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1. Introduction

The workshop on Mathematical Modeling of Complex Systems, which was held
in Lund, Sweden, September 5-7, 1996 is part of the European Science Foun-
dation scientific program Control of Complex Systems (COSY). This program
has four research themes:

1. Control of Nonlinear and Uncertain Systems
2. Fault-tolerant Control Systems

3. Learning Control Systems

4. Integration of Complex Control Systems

The workshop is part of research theme 4 but it also has consequences for
the other themes. Modeling is an important aspect of complex systems. The
availability of models is a necessity for dealing with complex systems. Models
can result in drastic cost savings because the number of experiments can be
reduced significantly. Consequences of different strategies can be explored us-
ing the models and verified by a few experiments. Simulation of models is also
useful for understanding the behavior of complex systems and for generating
hypotheses for the development of theory. To be more specific the workshop
was focused on modeling of the dynamic properties of complex systems.

European researchers have made substantial contributions to modeling.
The research community is however fragmented. Modeling is a key part of
control engineering and papers on modeling appear in the regular control con-
ferences such as the IFAC World Congress, the European Control Conference,
the American Control Conference and the Asian Control Conference. There
are also results on modeling of complex systems in the special conferences or-
ganized by the large engineering societies, IEEE, ASME, ATIAA and AIChE.
There are also special conferences organized by IFAC and IEEE on Computer
Aided Control System Design where a few sessions are devoted to modeling.
Traditionally modeling has often been integrated with simulation. This is man-
ifested in the simulation conferences organized by SCS (Society for Computer
Simulation), IMACS (International Association for Mathematics and Com-
puters in Simulation) and EUROSIM (Federation of the European Simulation
Societies). In 1994 IMACS organized the 1. MATHMOD symposium which is
devoted to mathematical modeling in Vienna, Austria. The next symposium
will be held February 8-11, 1997 also in Vienna.

Although modeling is an important and time consuming activity that cuts
across all engineering disciplines there are surprisingly few tools available.
The available tools are also specialized to certain disciplines. This is a great
difficulty when dealing with large systems that are composed of heterogeneous
parts. In the workshop we had been able to gather 23 participants from 10
countries in Europe, see Appendix A. The age distribution of the participants
was quite even, see the survey in Section 4.

The meeting covered a large part of the field, from theory to applications,
from physical modeling to numerical mathematics. Many industrial areas were
also covered: chemical processes, mechatronics, thermal systems and nuclear
power plants. On the average each participant knew 8 participants by reputa-
tion and 6 participants personally. From that point of view the meeting served
a useful purpose in establishing collaborations for future work.

To describe complex systems it is necessary to consider both continuous
time and discrete time aspects. The continuous time aspects are described by



ordinary or partial differential equations and algebraic equations. One con-
clusion of the workshop is that it may be possible to unify this aspect of
the problem and that differential algebraic equations is the natural frame-
work. There may be very interesting research opportunities in this area; to
formulate modeling concepts that can be applied to a wide range of different
application fields, to develop software that support the concepts, to develop
numerical algorithms for simulating the models based on modular software.
The presentations showed clearly that very similar ideas were used in different
application areas but with slight differences in terminology and methodology.
Clearly much can be gained by a unification. There was a similar situation in
1967 when analog simulation was de facto standardized through the definition
of the new Continuous System Simulation Language (CSSL).

The situation is less clear with respect to the discrete time aspects of large
systems. This area is less developed although it is very important because of
the emerging needs concerning the modeling of hybrid systems. The area has
strong connections to computer science and will require much more work.

2. Summary of Presentations

During the two day workshop most of the participants gave presentations on
their current and future work. This section gives a short summary of those
presentations.

2.1 Karl J. Astrém, Lund University, Sweden

Presentation of the COSY program and the goal for the workshop. A brief
comment on the state of the art of modeling of complex systems.

2.2 Kaj Juslin, VI'T Automation, Finland

Kaj Juslin reported on the work at VI'T Automation on process simulation
systems. Their current product APROS is a well validated software giving
both accurate as well as comprehensive simulations. Major efforts has also
been made to make it sufficiently fast to be used for training simulators, for
example in the nuclear industry.

Dr. Juslin also reported on their present work on Platform 21, a simulation
platform for the 21’st century. It has been used for a number of applications
in both power generation and pulp and paper industry. The goal is that P’21
should be able to cooperate with other programs to be used as user interface.
The user familiar with AutoCad, G2 etc. should use this as his front-end and
have P’21 as a simulation engine in a hidden layer underneath.

2.3 Wolfgang Marquardt, RWTH Aachen, Germany

Wolfgang Marquardt talked about their efforts to support the modeling pro-
cess, which is seen as a path in a three-dimensional space of model represen-
tation, degree of specification and agreement within the modeling team. The
path is a creative process were only certain areas are well-known. In Aachen
they have created a G2 implementation of a modeling support tool called Mod-
Kit. ModKit supports modeling from textual representations to equations and
also documents all actions and decisions made during the modeling process
so the user can trace actions previously taken and see what were the basic
assumptions and decisions made to arrive at a final model.



2.4 Costas Pantelides, Imperial College London, UK

Costas Pantelides gave a comprehensive overview of the process modeling lan-
guage gPROMS, successor to their dynamic modeling tool SPEEDUP which
was sold to Aspen Technologies, Inc 5 years ago. gPROMS is a general pur-
pose process modeling language which is object-oriented to handle large-scale
system modeling and model complexity. It allows combined discrete and con-
tinuous system modeling and allows the mathematical description to be a
combination of algebraic, differential, partial differential and integral equa-
tions, IPDAEs. gPROMS features some core applications such as simulation,
optimization and three-dimensional visualization, but is also an open architec-
ture which allows for real-time communication with third-party software and
applications.

2.5 Bjarne Foss, NTNH Trondheim, Norway

Bjarne Foss presented a graphical language for first principles modeling which
had been tested in cooperation with two different industrial users. The results
were that the threshold to use modeling in an industrial environment was
lowered and that the interaction with process experts was improved. He also
reported on an effort to support semi-empirical modeling, i.e., the possibility
to combine first-principles models in some operating regimes with other types
of models (fuzzy etc.) in other, less well-known operating regimes. This had
been implemented in a Matlab toolbox called ORBIT and used in a project
together with Daimler-Benz in Germany.

2.6 Sven Erik Mattsson, Lund University, Sweden

Sven Erik Mattsson described in the first half of his talk current activities
at his department to develop methods and tools to support model develop-
ment and use of mathematical models. The projects include development of
language constructs for hybrid systems, computational methods, methods for
model validation and making reliable model libraries and methods for analysis
and extraction of simple models for insight or for control design from complex
models. Application areas include thermal power systems and electricity dis-
tribution networks.

In the second half of the talk object-oriented modeling of relays and sliding
mode behaviour was discussed. Using a relay as an idealized model of a physical
phenomena can give rise to a chattering solution with fast switching. However
there are several possible ways to define a smooth or so called Filippov solution.
Which definition to choose depends on whether the idealized relay represents
a continuous gain or a real relay with hysteresis or switching dynamics.

2.7 Serge Steer, INRIA Rocquencourt, France

Serge Steer gave a presentation of the dynamic model builder Scicos which
is distributed as a package for their mathematical problem solving software,
Scilab. Scicos uses a block-oriented approach to build dynamical systems from
predefined libraries with a graphical user interface much like that of Simulink.
The main difference is that Scicos can handle state events as well as timed
events. The type of mathematical problems supported by Scicos is ordinary
differential equations although they are working on implementing support for
differential-algebraic equations, DAEs.



2.8 Martin Otter, DLR Oberpfaffenhofen, Germany

Martin Otter had two presentations, one on Friday afternoon and the other
on Saturday morning. The first talk concerned object-oriented modeling of
multi-body mechanics in Dymola. The approach to model structuring and to
get efficient simulation code was outlined. Dymola now supports a library of
three-dimensional mechanical components which can be graphically composed
into a mechanical system. This software results in simulations that outperforms
those from the market-leading commercial package, ADAMS.

Martin Otter’s second talk considered a new definition for the perturba-
tion index which describes the numerical properties of a differential algebraic
equation (DAE) system. In some cases this is different from the better known
differential index which is a mathematical property of the DAE system. Dr.
Otter showed that by considering a more structured form of the DAE system
where the purely algebraic variables are separated from the differentiated vari-
ables the two different indexes will always be the same. Thus you can talk of
the indez of a DAE system.

2.9 Software demonstrations

The last item on Friday’s program was software demonstrations. Hilding Elm-
qvist demonstrated Dymola and the multi-body library previously presented
by Martin Otter. He also showed how Dymola could be used to simulate the
sound generated by a string or a drum complete with sound output sent to
the computer loudspeakers.

Serge Steer showed the dynamic model building package Scicos. The capa-
bility of handling state events was shown by a simulation example of a model
of a bouncing ball in a two-dimensional room.

Jonas Eborn demonstrated the simulation environment OMSIM, developed
at the department of Automatic Control, Lund Institute of Technology. He
showed how a model database for thermal power systems could be used to
build up a model of the heat recovery steam generating system of a combined
cycle power plant. This model was then used in a transient simulation of a
load change on the power plant.

2.10 Gustaf Soderlind, Lund University, Sweden

Gustaf Séderlind from the Department of Numerical Mathematics presented
a generic ODE solving system called Godess. This has been developed at
the department since there was a need for a system in which to test differ-
ent algorithms under ceteris paribus, equal terms. A lot of new ODE solving
algorithms appear every year but because of differences in implementation
comparisons are biased. Godess is an object-oriented method development en-
vironment where new algorithms can be implemented easily and tested against
well known algorithms. At the moment a large number of Runge-Kutta meth-
ods had been implemented, but also a few linear multi-step methods. Godess
supports ODEs as well as DAEs and also sparse problems and discontinuities.
Although the implementations in Godess are well structured and modular, the
loss in efficiency against optimized implementations is less than 20 %.

2.11 Roberto Girelli, Politecnico di Milano, Italy

Roberto Girelli gave a presentation of MOSES, a Modular Object-oriented
Software Environment for Simulation. In this project they have focused on
using a commercial database, Gemstone, to implement an environment for



modeling support. This gives a number of advantages over other modeling envi-
ronments; data security, team work on common models and traceability of the
modeling process. The use of a database creates automatic documentation and
relates simulation results to the model version used. The models are defined in
an equation based declarative language but the use of a commercial database
only allows for partial inheritance, which means that the language can not be
fully object-oriented. The simulation environment supports DAEs and hybrid
systems and has symbolic manipulation to give efficient simulations. Presently,
there are model libraries for two- and three-dimensional mechanics, but there
are plans to also build libraries for power generation systems.

2.12 Jan Willems, University of Groningen, the Netherlands

Jan Willems talked about his view on representations of dynamic systems. Key
notions are those of manifest variables, that can be observed, and latent vari-
ables, internal to the system. Systems can also be viewed as compositions of
subsystems, where the manifest variables are interconnected. Their work has
mainly been focused on linear systems, which can be represented by polyno-
mial matrices of the differential operator acting on the variables of the system.
The full behavior is described by a set of equations in all the variables and
for linear systems this can be reduced to the manifest behavior described by
another set of equations in only the manifest variables. Recent results con-
cerning nonlinear systems (multivariate polynomials) show that the reduction
property still holds, but the manifest behavior will be described by a set of
equations, inequalities and inequations.

2.13 Felix Breitenecker, TU Vienna, Austria

Felix Breitenecker gave a talk for his colleague Prof. Inge Troch who was not
able to attend the workshop. The talk considered formulation of design prob-
lems in terms of optimization problems. It is important to consider relations
between models used and the goals (criteria) to be obtained by the design.
Moreover, a designer must also take into account which tools he has available.
It is of no use for him to formulate an optimization problem which he cannot
solve.

2.14 Adolf Glattfelder, ETH Ziirich, Switzerland

Adolf Glattfelder gave a more practical view on modeling than in the other
presentations. He had been involved in a project to give support for using mod-
els in engineering work in small companies and presented a design study on
a hydraulic positioning system for a hydro turbine gate valve. In this project
they had used a four-phase modeling procedure consisting of data collection,
qualitative modeling, quantitative modeling and state space description. From
the control specifications and plant data they deduced three models of increas-
ing complexity. The modeling was done by engineering work but the fourth
phase was supported by manipulations in Maple. From this they proceeded
with control design on the three models and could show that the PI-controller
designed with the first-order model was not sufficient (unstable) and designed
a feedback controller that fulfilled the specifications for the high-order model.

2.15 Miquel Piera, Universitat Autonoma de Barcelona, Spain

Miquel Piera spoke about PMT, the physical modeling tool, that can be used
to build and simulate models of chemical processes. The idea is to have a



predefined model library of process units like valves, tanks etc. The user picks
units from a menu and builds up the model topology with graphical icons.
This topology can then automatically be translated into an equation system,
using physical knowledge that is coded into the predefined unit models. This
knowledge is also used to remove algebraic loops that occur when resistances
are connected in series. Unnecessary equations can also be removed by the
user placing sensors into the flowsheet, thus indicating what variables are
interesting for the simulation.

At the moment PMT produces ACSL code for simulations, but there are
plans to introduce the possibility to produce Dymola code. In the PMT envi-
ronment there are also possibilities to do linearization and validation of models
by simulation.

2.16 Antoni Guasch, Politécnica de Catalunya, Barcelona, Spain

Antoni Guasch presented his view on the modeling and simulation life cycle,
applied to a project study on a nuclear tertiary cooling system. His work
concerned the modeling process or life cycle, touching on similar issues as
Wolfgang Marquardt. The point was that the actual modeling work amounted
to a very small part of the entire project, around 15%, while the major part
of the work was spent on verification, validation and documentation of the
model and the simulations made. Documents concerning specifications and
results quickly become so numerous that the information is difficult to grasp.
Furthermore, consistency is an issue. There is a need for some kind of database
support for the different phases in a modeling project, including producing and
maintaining the documentation needed.

2.17 Hilding Elmgqgvist, Dynasim, Sweden

Hilding Elmqvist reported from a newly started effort to design a unified
object-oriented modeling language. The effort is a part of the Simulation in Eu-
rope (SiE), which is a basic research project within the ESPRIT programme.
There is only funding for travel costs.

The long range goal is to design a multi-formalism, multi-domain, general-
purpose modeling language. The work will start in the continuous corner since
there is a common mathematical framework in the form of differential-algebraic
equations (DAEs) and there are a number of existing modeling languages based
on similar ideas, such as Dymola, gPROMS, MOSES, NMF, OMorLa and
U.L.M. Furthermore, there is quite a vast experience of using them for various
applications. It thus seems to be appropriate to collect all knowledge and ex-
perience and design a new unified model language or neutral format for model
representation. Modeling of discrete event system is very heterogeneous and
not that well-understood. Thus, the effort has begun by defining a new mod-
eling language called Modelica for DAE systems. This will be extended with
some discrete event features to handle discontinuities and sampled systems.

It is necessary to promote research and evolution. The language should
be open to allow additions of more informations to models to define purpose,
diagnostic support, etc. The base language must be complete, i.e., be able to
describe models and it must be possible to extend it in certain, well-defined
ways to allow evolution, research and innovation. When experiences of new
extensions are gained and they become mature, they can be standardized.



3. Conclusions

There were intense discussions during and after the presentations, at coffee
breaks and at the workshop dinners. There was also a separate discussion
session. The conclusions drawn can be summarized as follows:

1. A methodology for modeling complex systems is needed. The method-
ology should be based on a firm theoretical foundation and should be
supported by appropriate software including modeling and experiment
environments. Modeling environment: creation, deletion, storage, change
and exchange, visualization, transformation etc. of models, layers (OSI)
of models. Experiment environment: simulation, optimization, symbolic
manipulation, linearization, and exploration of models.

2. Differential algebraic equations and the theory of behavioral systems is
a good foundation. Much work remains before the theory is fully devel-
oped.

3. Current modeling practice is inadequate for two main reasons. Modeling
is tightly integrated with simulation and it is based on ordinary dif-
ferential equations. This approach does not permit the development of
model libraries. It is also difficult to apply symbolic reasoning because
the models are not represented on a form that permits this.

4. There are a number of emerging modeling languages which form a good
basis for future work for example gPROMS, ANDECS, Dymola, OMoLA,
Scicos, MOSES, PMT, NMF, U.L.M., DEVS. They have been applied to
chemical processes, multi-body systems, mechanical, electrical, thermal
and hydraulic systems.

5. Many emerging methods are based on object oriented analysis and design
techniques. This approach appears well suited to modeling of complex
systems. Models of complex systems are naturally organized in hierar-
chies with “is-a”, “consists-of” and “uses” connections. In spite of simi-
larities of the emerging approaches there are also many differences. There
are particularly large differences in terminology and notation. There is

a strong need for unification of methods and notations.

6. There are interesting developments in numerical mathematics that could
be exploited. These results should be encapsulated in modular software.
Further development of solvers for DAEs and IPDAEs are needed.

7. Much work on software is required. Model-view concept from computer
science may be useful. In this concept a model is viewed as a persistent
object in an object-oriented database with several views, for example
equations, diagrams and responses. The database should have automatic
facilities for updating views when a model is changed.

8. When dealing with complex systems it is necessary to deal with both
their continuous time and discrete time aspects. The continuous time
aspects are relatively well understood but much work remains with re-
spect to discrete time aspects.

Several experimental systems support this although there is a strong need
for unification of methods and algorithms. There is also a strong need for
development of appropriate numerical methods and software.
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4. Workshop Survey

The workshop had 23 participants, in addition there were 2 graduate students
who helped with local arrangements. Most invited participants were able to
come. The age distribution: of the participants is shown in Figure 1.

The relations between the participants are illustrated in Figure 2 which
shows the statistics of how many of the other participants each one knew per-
sonally and by reputation. It is very interesting to see how many participants
that had not met previously.

After the workshop the participants was asked to answer a few questions
about the workshop. The questions were:

1. How old are you?

2. Before the meeting, how many of the participants did you know only by
reputation?

3. Before the meeting, how many of the participants did you know person-
ally?

4. What is your research field/speciality?

5. Rate the relevancy of the meeting to your research. 0 = useless, 10 =
very useful.

Participants known by reputation.

6.

4.
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4r

oL =

oJOO 0. N0n [

0 5 10 15 20

Figure 2 Histogram of personal relations between the participants.
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Figure 3 Histogram of the participants opinion of the workshop.

The results to the questions 1, 2 and 3 are summarized in Figures 1-2.
The answers to question 4 varied, but the common denominators seem to

be:

Object-Oriented and Physical Modeling
CACSD tools and software

e Process control

Systems theory

¢ Numerical methods and analysis

The answers to the last question are summarized in Figure 3. As a con-
clusion, all the participants at the workshop seemed to agree that it was a
successful and very rewarding event. This was also the general feeling at the
closing discussions and workshop dinners. In summary we felt that the meet-
ing was a good forum for bringing a small group of active researchers together
to advance the approaches to modeling of complex systems.
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Final program for the
COSY Workshop on Mathematical
Modeling of Complex Systems
in Lund, September 5-7, 1996

Thursday September 5
19.30 DINNER at Grand Hotel
Friday September 6

9.00 Welcome

COSY Program and Workshop Goals,
KJ. Astrém

9.30 A companion model approach for simulation of large complex
systems,
K. Juslin

10.15 COFFEE

10.30 Recent progress in computer-aided modelling at RWTH Aachen,
W. Marquardt

11.15 An overview of hybrid system modelling in gPROMS,
C.C. Pantelides

12.00 LUNCH

13.00 Modeling methods for first principles and semi-empirical models,
B.A. Foss

13.45 Modelling and simulation of hybrid complex systems,
S.E. Mattsson

14.30 Scicos, a hybrid system simulator: methodology and implementation,
S. Steer

15.15 COFFEE

15.45 Object-oriented modelling of multi-body systems,
M. Otter

16.30 Demonstrations of Dymola, OmSim and Scicos

18.00 CLOSING

19.30 DINNER at Kulturen's Restaurant
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Saturday September 7

9.00 A constructive definition of the perturbation index,
M. Otter

9.30 Godess -- a generic ODE solving system in C++,
G. Soderlind

10.15 COFFEE

10.30 Data Models for object-oriented modelling and simulation,
C. Maffezzoni and R. Girelli

11.15 System representations and LQ and H-infinity problems,
J. Willems

12.00 LUNCH

13.00 Modelling for optimal control,
F. Breitenecker
13.45 Systematic modelling for control: An electrohydraulic actuator system,
W. Schaufelberger and A.H. Glattfelder
14.30 Modelling Tools in PMT to Evaluate Control Performance
in the Process Industry,
M. Angel Piera

15.15 COFFEE

15.45 Study of the tertiary cooling system of a nuclear power station:
Modelling and simulation life cycle,
A. Guasch

16.30 An Effort to Design of a Unified Object-Oriented Modeling
Language. The ESPRIT project: Simulation in Europe Basic Research
Working Group (SiE-WG),
H. Elmqvist

17.15 DISCUSSION

18.00 CLOSING

19.30 DINNER at Petri Pumpa

Each contribution is given 30 minutes for presentation and 15 minutes
for questions and discussion.
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