspects are 
combined using multi-valued logic.     
 
The authors of this paper have proposed a methodology for 
reasoning about user confidence in models that utilises 
Bayesian Belief Nets (BBNs), (Rajabally et al. 2002a and 
2002b). A BBN is a directed acyclic graph that can be used 
for reasoning under uncertainty. Sensitivity analysis for 
BBNs can be performed automatically in some existing 
software tools, which enables the identification of the most 
significant sources of model concern. While this may be 
intuitive when dealing with individual models, it is less so if 
dealing with complex networks of interoperating models. 
The methodology thus allows resources that are used to 
improve complex models to be targeted more cost-
effectively. The methodology has been implemented as a 
prototype software tool to support model use by BAE 
SYSTEMS in developing increasingly complex and 
integrated, military aircraft systems. 
 
A Risk-Benefit Approach 
 
The process of model accreditation is highly dependent on 
the nature of the purpose for which the model will be used. 
For example, a model of structural stress in a load-bearing 
vessel might be treated differently if the modelled vessel 
contains a toxic fluid rather than drinking water. For the two 
applications, the harmful consequences of the vessel 
bursting and its contents spilling, are vastly different if the 
vessel is located where people are present. Hence, the 
accreditation process is likely to be more stringent for the 
toxic fluid application rather than the drinking water 
application. Hence during accreditation one must explicitly 
consider the implications or consequences of using a model 
to assist in making practical decisions in the real world. 
 

 



 

To assist in dealing with the consequences of using a model 
to make decisions, Muessig et al. (1997) propose a risk-
benefit approach for determining required model credibility. 
The approach involves determining the overall positive or 
negative impact of a decision based upon a ranking of the 
magnitude and likelihood of the consequences in different 
domains. The impact is evaluated by combining the rankings 
using risk and benefit assessment matrices. For example, in 
the domain of “Personal Safety”, if a decision based on 
model use could result in death then the magnitude of 
negative impact is ranked as “Catastrophic”. If the potential 
occurrence of this negative impact could be ranked as 
“Frequent” then the risk in this particular application is 
judged to be “High”.  
 
Muessig et al. (1997) promote their approach as a means of 
determining the appropriate mix of validation, verification 
and accreditation activities for a particular model purpose. 
Alternatively, the use of a model for a particular purpose that 
has been subject to a given mix of these activities may be 
justified or rejected using the approach. Hence it provides 
some objectivity for dealing with the model criterion of 
applicability/fitness for purpose/suitability and could be 
incorporated in decision support for modelling. 
 
Fidelity Referents 
 
The Fidelity Implementation Study Group of the United 
States Simulation Interoperability Standards Organization 
(SISO) defines fidelity as “the degree to which a model or 
simulation reproduces the state and behavior of a real world 
object or the perception of a real world object, feature, 
condition, or chosen standard in a measurable or perceivable 
manner; a measure of the realism of a model or simulation; 
faithfulness.” (Gross 1999). 
  
It is due to our limited understanding of the real world that 
fidelity must be measured against the aspects of the real 
world that are indeed measurable. To achieve this, Roza et 
al. (2001) propose the use of a fidelity referent that they 
define as “a codified, structured, and formal specification of 
knowledge about what is commonly perceived, understood 
and accepted by a defined group of people to be reality, 
capable of serving as the comparative standard for reality 
correspondence assessment and associated activities of 
model or simulation development”. Furthermore, advice is 
given on the constituents of such a referent as well as 
guidelines to its formulation. The guidelines are illustrated 
by application to prototype air-traffic control and 
management models. The coordination of referent 
constituents should be considered in decision support for 
modelling and these constituents are summarised as: 
• identity and management details (e.g. version number, 

revision history), 
• applicability and status (e.g. domain specification, real-

world coverage description), 
• developer and validation agent information (e.g. 

expertise, qualifications of individuals), 
• knowledge and data sources utilised (e.g. reference and 

contents description), 

• real-world structural data (e.g. topology, characteristics, 
interactions of real-world objects), 

• real-world behavioural and parametric data (e.g. initial 
conditions, dimensions and ranges of properties), and 

• referent utility data (e.g. notation, terminology 
definitions). 

 
CONSIDERING DISPARATE EVIDENCE 
 
In striving towards multi-criteria decision support for 
modelling and simulation, one must inevitably consider 
disparate evidence. Means that allow this to some extent are 
considered in the previous section. However, they are highly 
specific and some general comments are now given in the 
following subsections. 
 
Quantitative and Qualitative Information 
 
There is a variety of “direct” quantitative indicators, 
regarding modelling and simulation, associated with the 
criteria given earlier. Examples concerning model fidelity 
are: 
• convergence settings in an iterative model, 
• dimensions of the computational grid or mesh in Finite 

Element Analysis and Computational Fluid Dynamics, 
• numerical solution interpolation intervals, 
• spatial step lengths in a discretised model, 
• statistical measures of input data variability, and 
• time periods in a time-varying model. 
 
“Indirect” quantitative indicators may also be developed to 
assist in describing criteria in modelling and simulation. For 
instance, again with regard to model fidelity, Pace (1998) 
proposes the following indicators: 
• number of “entities” modelled expressed as a fraction of 

those possible, 
• depth with which “entities” are represented expressed as 

a fraction of the number of possible “levels” (e.g. 
system of systems, system, sub-system, component), 

• “influences” upon “entities” expressed as a fraction of 
those possible, and 

• “relationships” between “entities” expressed as a 
fraction of those possible. 

 
Frequently, when conducting model accreditation, one relies 
upon qualitative information and subjective decisions. For 
instance, it is often accepted that validation against field test 
data is superior to validation against expert opinion (i.e. face 
validation), which in turn is superior to validation against 
other simulations (i.e. benchmarking), (Muessig 2000). 
Indeed, certifying that a model is appropriate for a particular 
purpose uses informal, ad-hoc reasoning by modellers based 
upon their experience and expertise (Rajabally 2002b). To 
consider the opinions of a number of modellers in such 
matters, there are means to arrive at an acceptable consensus 
and these are briefly surveyed in the next Subsection. 
 
Expert Judgement Consensus 
 

 



 

Approaches used for the aggregation or combination of 
multiple expert judgements to reach a consensus of opinion 
fall into two classes (Meyer and Booker 1991). The first 
class is loosely termed behavioural approaches in which the 
experts interact during an elicitation session using 
persuasion and compromise to reach a consensus. In the 
Delphi approach for example, successive iterations are used 
to reach one consensus. The second class of expert 
judgement aggregation uses mathematical approaches. In 
these approaches, functional combination rules are employed 
to return a consensus. Behavioural approaches suffer from 
problems of personality and group dynamics, whilst 
mathematical approaches may arrive at solutions that are not 
universally satisfactory (Ng and Abramson 1992). In our 
research, the authors of this paper have focussed on 
mathematical approaches because these are more amenable 
to development within a software tool and are generally less 
time consuming to use. 
 
A range of mathematical approaches for expert judgement 
consensus exist. For those judgements that can be expressed 
as single-value probabilities, Ng and Abramson (1992) 
propose the use of linear and logarithmic opinion pools for 
generating a consensus. A linear opinion pool is a weighted 
sum of all expert probabilities while a logarithmic opinion 
pool is a weighted product of all expert probabilities. For 
imprecise judgements that can be captured by ranges of 
probabilities, Dempster-Shafer theory (Shafer 1976) may be 
used to arrive at a consensus. A range may be defined by 
“belief” and “plausibility”, which represent lower and upper 
bounds on probability respectively. Also, Herrera and 
Herrera-Veidma (1997) describe methods based on fuzzy set 
theory for the aggregation of weighted linguistic 
information. These methods can be used to combine expert 
judgements that are even more imprecise in nature. 
However, as Strigini (1996) notes, a consensus of expert 
judgements is never a guarantee of correctness. 
 
Human Biases 
 
Human judgement is subject to a range of biases and these 
should be considered to enable an objective and justified 
certification process for models. Meyer and Booker (1991) 
distinguish between two types of biases that arise during 
expert judgement making. The first is motivational bias, 
which occurs when the judgement elicitation process alters 
the experts’ reports of their opinions. For example, if an 
expert feels he or she has been led by an interviewer during 
face-to-face elicitation. The second is cognitive bias, which 
occurs when experts’ judgements fail to follow normative, 
statistical or logical rules (i.e. estimates based on reasoning 
that is not mathematically correct). In literature, motivational 
biases have received much less coverage than cognitive 
biases due to the interest sparked in the latter that one might 
attribute to the seminal research of Kahneman et al. (1982). 
Keeney and von Winterfeldt (1991) suggest three important 
cognitive biases to be overconfidence, anchoring and 
availability. Overconfidence is the tendency to express more 
certainty in judgements than is appropriate. Anchoring is the 
tendency to focus on an initial value for the elicitation and 
subsequent insufficient adjustment. Availability is the 

tendency to overemphasise issues that are easily imagined or 
recalled. Two other relevant cognitive biases proposed by 
Meyer and Booker (1991) are impression management and 
wishful thinking. Impression management is termed a social 
pressure, which leads to experts attempting to respond in 
such a way that would be acceptable to their employers or 
colleagues. Wishful thinking is a bias also known as conflict 
of interest, which occurs when individuals’ hopes influence 
their judgement. 
 
Subject matter experts are commonly employed for 
evaluating models and simulations for certification (Balci 
2001). One can seek to reduce the presence of human bias 
by the careful selection of these experts. Meyer and Booker 
(1991) suggest selecting the opinions of experts who have 
the least to gain from their response. However, they continue 
that often those most qualified will be those with the most at 
stake. Possible solutions to this problem include obtaining 
opinions from experts with divergent views or from experts 
representing different organisations such as academia and 
industry. Pace (1999) reviews desirable attributes of subject 
matter experts, which include independence, competence, 
trustworthiness, having sound judgement and being 
objective focussed. It is also desirable that experts conform 
to relevant accreditation standards. Strigini (1996) proposes 
that experts may be assessed for the necessary conditions of 
good judgement such as consistency of opinion when 
repeatedly presented with the same evidence.  
 
When expert judgement is required concerning model 
certification, one should seek to reduce the effects of human 
bias. Strigini (1996) suggests the following general means to 
help solve the problem of expert fallibility. One may attempt 
to:  
• change the experts’ tasks to make them less error-prone, 
• change the experts’ tasks to make them more amenable 

to analysis, 
• help the experts in detailing their evidence, deductions 

and inferences, 
• help the experts in finding and correcting fallacies in 

their reasoning, and 
• make the best use of the availability of multiple experts. 
Cognitive biases may be challenged by the decomposition of 
a given argument into individual inference steps and the 
consideration of these in isolation (Strigini 1996). 
Alternatively, one may ask experts for reasons why they 
might be wrong. Also, in order to verify expert judgements, 
“reasonableness checks” might be performed such as 
checking for the consistency in the opinions of different 
experts. 
 
CONCLUSIONS 
 
A range of issues concerning the tasks of model selection 
and use have been addressed in this paper. These tasks are 
complicated due to: 
• the numerous criteria one must satisfy,  
• the disparate sources of information one must consider, 

and 
• the effects of human fallibility.  

 



 

Despite existing research aimed at assisting modellers in 
these tasks, there remains no universally acceptable means 
of model accreditation. Indeed, accreditation remains a 
largely ad-hoc endeavour. 
 
The authors of this paper have developed a methodology for 
reasoning about confidence in model use (Rajabally et al. 
2002a; 2002b) that has been implemented as a prototype 
software tool. The methodology is being applied to case 
studies within BAE SYSTEMS to advance the effective use 
of modelling and simulation in military aircraft systems 
development. Our work is directed towards multi-criteria 
decision support for modelling and simulation, which 
addresses those issues reported in this paper. 
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ABSTRACT

In the paper, the problem of formal verification of logic
control systems for process plants is investigated.
Innovative tools such as Spin (a logic model checker) and
CheckMate (a Matlab toolbox based on hybrid automata)
have been exploited. To critically prove the effectiveness of
the verification techniques a case study drawn from the
field of conventional power plant control, namely the
condensate water extraction system, is considered. A
methodology to represent the relevant control system
models within the model checking framework has also been
proposed.

INTRODUCTION

Advances in automation technology have led to the
growing use of more and more sophisticated control
systems for process plants, especially in power generation
systems, oil and gas production platforms, nuclear and
chemical reactors, boilers and furnaces [Park 1997]. The
availability of information and communication technologies
has permitted the fulfilment of complex requirements on
plant safeness and management, but has also increased the
overall system complexity. In particular, logic control
systems for process plants have become very complex
systems themselves, and often require very high
dependability [De Smet et al. 2001]. Clearly, such a
complexity growth must be supported by adequate
validation techniques, besides the wide-spread “trial and
error”, in order to systematically find and remove design
errors in a more efficient way and in a shorter time  [Bowen
and Hinchey 1997].
On the contrary, the typical validation system applied to
logic control systems for process plant control requires the
development of the entire control system to connect it,
through a bus, to a special command board, customly built
or simulated via a virtual panel on a PC. The board is
equipped with switches and push-buttons an operator can
use to “manually” simulate the process under control,
closing or opening the control loops and forcing values for
some signals on the communication bus.
Such a technique has three major drawbacks:

•  the choice of the “scenarios” to test is, to a
relevant amount, up to the operator;

•  there is no guarantee that the system is error-free;
•  there are no means to understand where the errors

causes lie (specification, design, implementation).
Alternative validation techniques are based on the
simulation of the logic control system and of the plant for
some scenarios [Carpanzano et al. 2002]. Although more
flexible and useful in discovering many errors, simulation
can not guarantee that the logic control system is error free.
Formal verification could be a successful alternative
approach,  since it aims at mathematically proving that the
designed system has all the specified functionalities and
that no erroneous nor dangerous behaviour is possible.
Although significant applications are still few [Havelund et
al. 2001, Park 1997], the practice of such techniques  is
growing wider in industry [Heitmeyer 1998]. In particular,
among the various formal verification techniques applicable
to logic control systems, the ones based on model checking
appear to be the most mature and the most effective [Clarke
et al. 2000].
However, “classical” verification techniques address only
logic variables and behaviours. Recently, new verification
techniques have been developed for hybrid systems. They
are drawing the attention of many researchers, since they
will allow to integrate continuos (plant) and discrete
(control) behaviours, with many expectations for the
development of verification tools both effective and multi-
domain [Silva et al. 2001].
The present paper addresses the problem of the verification
of process control systems based on model checking
techniques and on the use of hybrid systems. A specific
case study drawn from the field of process plant control is
considered, to test the real effectiveness of techniques and
tools in industrial settings. Two commercial packages have
been adopted to perform verification. Much attention is
paid to understand what can be really gained by the control
engineer and to the possibility to apply and generalise the
verification methodology, i.e. to the hypotheses to construct
the relevant models.

This paper is organized as follows: the case study is
presented in the Section 2, while Section 3 proposes a
possible formalization of the logic control verification
problem as a model checking problem. The Sections 4 and
5 are dedicated, respectively, at defining procedures to
model and verify logic control system within the Spin
framework. In Section 6, the application of innovative
hybrid system modelling and verification techniques are
discussed with reference to the tool CheckMate. The major



results achieved and future research directions are collected
in the last section.

THE CASE STUDY: WATER EXTRACTION
SYSTEM

The case study for the application of formal verification
techniques has been chosen to be an industry sized one. The
study has been focused on the logic control schemes for the
water extraction system in a conventional power plant. A
schematic layout of the water extraction system is depicted
in figure 1.
The main components of the system are a tank, two
extraction branches and a recirculation line.

Figure 1:  Scheme of the Water Extraction System

The input condensate stream is stored in the tank, where the
level is held constant by a control system acting on the
valve VL.
Two extraction branches depart from the tank; each branch
is equipped with a manual on-off valve, a mechanical filter
(both not represented, for simplicity), a pump (P1, P2) and
a motorized valve (V1, V2).
A second control system prevents pump damages by acting
on the valve on the recirculation line (VR), thus
guaranteeing that the fluid flowing through the pumps is
held above a minimum level.
Beside the continuous control systems illustrated above
(level and minimum flow control), the plant is equipped
with a complex logic control system in charge of operating
the pumps P1/P2 and the valves V1/V2, which are used
mainly for the extraction system start-up, shut-down or for
emergency manoeuvres.
The logic control architecture is organized onto three
hierarchical and modular levels (see figure 2):

•  High level: control of the start-up and shut-down
sequences for the entire system.

•  Middle level: control of  the start-up and shut-
down sequences for each branch; coordinaton of

the signals to be transferred to the underlaying
pumps and valves.

•  Low level (“drive” level): control of the physical
devices (pumps and motorized valves).

Each logic module can exchange signals with the field,
local and remote consoles, local pushbuttons or other logic
modules (for the sake of clarity in figure 2 only the main
signals exchanged by each module are reported).
The logic control system to be verified was available only
in the form of control design schemes, made with classical
function block formalism. Such schemes involved
approximately 2000 components (logic gates, flip flops and
timers) variously connected, about 350  relevant signals
(inputs, outputs or internal communications) and 100 time
varying parameters.
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 Figure 2: Logic Control Architecture

THE CONTROL SYSTEM VERIFICATION AS A
MODEL CHECKING PROBLEM

The design schemes are a formal model of the system not
directly analyzable. To formalize and formulate properly
the verification problem is necessary to translate such a
model into an easily verifiable “equivalent” one [Schiavo
2002].
Most of the models used for the formal verification of
logic-based systems are based on Kripke structures [Clarke
et al. 2000]. A Kripke structure is a mathematical structure,
similar to an automaton, consisting in a set of states, a set of
transitions between states and a function that labels each
state with a set of logic attributes (called properties) which
are true in that state. Paths in a Kripke structure (i.e.
sequences of states) can represent the temporal evolutions
of a system, while the information about the system
conditions while evolving are carried by the state attributes.
The initial state in the structure is determined on the basis
of the initial conditions for the original system.
The temporal evolutions of a Kripke structure can be
represented with a computation tree, which is formed by
“unwinding” the structure into an infinite tree with the
initial state at the root. The computation tree of a structure
shows all the possible executions starting from the initial
state. A computation tree is a suitable support to express
properties to be verified for the corresponding Kripke
structure and thus for the represented logic system [Pnueli
1977].
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The properties to be verified can be expressed using a
temporal logic such as CTL* (Computation Tree Logic)
[Clarke et al. 2000]. CTL* formulas are composed of basic
logic operators (AND, OR, NOT) and special operators:
path quantifiers and temporal operators.
There exist two path quantifiers: A (“for all computation
paths”) and E (“for some computation paths”) . These
operators can be used with reference to a particular state, in
order to specify that all of the paths or some of the paths
starting from that state must fulfil a specified property.
There are five basic temporal operators, but the most
important ones for logic control verification are F
(“eventually” or “in the future”) and G (“always”). These
operators can be used with reference to a particular path to
specify that a specific property must hold in at least one
state or in all the states of such a path.
The problem of verifying the validity of a temporal formula
over a Kripke structure is known as model checking
problem. Such a problem is widely studied in the scientific
community [Clarke et al. 2000].
The proposed process for formal verification of logic
control systems comprises, thus, three phases: transforming
the system model from design schemes to Kripke
structures, expressing correctness requirements with
temporal logic formulas and performing the verification
using model checking techniques.
Once the logic control schemes have been “translated” into
a model based on Kripke structures, a wide range of tools
and algorithm for solving the model checking problem are
available [Clarke et al. 2000]. However, a manual
translation could be suitable only for small portions of the
control schemes, highlighting the necessity for a technique
to automate (or partially automate) such a process.
The following sections will then focus on the definition of
an automatizable procedure to represent the control

schemes with a special tool (Spin) which exploits a special
programming language (Promela). Promela programs can
be automatically translated in equivalent models based on
Kripke structures.
Within the model checking problem formulation depicted
above, it is interesting to note that, despite the fact that the
model and the temporal formulas are able to describe the
temporal evolution of the system, the “time variable” is not
directly involved: only the order of the events occurrence is
relevant, but not the absolute time when they happened. It
will be later showed that the lack of direct handling of time
related variables is a major drawback of “classic” model
checking techniques, thus denoting a possible future
research direction, at least as far as model checking
techniques for control system verification is concerned.

SYSTEM MODELLING WITH PROMELA/SPIN

The tool chosen for logic control verification is Spin
[Holzmann 1997]. Spin is a freely distributed and widely
used model checker, designed and implemented at the Bell
Labs. Within Spin, the system to be verified is described by
a program, using a language called Promela (see figure 3);
the correctness requirements (i.e. the properties to be
verified) are expressed with LTL formulae. LTL (Linear
Temporal Logic) is a subset of CTL*, the main difference
being that the operator A must precede every formula.
The modelling language Promela is syntactically similar to
C, and it includes important features as support for
nondeterministic execution, process concurrency and
interprocess communication and synchronization. The
Promela program (i.e. the system model) is automatically
transformed into a structure that can be  verified using
model checking techniques.

Figure 3: System Modelling with Spin



Spin includes simulation facilities; such a feature is useful
to check the correctness for the principal system behaviours
before performing any verification.
The verification process is completely automated and can
produce either a positive result (i.e. the desired property is
valid for the system) or a  complete execution trail leading
to the error configuration. Such a trail can be directly used
for simulation, in order to let the user analyze the event
sequence that led to the correctness requirement violation.

The verification algorithm uses the partial order reduction
technique [Clarke et al. 2000]; such a technique is based on
the consideration that very often the execution order of two
(or more) concurrent instructions does not influence the
validity of a specific property. It is thus possible to verify
the validity of a specific property analyzing only classes of
execution sequences, where each class represents an entire
set (potentially with infinite cardinality) of execution
sequences undistinguishable for the validity of that specific
property.
Spin has been originally developed for the verification of
communication protocols; nevertheless, its unique features
soon extended its applications to various different fields,
including logic control verification [Havelund et al. 2001].
The use of such an instrument in this field requires,
however, particular attention in the modelling phase. In the
present work a suitable modelling methodology has been
investigated and applied. This methodology has been
developed following the modularity and hierarchy
paradigm typical of logic control systems, identifying, also
on the basis of the design schemes,  three different
aggregation levels to be modelled:

•  Modelling of basic logic components
•  Modelling of logic control modules
•  Modelling of intermodule communication

The modular modelling has led to the adoption of a
corresponding “modular” verification approach
(verification of single modules, of single levels and of the
entire system) along with the identification of a set of
properties to be verified at each stage.

Basic Logic Components Modelling

The logic components AND, OR, NOT and flip-flops can
be easily modelled using standard constructs natively
available within Promela. The behaviour of the timer
component can be regarded as follows: the output signal
assumes the value one if the input signal has been one
(zero) continuously over a time interval, and zero
otherwise. The modelling of timer components, however,
revealed to be a critical issue, because Promela does not
permit to explicitly model time.
The solution adopted is based on precise assumptions about
the functioning of the components. As a matter of fact, each
component is supposed to execute an infinite cycle with
three phases:

- Reading of the inputs
- Computation
- Writing of the outputs

This model has the advantage to be both simple and close to
the real functioning.

A timer component can then be easily modelled assuming a
“conventional” time value for the execution of every cycle,
so that is possible to measure time by tracking the number
of executed cycles.

Logic Control Modules Modelling

The functioning model for the logic control modules is a
three-phases cyclic one similar to the one shown above:
inputs reading, computation, outputs writing.
The computation and outputs writing phases are obtained
by composing within a single Promela program the models
of the basic logic components, following the function block
topology.
To complete the model, a mechanism is necessary to
implement the inputs reading phase. As a matter of fact, at
the beginning of each cycle a module should read logic
signals coming from other modules, from  operator
interface or from the field itself.
The implementation of the inputs generation mechanism
will be discussed separately, because of its complexity and
of its strong connection with the verification strategy  itself.

Intermodule Communication

The model for the communications between modules is
based on the modules hierarchy adopted in the design
schemes. That means that the modules at the higher level
are executed first: they process their inputs and produce
outputs that are fed to the lower levels modules which then
start executing. Modules belonging to the same level are
concurrently executed and  their output generation phase is
synchronized with the inputs reading phase of the lower
modules.

Input Signals Generation

To simulate or verify a single module, it is necessary to
generate somehow its input signals. As a matter of fact the
same consideration extends to the entire system, since to
perform simulation or verification it is necessary to
generate some input signals (the ones coming from operator
desk, from local pushbuttons, etc…).
The strategy that lies behind such a input signals generation
is a critical issue to achieve a formal verification both
effective and non time-consuming. An exhaustive
generation of all the input combinations and sequences
would lead to an unaffordable computational burden, but,
on the other side, the choice of which input combinations
and sequences to analyze should not be left to the user,
because there would be no guarantee that all the relevant
cases are investigated
Achieving both the goals (full investigation and affordable
computational burden) can be made possible exploiting
some particular features available within Spin. As a matter
of fact, the methodology adopted in based on the use of
some peculiar Promela constructs (nondeterministic
execution support) and on the partial order reduction
technique that is used by Spin.
A detailed description of the Promela language and of the
partial order reduction algorithm adopted is beyond the
scope of this paper; however, a simple explanation will be



given here in order to let the reader understand the basic
ideas behind.
Within code portions of Promela program, it is possible to
randomly choose and execute a single instruction among a
set of mutually exclusive and executable ones. Using this
feature at the beginning of each cycle, it is possible to
“potentially” generate all the input combinations and
sequences for a logic module simply by inserting the two
possible values (true, false) for each input signal in a set of
mutually exclusive and executable instructions.
For example, consider the following portion of pseudo-code
that generates the input signals IN1 and IN2 for a logic
module:

beginCycle
{

ChooseOneInstruction
{
IN1:=TRUE;
IN1:=FALSE;

IN2:=TRUE;
IN2:=FALSE;
}
…

}
endCycle

All the four assignment instructions for the two inputs are
executable at the beginning of each cycle, but only one will
be effectively executed, that is, at each cycle one input
signal randomly chosen can (but is not forced to) change.
As a matter of fact, to potentially generate all the inputs
combinations and sequences, every single input should be
permitted to change at each cycle. To achieve such a result
would imply to create a set of two executable mutually
exclusive instructions for each input signal instead of a
single set for all the signals as showed above. On the other
side, such a solution would significantly increase the
computational burden for the verification (each set added
can double the number of scenarios needed to be analyzed).
Some authors assume that, in every condition, only an input
signal per cycle can change [Park 97].
The solution here adopted is a little different: the input
signals have been divided into groups and, at each cycle,
only a signal per group has the possibility to change; the
inputs grouping can based on the signals provenience (for
example, it is unlikely that two signals coming from the
operator change exactly within the same cycle, while this
assumption does not hold while referring to an operator
signal and a field signal).
The choice of how many groups the inputs should be
divided in has to be taken carefully, being a trade-off
between the generality of the model and the verification
computational burden.  Using such a strategy to model the
generation of inputs signals, one can be relieved from the
necessity to “imagine” or define the scenarios to be
analyzed or testes, leaving such a duty to the specialized
algorithms of the verification system.

Controlled Process Module

The logic control system is strictly connected with the
controlled plant: their functioning depends, in some way,
on their mutual influence; it is thus necessary to investigate

what classes of models of the controlled plant are the most
suitable ones for formal verification.
Basically, there exist two possibilities: open loop (OL)
models (that is only the logic control is modelled) or closed
loop (CL) models (that is logic control, plant and their
mutual influence are modelled).
The first solution (OL) has the advantage of being easier
(no plant model is required at all) and it is suitable to
perform verification of “structural” properties that the logic
control system should have independently from the
controlled plant. Examples of such properties are the
“output liveness” (all the output logic signals should have
the possibility to be activated) or the “command coherence”
(it should not be possible to contemporary give opposite
commands to an actuator, an emergency command should
override all other commands, etc…).
The second solution (CL) has the advantage to be more
“complete”, allowing the verification of properties
depending on the mutual influence of the plant and the
logic control system. An example of such a property could
be the activation of a signal from the plant that informs the
logic control system of the variations in some physical
quantity in response to some previous command (as the
signal “tank_level_low” after the pump has been working
for some time). The drawback with the CL option is the
plant modelling itself: first, it is not trivial itself in the
general case, and second the signals between plant and
control system are not independent from each other, but
depend on the process itself.
A less complex CL solution can be obtained with the
implementation of logic models only for the process
components which do exchange signals with the control
system, thus neglecting any other process components and
any other interaction between process components.
Within the Promela/Spin framework, the latter CL solution
can be the only one adopted, due to the limitations both in
the language Promela mathematical support and in the
verification system (which is really effective only when
dealing exclusively with binary variables).
In this work, thus, the OL solution has been adopted for
logic control modelling and verification with Promela/Spin,
with the exception of simple logic models (CL) for the
controlled valves and pumps (no physical interaction has
been modelled between pump and valve, for example).

MODEL VERIFICATION WITH PROMELA/SPIN

In this section the problem of verifying the modelled
system will be described. First, proper categories of
properties to be verified will be identified and formalized,
then, a modular verification procedure will be proposed and
applied to the case study.

Temporal Formulae

The use of temporal formulae to express the desired
properties for a logic control system allows a wide range of
analysis to be conducted on the system itself [Clarke et al.
2000]. Nevertheless, it is suitable to divide the properties to
be verified into categories, in order to identify sets of
structural properties that a logic control system must have
independently of the particular logic functions



implemented, along with sets of function-dependent
properties.
Within this approach, the first category of properties
involves the activation of the outputs: the logic control
schemes should not stuck any output signal to the value
zero or one. To perform the correspondent verification it is
convenient to prove that the following temporal formulae
are false (supposing OUT is a generic output signal):

•  A G (OUT)
•  A G (NOT OUT)

The validity of the first formula implies OUT assumes
always the value one, for every computation path. Dually,
the validity of the second one implies OUT assumes always
the value zero, for every computation path.
A second important category of properties involves the
commands used to activate and deactivate a device (like a
pump or a valve) or to start and stop a logic sequence. Such
commands should be coherent, that is they should not
assume the value one at the same time. The temporal
formula to express this is

•  A G (NOT(ON AND OFF))
The impossibility of generating contradictory commands
should come together with the impossibility to reach logic
incoherent states. For example, consider the sequences for
the start-up and  shut-down of the two condensate
extraction branches: these sequences are composed of
several steps and it is supposed that, at every instant, only
one step could be active. Indicating with the logic variable
Ai the activation of the i-th step in the sequence (supposed
of 3 steps), it is necessary to prove the validity of the
following temporal formula:

•  A G (NOT(A1 AND A2) AND  NOT(A1 AND A3) AND
NOT(A2 AND A3))

The properties identified so far are aimed at verifying the
absence of erroneous/dangerous behaviours. However, it is
important to introduce also properties aimed at verifying
the presence of the desired behaviours in some specific
situations. For example, it is desired that, whenever an
valve emergency closing command is issued, the logic
control executes it, whatever different command may come
from operator interface or local push-buttons. The temporal
formula to express this requirement is as follows:

•  A G (f ⇒ (F g))
In the formula, f represents the logic conditions that should
cause the control to do something represented with the logic
conditions g. The validity of the formula requires that, for
every computational path, if exist a state in  which f holds,
then there exist also a state in which g holds.

Verification Procedure

The verification procedure should follow the modular
paradigm used in the modelling (and derived from the
design schemes), so it has been divided into three
sequential phases:

•  single module verification
•  level verification
•  overall logic control verification

Such a division could seem pointless, since the final aim is
the verification of the entire logic control (i.e. only the third
phase). Nevertheless, operating with phases of increasing
complexity can help in tackling the difficulties of the entire

problem. The first two phases, as a matter of fact, can
identify errors and inconsistencies for a relatively small
analysis set, permitting to easily track back errors’ trails,
and allowing, in the third phase, to concentrate only on the
interactions between the logic modules.

Verification Results

For the introduced case study, the complete model for the
logic control system has been implemented, following the
methodology illustrated in the previous sections. A
complete set of properties to be verified has also been
identified, including both “structural” and functional
requirements.
The verification has led to the following results:

•  Single logic modules verification
o Big number of properties verified
o Quick computation (< 15 sec)

•  Level verification
o Big number of properties verified
o Significant grow of the time required

(≈ 20 min)
•  Overall system verification

o Computational difficulties
The results for the first two phases have been really
successful, with the identification and correction of
numerous subtle bugs, while the computational  complexity
affected  the results for the remaining verifications.
Despite the computational problems, deriving also from the
complexity of the real system, the formal analysis
performed permitted to effectively improve the logic
control design, identifying many possible malfunctioning
cases whose causes would have been really hard to track
back  for the installed system.

HYBRID MODELLING, SIMULATION AND
VERIFICATION TECHNIQUES

The major drawbacks emerged using Spin are the
impossibility of including a realistic plant model and the
lack of a time metric, that is the impossibility of dealing
explicitly with time and time dependant variables.
A possible solution to overtake those drawbacks could be
the adoption of new tools applying some emerging
techniques for hybrid systems modelling and verification
[Bemporad and Morari 1999, Silva et al. 2001].
In this context, a hybrid system is intended to be a complex
system whose behaviour is influenced by events and
comprising logic (or discrete) components and component
whose functioning is governed by a continuous dynamic.
Among the numerous emerging tools, CheckMate [Silva et
al. 2000] is one of the most promising and has been chosen
to try a different approach to the verification problem for
the case study.

CheckMate Overview

CheckMate is a tool for modelling, prototyping, simulating
and formally verifying hybrid dynamic systems; it is based
on Matlab/Simulink and the Stateflow toolbox from The
MathWorks, Inc.
CheckMate has been designed for a specific class of hybrid
systems, called TEDHS (Threshold Event Driven Hybrid



Systems). In TEDHS the dynamic of the system can switch
among a finite set of possible dynamics; the dynamic is
switched according to a discrete signal produced by an
automaton; the automaton behaves on the basis of the
events generated when the state variables cross predefined
thresholds.
An hybrid system model in CheckMate has continuous
dynamics described by ordinary differential equations
(possibly nonlinear), planar switching surfaces, and discrete
dynamics modelled by a finite state machine. The
verification is performed using finite-state approximations
known in the literature as quotient transition systems. The
approximations are conservative in the sense that they
capture all possible behaviours of the hybrid system.
The verification result, if not positive, can be inconclusive:
the user is given the option to refine the current system
approximation and attempt the verification again. Actually
there exists also the possibility of a definitive negative
result, when the approximating quotient transition system is
proved to be equivalent to the original system [Silva et al.
2000].
The hybrid system model is composed of three distinct part:
the continuous process, the logic control and the event
generator, which constitutes the  interconnection layer.

Continuous Process Model

The controlled process has to be represented as a Switched
Continuous System (SCS); a SCS is a system with
continuous dynamics and (nonlinear) state equations which
are selected according to the value of a discrete input signal
(u). The system evolves with a dynamic of the type

),( txfx u=D , where the specific function ( )⋅⋅,uf  is
chosen among a finite set on the base of the value of the
discrete input u. This representation requires an explicit
formulation for the equation of the plant components as
pumps and valves.
The following simplifications have been taken into account:

•  The plant fluid is water at a constant temperature.
•  The plant has only one extraction branch.
•  All the pipes, filters and heat exchangers can be

regarded as lumped head losses
The implemented model is based on the physical models for
the process devices (pumps, valves, tanks, head losses,
etc…) taking into account also the action of the modulating
control (i.e. the level control acting on the level valve and
the recirculation control acting on the recirculation valve).
The implementation of an explicit model has been a critical
issue, since the simple collection of the devices models
would have resulted into an implicit global model.
All the values needed for the model set-up have been
calculated trough a different, more complicated and
detailed simulator of the plant.

Logic Control Model

The logic control system has to be represented as a finite
state machine (FSM) using Stateflow, a Matlab toolbox.
The logic control system thus modelled receives as inputs
the events generated within the interconnection layer
between the SCS and the FSM itself.  These events are

based on the time evolution of the state variable. The FSM
produces the discrete output signal (u) to be fed to the SCS.
A complete representation of the logic control system as a
FSM would have been an unworthy  modelling effort
within this case study, so it has been decided to represent
only on a logic control portion where the interactions
between the controlled process and the logic control were
most relevant. The FSM implemented is then the model of
the sequence control governing the extraction branch start-
up.
The sequence is composed of four steps:

•  Valve Closing
•  Pump Starting
•  Valve Opening
•  Sequence Check

The first three steps (their self composed of complex logic
schemes) are the most relevant for the interaction between
the process and the logic control, while the forth one has
only the function to check the sequence has terminated
correctly and, in case, to raise a system alarm. The entire
sequence and every single step are associated with a time
interval within which they must terminate their actions
(“watch-dog”).
The FSM is thus composed of five macro-states: one for
each step in the sequence and one to represent error
conditions (such as timeouts).

Interconnection Layer

The SCS and the FSM exchange data and events: the FSM
generates the discrete control signal u for the SCS, while
the inputs events which govern the evolution of the FSM
are generated on the basis of the evolution of the state
variables (x).
The event generator (i.e. the interconnection layer) is
composed of polyhedral thresholds: defining one or more
polyhedral region of the type dCx ≤  it is possible to
generate events associated with the state variable entering
or leaving such regions.
Four events have been defined for the case study:

•  clk_out  (single step or entire sequence timeout)
•  valve_closed  (the valve has been closed)
•  valve_opened  (the valve has been opened)
•  pump_on  (the pump has been switched on)

Within CheckMate a fifth event is default available:
•  out_of_bound (the state variables have left the

defined analysis region)

Hybrid System Simulation and Verification

The verification for the modelled hybrid system has been
preceded  by some simulations. The simulations have been
performed to gain confidence about  the meaningfulness of
some model parameters and behaviours with respect to the
results obtained with other simulators much more
complicated. In detail, it has been analyzed the temporal
evolution of the fluid level in the tank with respect to the
timing for the valve open/close operations and the pump
start-up/shut-down. The results obtained were consistent.
The verification were aimed at proving the following
property:

•  (AG (~fsm == err))& (AG(~out_of_bound))



The property holds true only if the error state (err) is
unreachable and the state variables do not leave the analysis
region (which represents only physical limitations ).
The property proved true and the verification took about
three minutes to finish.
It is important to notice that the verification has been
performed on a model were both the modulating control
(level control) and the logic control (sequence control)
could operate at the same time.
Although quite promising, the experience with techniques
for hybrid systems modelling and verification revealed
some major drawbacks, along with great improvement
possibilities.
The first negative aspect involves the modelling
capabilities: to build an explicit model for the process it is
very often necessary (as it was for the case study) to accept
some important simplification. In addition, such a model is
very often scarcely reusable, causing the need for a
complete remodelling also for simple process changes.
A second negative aspect relies in the (conceptual and
practical) difficulties of building a detailed model for the
entire logic control as a single FSM as it is necessary using
CheckMate.
A third criticisable aspect is the impossibility of modelling
any operator intervention.
Last, but not least, it has to be noted that, whenever a
property is proved to be false, no counterexample is given.
Nevertheless, the drawbacks pointed out do not have to
obscure the great innovations that CheckMate (and other
tools for hybrid systems modelling and verification) brings:
the explicit modelling of time, the fact that the controlled
process, the modulating control and the logic control
system are modelled within the same framework and, most
important, the proposition of new verification techniques
taking into account both the logic and the numerical aspects
for the system model.

CONCLUDING REMARKS AND FUTURE WORK

In the paper, the application of formal verification
techniques, and in particular of model checking, to logic
control systems for process plants has been investigated and
discussed. An industrial-size case study has been chosen, in
order to check the real applicability and effectiveness of the
proposed verification methodology. A specific tool, namely
Spin, has been exploited for the verification, and specific
guidelines have been proposed to build up all the relevant
models. A set of categories of properties to verify has been
also identified and proposed, to be used for process control
systems. However, it is authors’ opinion that the proposed
verification methodology can be easily extended to other
tools and applications.
The obtained results are encouraging from the theoretical
point of view. However, some drawbacks, mainly due to
the computational burden and to time variables modelling,
limit the applications of such techniques in industrial
settings.
The emerging techniques for hybrid systems modelling and
verification appear to be more promising, at least for
precise numerical analysis about the system itself.
Future work will aim at a further exploitation and
formalization of the modular modelling and modular

verification technique with Spin, in order to allow the
verification of some properties to single modules instead of
the overall system, with clear advantages with respect to the
computation burden. Future research will include also a
study on object oriented extensions for hybrid systems
modelling procedures.
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ABSTRACT 
 
The scope of the presented project was to illuminate and 
describe the potential environmental impacts which are 
caused by the production and application of a coating 
material using epoxidised derivatives. Therefore an 
appropriate comparative eco-balance in collaboration with 
the company BIOMEL GmbH located in Dessau (Germany) 
shall be conducted. Problem definition, approach and results 
will be given. 
 
INTRODUCTION 
 
Objectives 
 
In the field of coating materials volatile organic compounds 
(VOC) represents one of the highest environmental burden. 
Due to this fact the company BIOMEL GmbH started to 
develop a new product which should substitute VOC from 
coating materials. The new product has a pure native basis 
utilising the seed oil of the so called dragon-figurehead 
plant. The “reactive diluent” shall substitute VOC-
containing solvents and because of its specific properties it 
can be used as a solvent as well as a binder. 
In order to verify the environment-friendly behaviour of a 
coating material using the reactive diluent it is necessary to 
compare it with an other coating material concerning 
environmental impacts. It will be exemplified with the use of 
a concrete coating material containing solvent compared to a 
solvent-free concrete coating material (containing the 
reactive diluent). Therefore the method of eco-balancing has 
been chosen. Two eco-balances have been created and 
opposed (comparative eco-balance) according to ISO 14040 
in order to obtain and derive meaningful and reliable 
environmental information. 
 
 
Eco-balancing 
 

Eco-balancing is a method for documenting the environ-
mental aspects and potential environmental effects 
associated with a product or production process. This is done 
by: 
• compiling an actual balance of relevant input and output 

flows of a production system, 
• evaluating the potential environmental effects associated 

with these inputs and outputs, 
• interpreting the results of the actual balance and effects 

with regard to the objective of the study. 
 
As a result eco-balances serve and support the numerical 
registration and the interpretation of environmental effects. 
The expression „eco-balance“ is a generic term for a number 
of different methods for the numerical registration of the 
environmental effects (Seuring 1998), Rautenstrauch 1999). 
The following types of eco-balances can be named: 
• Company Eco-Balance: This eco-balance is related to a 

place of production or business, i.e. to an organizational 
or operational unit. This eco-balance is regarded as a 
„Black Box“ since no analysis of the in-house 
operations takes place. The balance concentrates on the 
company’s input and output of energy and materials and 
is frequently referred to as the basis of environmental 
reports. 

• Process Balance: This eco-balance examines the flows 
of individual production steps specific to operation and 
makes a more precise look at the operational activities 
possible. Thus the degree of ecological harmfulness of 
the individual processes can be recognized in the total 
environmental pollution and gaps and potentials for 
optimization can be easily localized from this estimate. 

• LCA: The product-related eco-balance (Life Cycle 
Assessment, LCA) balances the environmental effects 
of a product over its entire life, i.e. starting from the 
generation of energy/recovery of raw materials, 
preproduction, production, transport, distribution, 
product use or consumption and up to disposal. 

• Substance Balance: Substance balances show lasting 
environmental use and environmental disturbances. 
Surface consumption, cultivation, and operationally-
dependent landscape excavation belong to the group of 
enduring environmental use. Pollution of soil or ground 
water by the plant constitute enduring disturbances of 

 



the environment. Furthermore capital assets and 
inventory present in the plant are evaluated according to 
ecological criteria. 

 
Material Flow Networks 
 
A particularly flexible and efficient approach to represent 
material and energy flows of a system is the application of 
material flow networks (Möller 1995). The systems can be 
production locations and operations of any size as well as 
stations in the life of the product. Consequently material 
flow networks are equally suitable for the preparation of 
company balances as well as product balances. This 
combination of company and product balances in one 
approach is one of the most important special features of the 
material flow networks. Material flow networks are suitable 
for modelling material and energy flows which originate 
between the system elements (e.g. between individual stages 
of an extensive production process) for a specific part of a 
real system. They thus create the basis for the preparation of 
eco-balances (Schmidt 1997). Material flow networks serve 
the preparation of eco-balances by listing balance-like the 
materials and the corresponding amounts, which are 
exchanged with the system environment through the inlets 
and outlets of the network. In material flow networks two 
types of procedures are principally taken into account and 
differentiated: 
• Processes for the Transformation of Materials 

(transitions, in the network symbolized by rectangles): 
In these locations materials are converted with the help 
of energy. Every transition is on the one hand connected 
with a place from which they receive materials and on 
the other hand with places where they deliver materials. 
For every transition, how the inlet and outlet flows 
depend on one another can be correspondingly 
determined in the process shown. At the same time both 
the type of the materials affected and the mutual 
dependencies of the particular quantities can be 
specified. 

• (Temporary) Storage of Materials (places, in the 
network symbolized by circles): Places are locations in 
the material flow networks where no conversion of 
materials occurs. They function as material storage for 
example; they are inlet and outlet points where material 
flows enter or leave the system. In view of the different 
functions the places can assume in the material flow 
networks, Umberto differentiates between the place 
types of input-places (inlet point), output-places (outlet 
point), storage-places (storage) and connection-places 
(direct throughput without storage). 

 
Besides the aforementioned network elements further 
symbols are used in Umberto which also appear in the 
models here. In particular these are elements which are used 
by using sub-networks. Sub-networks are used in the 
network transformation for refinement as well as 
generalization in order to achieve a certain clarity in the 
network modelled. A hierarchical structure results through 
the creation of a network „behind“ an existing transition. If 
places in the overriding network are in conjunction with a 
transition, which contains a sub-network, these places appear 

as network transition points in the sub-network. This applies 
to the places of the type Input, Output and Connection. The 
places and transitions are linked with one another by 
connections (links) so that a new network structure results. 
Connections lead either from a transition to a place or from a 
place to a transition. A connection between two similar 
network elements is not permitted. The tip of the pointer 
specifies the direction of the flows; a flow in the opposite 
direction is not permissible. 
  
PROCESS STRUCTURE 
 
In accordance to the investigation subject of an eco-balance, 
the life-cycle of the coating compound should be considered 
and investigated including all material and energy flows 
during the whole product life-cycle starting from the raw 
material extraction, along the production process, the 
utilisation and the disposal (Rautenstrauch 1999). Up to now 
only the first three phases have been considered. The 
disposal phase has not been covered due to identical removal 
treatments for both materials. Here the coatings will be 
removed and transferred to a hazardous waste disposal site. 
Furthermore it should be mentioned that no further relevant 
data are available for this. Both, concrete surface coatings 
(2K-epoxy-resin concrete coating, solvent-free and solvent-
containing) consist of three layers: the grounding, the 
interface layer and the sealing coat. Each of them is 
manufactured in the same manner. The solvent-containing 
layers as illustrated in figure 1 are composed of the 
following precursors (Brock/Groteklaes/Mischke 1999): 
non-volatile fraction (binder, pigment and filling material, 
non-volatile additives), hardener and volatile fraction 
(solvent, dispersing agent, volatile additives). 
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Figures 1: 2c-epoxy resin concrete coating (containing 
solvent) 

 
Layers of solvent-free concrete surface coating include 
binder, pigment and filling material, additives and hardener 
as well. Instead of the volatile solvent they include the 
reactive diluent (see figure 2). 
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Figures 2: 2c-epoxy resin concrete coating (solvent free) 
 

The production of both coating materials, i.e. the production 
of the respective layers will be conducted as follows: 
weighing out the raw materials for the dispersing approach, 
master batch (crude homogenisation), pre-dispersing, fine-
dispersing (main-dispersing), filtrating, packaging and 
storage of the finished products (Brock/Groteklaes/Mischke 
1999). Within the utilisation phase of the concrete surface 
coating the volatile part (solvent) of the solvent-containing 
concrete surface coating evaporates during the generation of 
the film without a chemical transformation (Baumann/Muth 
1997). In contrast to this the reactive diluent of the solvent-
free concrete surface coating is not evaporating. Due to a 
chemical reaction during the film generation the reactive 
diluent loses its diluent properties and becomes part of the 
binder. 

 
DATA COLLECTION AND INTEGRATION 
 
For the eco-balancing it is necessary to ascertain precise data 
about all involved processes. After the modelling of the 
process structure the overall model must be completed with 
the ascertained data in order to calculate the input and output 
flows and to generate the actual balance. The methodology 
of eco-balancing which provides the foundation for this 
study is based upon material flow networks 
(Schmidt,Häuslein 1997). Technical information about 
processes are modelled, specified and evaluated with the 
utilisation of the software tool Umberto. 
E.g., modelling the sub-process “dragon-figurehead methyl-
ester to epoxy dragon-figurehead methyl-ester” resulting in 
reactive diluent could be achieved using a detailed flow 
process chart with the corresponding data (see figure 3). 
Processes for the transformation of materials and energy are 
modelled in the network with transitions symbolised by 
rectangles. Storage and distribution of materials occur in 
places symbolised by circles. 
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Figures 3: Flow chart for a sub-process (epoxidation of 
dragon-figurehead methyl-ester) 

 
In order to be able to specify places and transitions, the 
belonging material flows have been assigned to them. After 
having specified all relevant transitions and places, the 
material flow network could be calculated. Figure 4 shows 
exemplarily the epoxidation process modelled with the use 
of a material flow network. 
 

 
 

Figures 4: Umberto model of the epoxidation process 
 
INVENTORY ANALYSIS, IMPACT ASSESSMENT 
AND BALANCE VALUATION 
 
Based on the calculation mentioned above the impact 
assessment and balance valuation could be done using 
coefficient systems implemented in Umberto. The impact 
assessment is executed to consolidate the information 
contained in the actual balances for preparation of the 
subsequent balance valuations. In order to achieve this the 
documented material flows are to be described with regard 
to their potential environmental impacts. For substances with 
comparable impacts an aggregation is carried out. This 
procedure strives for a comprehensive impact assessment of 
all input and output flows. With the use of the software tool 
Umberto® it is possible to compare process balances 
immediately. Consequently significant differences between 
created balances (solvent-free and solvent-containing 
concrete surface coating) can be achieved. Impact 
assessment and balance valuation were conducted in several 
steps applying the UBA-method from the Federal Office for 
Environment (Umweltbundesamt 2000). In the first step of 
the impact balance, the classification, all material and energy 

 



flows that have been confirmed in the actual balance are 
linked to impact categories according to their environmental 
impact potential, respectively. The impact potentials are 
calculated in the second step resulting in the 
characterisation. Modelling and aggregation of the actual 
balance data within the impact categories have been 
conducted. Within the categories suitable rates are 
determined which enable impact related aggregation. They 
clearly describe the potentials in a quantitative form (DIN 
1998). Ten environmental impact categories have been 
suggested: consumption of raw materials, greenhouse effect, 
generation of photo-oxidants, acidification of soil and 
surface water, eutrophication, impediments to human health 
(cancer risk), direct damage to organisms and eco-systems 
(fine dust generation), introduction of nutrients into soil and 
surface water, consumption of space, noise incrimination 
(see figure 5). 
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Figures 5: Specific contributions of the impact categories of 

the coating system by comparison 
 
In order to obtain a better comparability, the results have 
been normalised for inhabitant mean values in Germany 
(DIN 1999) and based on that, the relative specific 
contributions for impact categories have been calculated. 
The maximum specific contribution is provoked by the 
consumption of crude oil equivalents in the impact category 
“consumption of raw materials” and is set equivalent to 
100%. All other specific contributions are to be set in 
relation to this value. Compared to the crude oil 
consumption caused by coating materials with conventional 
solvents, a specific contribution close to 17% in the category 
“consumption of raw materials” for the coating material 
based on the reactive diluent could be found. At the same 
time the consumption of crude oil equivalents gives the 
maximum specific contribution resulting from the solvent-
free coating material. As far as the fine dust generating 
potential (PM10-potential) is concerned, the specific 
contribution could be reduced from 50% for the solvent-
containing coating material down to 10% for the solvent-free 
coating material. The application of the impact categories 
“impediments to human health” and “direct damage to 
organisms and eco-systems” leads to a reduction of the 
specific contribution for dust from 43% (solvent-containing 
surface coating) to about 10% (solvent-free surface coating). 
Similar results could be obtained for the remaining impact 
categories. Merely, as far as the category “consumption of 
space” is concerned, better results could be obtained for the 

solvent-containing coating material. The reason for this fact 
is the huge amount of dragon figurehead oil required in the 
reactive diluent production. This oil will be extracted from 
the seed of the dragon figurehead plant. The plant needs an 
appropriate agricultural cultivable area. 
 
CONCLUSION AND OUTLOOK 
 
Two comparative eco-balances for two production processes 
have been prepared in order to illuminate and describe the 
potential environmental impacts caused by the production. 
The first eco-balance has been conducted for coating 
materials whose solvents were build up on the basis of 
epoxy resin. The second eco-balance covers a coating 
material with an reactive diluent as solvent which is 
currently under development. The reactive diluent will be 
produced on a pure native basis utilising the seed oil of the 
so called dragon-figurehead plant. The obtained results of 
this case study clearly demonstrate that concrete coating 
materials on a native basis, i.e. without VOC-containing 
solvents are significantly more environment-friendly than 
the conventional solvent-containing concrete surface coating 
materials. Results were discussed with process engineers and 
industrial chemists. They acknowledged that this would 
correspond to their experiences and expectations. 
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ABSTRACT
Complex discrete-event model simulation requires a lot

of computer time in order to get output results statistically
valid.

Our research on the area of industrial LANs, storage
area networks and real time systems suffer this problem. To
reduce this problem, parallel simulation methods have been
developed and successfully applied.

The main idea consists of running a set of replications
of the same model in parallel, each one driven by a
different input set of random numbers. Replications send
statistical information of collected output variables to a
monitor that decides the end of the simulation when the
user specified end condition is achieved.

However, the encouraging results on real complex
models needs also a theoretical support to be valuable.

This is the pourpose of the work presented here. We
evaluate the coverage and performance of our proposals on
four queuing models with analytical exact solution.

The results show that the proposed methods provide
superior coverage compared with previous methods and a
reduction of the bias due to initial transient problem of the
replication method.

1. INTRODUCTION AND MOTIVATION

Discrete-event simulation models are necessary for the
evaluation and development of technologies susceptible to
be outlined using simulation models.

When the simulation model is moderately complex it
requires a lot of computational time in order to be
evaluated, so many researches have suffered the long
response times executing these simulation models.

This is our problem on the research on the area of
storage area networks (SAN), industrial LANs and real time
systems. The models utilised on these problems try to
evaluate an output performance parameter in different
scenarios. Figure 1 shows an example of the results
evaluating a SAN configuration. Each represented point is
the steady-state point estimator X of a performance output
value with true mean E[X]. In order to obtain this graphic
we need a repetition of the simulation with different input
parameters, and this evaluation can require long execution
times. Our pourpose is to reduce the execution time of an
experiment (set of simulations).
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Figure 1. Typical simulation result: “I/O mean response
time” versus “Delivered traffic”

In order to improve the response times of simulators
many researches are being spent on parallel techniques.
There are two main lines:

First, decomposing the simulation model in sub-models
that can be executed concurrently in different machines.
The main problem of this approximation consists of
maintaining the logical consistency of the event list
(Fujimoto 1990; Zarei 2000). The use of distributed
simulation techniques is not an easy task and requires both
a great decomposition effort and model tuning. In addition,
a deficient tuning process usually produces poor speed-ups.

It is a good approaching when the pourpose is to
accelerate the execution of a specific production model.
That is, a simulator devoted to be reused many times
without changes and changing only the input parameters
(i.e. a flight training simulator) and the speed and/or real
time is a requirement.

Second, executing copies of the same simulation model
in parallel to produce a higher quantity of statistical output
data per time unit. This approach could be used for
improving response times taking advantage of the
“statistical parallelism”. This parallelism is well suited to be
implemented in a cluster of workstations. Some authors
(Ewing et al. 1999; Lin 1994; Rego and Sunderam 1992)
proposed tool that attempt to use a group of workstations in
order to decrease response time using this approach. We
think that this is a good approaching when we want to
spend the effort on modelling the system to evaluate and
not in adapting the model to a parallel environment. The
main idea is to adapt a statistical output analysis method to
a parallel environment. See (Yau 1.999) for a consideration
about which methods seem to be better for this adaptation.



Our research requires the development of lots of
simulation models of different nature. Then, our main effort
should be this development and not to be concerned in extra
efforts on the area of parallelization of models, so the
second approach has been taken into account.

In this context, we are working on the development of a
tool called Cluster Simulation Experimenter (CSX) (Perles
et al. 1999) whose main pourpose is to use idle
heterogeneous workstations at university laboratories and
research centers to run parallel simulations. The CSX
design allows its application to any commercial or public
simulator, avoiding the apprenticeship of a new simulation
language. It provides a general form of monitoring and
controlling simulation programs and it has been
successfully tested on SMPL (McDougall 1987) and CSIM
(CSIM 1998) simulation languages.

This tool has been outlined as a distributed application
working under PVM (Geist et al. 1994) that lets the
incorporation of Unix and Windows heterogeneous
computers to a parallel virtual machine. Basically, parallel
simulations executed using CSX are replications of a
discrete-event simulation program spawned in different
workstations that are monitored in order to extract
statistical information of selected output variables.

CSX has been used in our department to improve the
long execution time of a simulator of storage area networks
(SAN) developed in CSIM. Complex resulting simulation
model used previously the batch-means simulation
technique. In (Perles et al. 2001) the result of comparing the
parallel approach and sequential batch means method is
described. We showed that it is better to run a parallel
simulation of each point of the experiment than running
simultaneously a sequential version for each point in each
computer of the cluster.

In this work, our main pourpose is to establish the
theoretical validity of the method and the performance
obtained applying different strategies for the replication
management. In order to do that, four queuing simulation
models analytically tractable have been elected and tested.
Two of these are open system models and the other two are
closed system models.

Different factors of the replication methods are
evaluated on these models: statistical reset, "warm start"
(explained later), sample size, number of replications and
termination test from the coverage and performance
(needed simulation time) point of view.

The rest of the paper is organized as follows. Section 2
describes our parallel implementation of replications
method. Section 3 describes the factors that affect the
replications. Section 4, describes open and closed models
utilized for this study. Section 5, describes how expriments
has been done and the obtained results. Finally, section 6
summarizes the conclusions.

2. PARALLEL REPLICATION IMPLEMENTATION

We can use different statistical output analysis
technique in CSX, but our main effort has been on the

independent replication method. See (Law and Kelton
2.000) for a discusion about the election of this method
compared with others. This method proposes that we can
run k replications of a simulation program using
independent input random streams to compute a sample
mean.

This is the theorethical support of replication method.

Let be jX  the sample mean of the observations of some

output variable for the jth replication. These observations
can be regarded as realizations of independent and normally
distributed random variables. Then we can compute an
estimator of the true mean µ=E(X) as,

k

X

X

k

j
j∑

== 1

In order to obtain an asymptotically valid

(1-α)100% confidence interval for the grand mean X  we
can apply the equation,

k

S
tX k

k

2
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where 2
kS is the variance of sample means and t is the

Student distribution.

The sequential and classic replication method consists
of running fixed size simulations and test if they have been
reached the wished confidence interval at a given
confidence level. If the replications are too short it will be
necessary to start another simulation execution of a longer
size. On the other hand, if they are too long, the results will
be unnecessarily more accurate, wasting computer
resources and increasing response time. The difficulty to
predict the number of replications and their respective
lengths has motivated the development of alternative
methods that relax the independence hypothesis, at the
same time they are easily implemented in a sequential
computer. Some examples are batch-means, spectral and
regeneration methods, which add the advantage that only
one initial transient period must be eliminated for steady-
state simulations.

The problem of the sequential scheme of the replication
method can be avoided by using parallel techniques. In this
approach we can elect two ways: running fixed size
replications in parallel until the wished confidence interval
is achieved (Lin 1994) or keep running a fixed and low
number of replications until they produce the needed
confidence interval.

We have developed this second option because it seems
to be statistically more robust on the assumption of
independence hypothesis and normal distribution of the
output variable. In (Glynn 1995) it is established the
asymptotic superiority of a few long replications relative to
a large number of shorter replications, assuming that no
initial transient deletion is attempted.



So the replication method analyser of CSX basically
consists of executing a fixed set of independent replication
and let it to run until the wished confidence interval is
achieved. Our first implementation let each replication runs
until a specified point (number of collected samples or
simulated time) send statistical information to a monitor,
and wait until the monitor decides if the simulation must
continue based on the information sent by the rest of
replications (see Figure 2).
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Figure 2. Time scenario of a monitor and 3 replications

Figure 2 shows that the duration of the simulation will
be, almost, the sum of the duration of the slower replication
in each checkpoint. In (Bhavasar and Isaac 1.987) it is
established that the execution times of replications are
identical independent (i.i.d.) exponentially distributed
random variables with mean 1. We solve this problem
allowing each replication to run as fast as possible sending,
asynchronously, statistical information to the monitor, thus
avoiding synchronisation. The monitor can save statistical
information and process the next checkpoint when it has
information of all replications (see Figure 3).
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Figure 3. Optimal utilization of computational resources
avoiding synchronization effect

3. REPLICATION MANAGEMENT

We assume that we run a fixed number of replications
and each replication runs on a different workstation coupled
through a local area network. Different parameters of the
replication method can be adjusted and they are: statistical
reset, "warm start", sample size, number of replications and
termination test. These parameters are explained here.

3.1 Sample size
Sample size parameter specifies checkpoints for each

replication. A checkpoint implies that each replication
sends a sample of collected statistical information to the
monitor (sample mean of output variables). Low values of
this parameter implies higher communication costs and
high values can waste resources.

The sample size parameter is a user-specified parameter
that can be: the number of collected observations of an

output variable or an amount of simulated time. The user
should select one of the possibilities in function of the
nature of the output variable to be analyzed in order to
avoid ratio bias effects. For example "response time" of a
model usually requires the first kind of sample size whereas
"throughput" requires the second one.

3.2 Statistical reset
When the pourpose of a discrete-event simulation model

is to compute a steady-state point estimator as in our case,
the simulation usually from artificial or arbitrary initial
conditions. An important consequence of this is an initial
set of biased observations. This is called "initial warm-up".

In order to reduce this phenomenon, an approach is to
discard observations until a given point in simulated time or
number of collected observations. This strategy has a main
drawback. If we discard too many observations then we
waste computer resources and if we discard an excessively
low number of observations, then the point estimator may
be biased. Figure 4 shows an example of the effect of a
reset on a real model, in this case, deleting initial
observations we can see a faster evolution to the steady-
state value.
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Figure 4. Effect of the reset on the evolution of a point
estimator

An important factor evaluated in this work is the effect
of discarding some initial observations (called reset) on the
coverage and performance of the selected models.

3.3 Initial warm-up effect reduction
In (Perles et al 2.001) was proposed a method to reduce

the effect of the initial conditions of the simulation model.

The literature suggests that it is possible to reduce the
effect of the initial transient period (warm-up) by starting
the simulation near the steady-state behaviour.

We propose an approaching to this idea. First
replication based parallel replication start in the classic
empty state. When the replication monitor decides that the
end condition has been achieved then it sends model
reconfiguration parameters to each running replication in
order to continue the simulation of the next point estimator.
The result is that the remaining points to be estimated start
in the steady state previously achieved, reducing the
pernicious effect of the initial empty state.

Initially it seemed us that this approach had an
important drawback: the implementation of this strategy.
However, our experience showed that it is easy if the
implementation of the simulation model takes into account
this aspect.



Figure 5 shows an example of the evolution of the point
estimator in this strategy.
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Figure 5. Effect on the point estimator of the strategy to
reduce the effect of the initial transient

3.4 Stopping criteria
Once applied the previous strategies, the monitor

analyzes the output information in order to decide the end
of the simulation. This is called "stopping criteria".

Three stopping criteria based on the precision of the

sample mean X of the output variable of interest are
analyzed:

P1) Relative precision of confidence interval test

A common approach to stop a simulation is to test if the
relative precision of the output variable based on the half-
width interval of the confidence interval at a given
confidence level is achieved. That is,

maxX
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We utilize εmax=0.05 (5% relative error) at 95%
confidence level as the first test for the experiment. We call
this P1.

P2) Relative precision and error decrement test

In order to reduce the effect of premature spurious
terminations, another common test consists in testing if the
relative error is achieved and this error decreases in
subsequent samples. We call it P2 and it tests if relative
error decreases in the next two samples, that is,

εmax >εi>εi+1>εi+2

P3) Relative precision and mean slope test

In this test we propose to check if the slope s of the

global sample mean X between two consecutive samples is
near 0 (horizontal) in order to detect the stabilisation of the
mean and to avoid some kind of spurious terminations (see
Figure 6).

Figure 6. Test P3 attempts to detect slope 0.

This is computed using the expression,
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where tsimi is the simulated time at the i-th checkpoint.
Or the expresion
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where obsi is the number of collected observations at the
i-th checkpoint. The election depends on the type of output
variable to be analyzed as explained before.

This expression attempts to normalize the analysis in
order to be applicable to high and low values of the mean.
P3 is defined as,

εmax >εi,εi+1,εi+2   ∧    smax=0.0001>si,si+1,si+2

that is, relative error is lower than εmax and slope is

lower than smax in the next two samples.

P4) Combination of P2 and P3 tests

In this test we combine both test P2 and P3 in order to
decide the termination of the simulation.

To apply this combination both test should hold
simultaneously in order to finish.

4. EVALUATED MODELS
In order to evaluate all previously described parameters

four models has been elected. Two of these models are
open queue network models and two are closed queue
network models. The elected simulation models have
analytical exact solution to permit the coverage analysis.

Output variable analyzed has been "mean customer
response time". All services and input load are
exponentially distributed.

The first model is an open M/M/1 queue. Figure 7
shows a queue diagram of this model and Table 1 shows
analytical results for "response time" output variable for
different values of normalized load.

Figure 7. M/M/1 model

Table 1. Analytic results for M/M/1 queue

Normalized load Mean response time
0.1 1.111
0.4 1.667
0.7 3.333
0.9 10.00

SOURCE
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The second model is an open central server model (see
Figure 8). Table 2 shows analytical results for different
values of input load.

Figure 8. Open central server model

Table 2. Analytic results for open central server model

λ Mean response time
0.1 2.199
0.3 2.793
0.6 5.366
0.75 13.19

The third model is a closed M/M/3//k queue (see Figure
9). Table 3 shows analytical results for different values of
input load.

Figure 9. M/M/3//k model

Table 3. Analytic results for M/M/3//5 model

k Mean response time
5 0.1262
15 0.2108
25 0.5427

The fourth model is a closed central server model (see
Figure 10). Table 4 shows analytical results for different
number of terminals.

Figure 10. Closed central server model

Table 4. Analytic results for closed central server model

N Mean response time
1 2.000
4 2.814
8 4.917
12 8.606

100 114.0

5. EXPERIMENTAL RESULTS

To drive the experience, a simulation program
equivalent to each model has been written in the CSIM
simulation language. As we do not know the nature of the
random number generator of CSIM, we decided to change
it for the mrg32k5a generator (L'Ecuyer 1999) with period
2319 to generate independent random streams spaced 108

random numbers departing from the original set of seeds
(see Figure 11).

Figure 11. External random number generator
 drives the model

The experiments have been done for k = {3, 5, 7, 8, 10,
15, 20, 30} replications, stopping criteria P1, P2, P3 and P4,
and different combinations of sample size, reset and warm-
up avoidance.

Coverage of true mean p̂ is estimated as the ratio,

n

x
p =ˆ

where n is the number of simulation experiments and x
is the number of experiments that produces a confidence
interval for the output sample mean that includes the true
mean µ analytically obtained.

The models have been simulated in order to estimate the
output variable "mean customer response time". In order to
establish checkpoints, the number of collected observations
of this variable has been used for the "sample size"
parameter.

In order to compute coverage and average simulation
cost, each combination of parameters has been repeated
1000 times using independent random streams.

Appendix A and B summarizes graphically a selection
of the results of the experiment. Each row has three
graphics, the left one represents the achieved coverage
based on the number of replications, where a 95% coverage
is the theoretical value. The next one represents the average
cost of the parallel simulation measured in number of
observations in a replication; this value is directly
proportional to the required simulation time or the cpu time.
And the graphic on the right represents the average total
amount of observations required, that is, the sum of the
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