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Preface

The possibility to solve certain problems and the quality of a solution obtained for
a specific task depend essentially on appropriate modelling of the task in question.
In many fields of application this leads to the necessity to model the dynamic and
static properties of a system to be constructed, to be improved or to be influenced,
but also all relevant background information connected with this task such as re-
strictions on controls or states, wanted and/or unwanted smoothness properties of
solutions and many others. Normally, it will not be possible to describe all details
of a system’s behavior or all requests imposed on the solution by traditional mathe-
matical expressions which are at the same time an accurate description of the task
and sufficiently easy to handle. This is only in part due to the fact that normally
not all information is available at all or at acceptable cost but also due to the fact
that quite often requests can be formulated rather vaguely or, because the model of
the respective task resulting from a rather accurate description would be of a size
or of a complexity which can not be handled by men and/or computers. Hence, it is
always the decision of the modeler what is to be included in the model and whether
a model of the complete task is to be created or e.g ’only’ a model of the dynamic
behavior of the system to be investigated or to be influenced.

Moreover, in some cases, the system under investigation and its behavior are un-
derstood rather well. In such cases an appropriate model of the system’s behavior
will assist in finding a good solution of the problem to be solved. In other situations
a model of the system’s behavior is primarily intended to help for a better under-
standing of what is going on in the system. Examples for the first case are many
types of design problems connected typically with engineering systems, such as con-
troller design, design of a production line etc. whereas the request for an improved
understanding is often found in connections with non-engineering systems such as
biological or medical systems, economic or environmental systems and their control
etc.

There is a rather wide consensus that mathematical modelling i. e. abstraction and
formalization, is of intrinsic importance. Moreover, most engineers and scientists
know quite well that appropriate modelling is far from being easy and that the
quality of a design depends strongly on the quality of the model. One of the most
important challenges connected with proper modelling is the request to model in-
deed the given task i. e. all relevant information, restrictions, demands, goals etc.
In control engineering not only a model of the plant and constraints on relevant
physical variables must be put in a mathematical form but also other requests such
as that the resulting mathematical control law must allow for implementation by
means of a certain type of equipment etc.
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By now, considerations such as these are accepted in general and especially by
those involved in the solution of problems by using computers what means by using
– directly or indirectly – mathematical methods, no matter whether these persons
work at a scientific institution or in an industrial environment.

However, the area of application determines to a certain extent the knowledge of
basic modelling principles, preferences for modelling approaches, for certain me-
thods for model simplification and order reduction or, for parameter estimation etc.
Moreover, many things are discovered repeatedly. Therefore, a conference on ma-
thematical modelling has not only the aim to present new methods, successfully
used ideas, and new modelling principles applied in certain concrete applications
but it also the aim to bring together scientists working in theory and in many areas
of applictions and thus, to allow for a fruitful and stimulating exchange of ideas.

Consequently, the 4th International IMACS Symposium on Mathematical Modelling
(4th MATHMOD) is devoted to the mathematical (or formal) modelling of all type
of systems no matter whether the system is

* dynamic or static
* deterministic or stochastic
* continuous or discrete or hybrid
* lumped parameter or distributed parameter
* linear or nonlinear
* or of any other nature.

Thus, a wide variety of formal models is to be discussed and the term mathematical
model̈ıncludes classical models such as differential or difference equations, Markov
processes, event systems as well as more special or more recent approaches such as
Bond graphs, Petri nets, fuzzy models or neural nets.

Volume 1, the printed Abstract Volume, contains one-page abstracts of invited pa-
pers, of contributed papers and of posters. Volume 2, the Full Papers’ Volume, at CD
ROM, consists of the full text versions of the invited papers and of the contributed
papers. Both volumes of these Proceedings start with the manuscripts of the invited
lectures. The first survey to be presented is concerned with multidomain or ’multi-
physics’ systems and their control systems which have to be designed as integrated
systems. Background and tools for a port-based approach to integrated modelling
and simulation are discussed in general and in view of mechatronic systems which
are a widely discussed and important class of such multidomain systems.

The second plenary talk is concerned with the modelling of snow mechanics and
avalanche dynamics, as an example of a complex system for which validation seems
to be restricted because of the lack of observations with sufficient quality. At a
first glance, this topic seems rather special and of interest primarily for a small
group of scientists. Yet, it is a good example for the importance of interdisciplinary
discussions: Possibilities and problems of various modelling approaches are discussed
by giving avalanche prediction and avalanche dynamics. Further, observations and
simulations with the FE-method show the high influence of the boundary conditions
(roughness) which gives a clear hint how to improve the modelling concept in the
future.
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The third survey is again concerned with rather complex system and its modelling
for control. Controller design is also a topic of this talk. The task is again a multi-
disciplinary one, controller design has to account for the trade-off between economy
and emission improvement what can be successfully accomplished by using fuzzy
concepts.

Then follow contributed papers which were either contributed upon invitation of a
session organizer or, which were selected for presentation after a reviewing process
which was based on extended abstracts. All these contributions were collected and
arranged in sessions according to their main thematic point. Such a grouping is by
no means easy because many contributions address several different aspects in a
balanced manner. Therefore, the arrangement chosen for this volume follows rather
closely the one of the conference where also time limitations had to be observed. The
Abstract Volume contains as its last part the abstracts of the contributed posters,
which were undergoing also a review procedure and which were on display during
the whole conference and discussed during a special poster session.

The editors wish to express their sincere thanks to all who have assisted them by
making the idea of this symposium known within the scientific community or by
acting as sponsor or cosponsor, who have assisted them in the reviewing process
and have done a good job by putting together special sessions devoted to one main
theme. Last but not least the editors would like to thank our colleague F. Urbanek
and the ARGESIM team for their support in the preparation of these Proceedings.

Vienna, January 2003 I.Troch, F. Breitenecker
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Many engineering activities, including mechatronic design, require that a multidomain or ‘multi-
physics’ system and its control system be designed as an integrated system. This contribution discusses 
the background and tools for a port-based approach to integrated modeling and simulation of physical 
systems and their controllers, with parameters that are directly related to the real-world system, thus 
improving insight and direct feedback on modeling decisions. 
The main focus of this contribution is on the generic problem context of the dynamic (i.e. ‘changing in 
time’) behavior of systems that belong to the area of the engineer and the mechatronic engineer in 
particular. These systems can be roughly characterized as systems that consist for a large part of 
subsystems for which it is relevant to the dynamic behavior that they obey the basic principles of 
macroscopic physics, like the conservation laws and the positive-entropy-production principle. The 
other part consists of submodels for which the energy bookkeeping is generally not considered relevant 
for the dynamic behavior. Such parts are generally addressed as the signal processing part 
(‘controller’) that is commonly for a large part realized in digital form. This contribution deals 
particularly on the description of the part for which energy bookkeeping is relevant for the dynamic 
behavior, while keeping a more than open eye for the connection to the signal part, either in digital or 
in analogue form. 
It is argued that port-based modeling is ideally suited for the description of the energic part of a 
multidomain, sometimes also called multi-physics, system or subsystem. This means that the approach 
by definition deals with mechatronic systems and even beyond those. 
Port-based physical system modeling aims at providing insight, not only in the behavior of systems 
that an engineer working on multidisciplinary problems wishes to design, build, troubleshoot or 
modify, but also in the behavior of the environment of that system. A key aspect of the physical world 
around us is that ‘nature knows no domains’. In other words, all boundaries between disciplines are 
man-made, but highly influence the way humans interact with their environment. This is why a 
domain-independent representation to represent a port-based approach, viz. bond graphs, will be 
introduced to represent the ideas behind port-based modeling. The examples will use a tool that is 
based on this approach, viz. 20-sim (www.20sim.com). 
Several attempts to unified or systematic approaches of modeling have been launched in the past. In 
the upcoming era of the large-scale application of the steam engine, the optimization of this multi-
domain device (thermal, pneumatic, mechanical translation, mechanical rotation, mechanical controls, 
etc.) created the need for the first attempt to a systems approach. This need for such a ‘mechathermics’ 
approach was then named thermodynamics. Although many will not recognize a modern treatment of 
thermodynamics as the first systems theory, it certainly was aimed originally in trying to describe the 
behavior of such a system independently of the involved domains. Its basic concepts, energy and, to 
some extent, entropy, also form the basis of the port-based approach to modeling. 
Obviously, a smooth connection is needed between the information-theoretical descriptions of the 
behavior of digital systems and physical systems theory. Since their introduction bond graphs have 
allowed the use of signal ports, both in- and output, and a corresponding mix with block diagrams. As 
block diagrams can successfully represent all digital operations similar to mathematical operations, the 
common bond graph/block diagram representation is applicable. This graphical view supports a 
hierarchical organization of a model, supporting reusability of its parts. 
The port-based approach may be considered a kind of object-oriented approach to modeling: each object is 
determined by constitutive relations at the one hand and its interface, being the power and signal ports to 
and from the outside world, at the other hand. Other realizations of an object may contain different or more 
detailed descriptions, but as long as the interface (number and type of ports) is identical, they can be 
exchanged in a straightforward manner. This allows top-down modeling as well as bottom-up modeling. 
This contribution is concluded with an example that demonstrates how a port-based approach to modeling 
enhances insight via immediate feedback on modeling and conceptual design decisions. 

3

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



M O D E L L I N G  A N D  S I M U L A T I O N  I N  S N O W  S C I E N C E  
 

K. Kleemayr, BOKU Vienna, Austria 
BOKU - University of Natural Resources and Applied Life Sciences, Vienna 

Peter-Jordanstraße 82, 1190 Wien, Austria 
Phone: +43 1 47654 4653, Fax: +43 1 47654 4390 

email: karl.kleemayr@boku.ac.at 
 
 

Modelling of complex systems or complex behaviour (Prigogine et al., 1990) is obviously not trivial. 
Natural processes with which we deal in snow mechanics and avalanche dynamics possess many 
features which complicate the description of both the whole system under concern as well as single 
events. The fact that worldwide more then hundred avalanche models are used to calculate the run-out 
can be interpreted in two ways: First, it seems to be difficult to find a best fit modelling concept to 
describe the process and second, the validation process seems to be restricted because of the lack of 
observations with sufficient quality. But modelling and simulation of real world phenomena with the 
aim to support quantitative risk analysis can only deliver satisfying reliability, if the models depict 
reality with all relevant influence parameters and subsystems.  
 
It is the inherent quality of abstraction to reduce complexity. But there is no pure logical-analytical 
method how to perform this reduction in order to achieve a simplified image of reality with high 
generality. Numerous publications appeared in the last decade to this topic, which try to handle the 
problem from different points of view (e.g. M. Gellman 2000, I. Prigogine 1999, R. Riedl 2000, G. 
Fasching 1989, G. Woo 1999). In order to disrobe this claim for deriving proper subsystems from 
superficiality examples in the field of snow mechanics, avalanche prediction and avalanche dynamics  
are given in order to show the possibilities and problems of various modelling approaches. 
 
Snow mechanics: Snow mechanical investigations are often concentrating on the strength of the snow 
cover itself in order to describe the mechanical behaviour. But observations and simulations with the 
FE-method show the high influence of the boundary conditions (roughness) which gives a clear hint 
how to improve the modelling concept in the future.  
 
Avalanche release probability: The comparison of classical statistical models, self learning algorithms 
and a physically based decision support system used for evaluating the probability of avalanche 
release underlines the statement of Casti (1992), that complexity is not an intrinsic property of the 
system but depends on what we want to “see”. 
 
Avalanche dynamics: On the calculation of avalanche run-out many efforts are put in recently. The 
quality of statistical models, simple physical models and more advanced physical models will be 
compared in general and demonstrated on the event of the catastrophic avalanche of Galtuer. The 
results show that the consideration of stable and unstable parts of the system seems to be the key 
question to improve the quality of models. The integration of stochastic behaviour and uncertainty 
would be easier if this kind of system analysis would be done more seriously.  
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Emissions and Fuel Economy Trade-Off for Hybrid 
Vehicles Using Fuzzy Logic 
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Abstract 

In this paper, a generalized fuzzy-logic controller is used to optimize the fuel economy and 
reduce the emissions of hybrid vehicles with parallel configuration. Using the driver input, the 
state of charge of the energy storage, the motor/generator speed, the current gear ratio and 
vehicle speed, a set of 44 rules have been developed, in a fuzzy controller, to effectively 
determine the power split between the electric machine and the internal combustion engine. 
The underlying theme of the fuzzy controller is to optimize the fuel flow and reduce NOx 
emission. The parameters in the fuzzy rules can be adjusted to trade-off the fuel economy and 
the NOx emission of the vehicle. 
Simulation results are used to assess the performance of the controller. A forward-looking 
hybrid vehicle simulation model is used to implement the control strategies. By using fuzzy 
logic, trade-off between fuel economy and emission improvement has been shown. 
 
Keywords: Hybrid vehicles; Energy management systems; Fuzzy control; Optimal power 
flow; Automotive control 
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In plastic analysis of mechanical structures one has to maximize a load factor µ under a safety condition
consisting of the equilibrium equation and the yield or strength condition.
A basic problem is that due to random material variations, random variations of the loadings, manu-
facturing and modelling errors, the material resistance or strength parameters of the structure, as e.g.
the yield stresses, plastic capacities, etc., as well as the external loads and certain cost factors, are not
given, fixed quantities, but random variables having a certain probability distribution.
In order to omit - as far as possible - a structural weakness and therefore a possible failure or severe
damages and then very expensive repair or reconstruction actions, the available a priori information
(e.g. certain moments) about the random variations of the unknown technical parameters and loadings
should be taken into account from the beginning. Hence, in order to get robust limit load factors µ
with respect to random parameter variations, the original limit analysis/shakedown analysis problem
with random parameters must be replaced by an appropriate deterministic substitute problem.

Starting from the basic structural safety conditions, we have to consider the convex or linear yield/strength
condition and the linear equilibrium equation involving the member forces and bending moments or the
generic stress vectors in the chosen reference or ”check” points of the structure. Based on the static
(lower bound or safe) theorem and the kinematic (upper bound or unsafe) theorem, expected cost-based
plastic analysis problems (CBO) minimizing, bounding, resp., the (total) expected costs including the
expected costs of failure can be described in the framework of a two-stage stochastic (linear) program
(SLP) ”with complete fixed recourse”, i.e., with a special staircase structure.
For finding this representation, the structural failure is evaluated first by a scalar function s∗ which is
the minimum value function of a convex or linear program based on the static/kinematic theorem of the
structure. This limit state function of the limit load/shakedown analysis problem can be interpreted as
the resistance reserve (positive or negative) of the structure based on the present layout. As an impor-
tant basic property of s∗, the affine-linearity of s∗ with respect to the load factor µ is shown. Then, the
corresponding cost function c∗ for the cost evaluation of inadmissible stress states can be represented
also by the minimum value function of a certain convex or linear program. Appropriate cost factors in
the cost/loss functions are obtained, e.g. for trusses or frames, by taking into account the elastic/plastic
strains in the elements of the structure caused by the member forces or bending moments of the structure.
Due to this representation of s∗ and c∗, for given material and load parameters, an explicit analytical
representation of the limit load factor µ∗ can be derived which enables then the computation of the
sensitivities of µ∗ with respect to the material and loading parameters.

For the computation of robust limit load factors, we consider the following basic dual deterministic
substitute problems:

i) Maximize the load factor µ subject to expected failure/recourse cost constraints;

ii) Minimize the expected total costs (cost for missing carrying capacity plus failure/recourse costs).

For special (quadratic) loss functions, approximate robust limit load/shakedown factors are determined
analytically. In case of piecewise linear, convex cost functions, robust limit load/shakedown factors can
be determined numerically by solving a linear program having a dual decomposition date structure. The
basic properties of this method are examined, and numerical examples are given.
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RELATIVISTIC DYNAMICS AND THE ENTROPY
MAXIMIZATION PRINCIPLE

E. Grycko
University of Hagen, Dept. of Mathematics
Lützowstr. 125, D-58084 Hagen, Germany

Phone: +49 2331 9872279, Fax: +49 2331 987328
email: eugen.grycko@fernuni-hagen.de

Abstract. In Statistical Physics the distribution of the momenta of the micro-constituents of a fluid
at a thermal equilibrium is derived from the entropy maximization principle. The question whether
the validity of this principle is a consequence of the prevailing dynamics of the micro-constituents is
mathematically open.

In the present contribution this problem is reified for the context of the relativistic dynamics that are
imposed on a complex virtual system of micro-constituents.

We introduce the notion of the Boltzmann-Gibbs entropy in a measure-theoretic set-up an reformu-
late a theorem from the literature which is crucial for the determination of the entropy maximizing
distribution of the momenta of micro-constituents. The theorem is then applied to obtain a prediction
of the behavior of a 2-dimensional relativistic gas consisting of hard disks.

An event oriented implementational concept for the dynamics of the gas is also presented; this concept
was used for the design of a computer experiment which is now available through the internet as an
interactive applet.

We report on the outcomes of computer experiments that were evaluated with tools from Nonpara-
metric Statistics; the reader, however, is invited to gain her/his own experience with the offered
applet.
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VARIATIONAL MODELLING FOR INTEGRATED OPTICAL DEVICES
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In modern optical telecommunication all-optical devices are used to manipulate light for various purposes.
These (nano- and micro-meter scale) devices exploit interference properties to manipulate the light that
is transported to and from the device through waveguides; for instance, a filter will select a specific
wavelength from a broad spectrum of light. Characteristic is that these problems have to be modelled
on unbounded domains. Although the devices (and surrounding region where the changes in light are
most essential) are small, the presence of waveguides and the unavoidable radiation in unknown directions
makes it difficult to ‘confine’ the problem, while this is desirable for mathematical analysis and numerical
calculations.
In this paper we describe a practical way to confine the problem (possibly approximative) by exploiting
the variational structure of the problem. The methods are motivated and are well suited to obtain
numerical discretizations, like Finite-Element-Methods, on bounded domains while taking care that
radiation will not be reflected at the artificial numerical boundary.
Restricting to planar structures, and to materials that are lossless (non-dissipative), nonmagnetic and
linear, Mawell’s equations reduce for monochromatic light to inhomogeneous Helmholtz equations, which
uncouple into a set of two scalar equations for two polarizations. Restricting to TE-polarization, the
scalar equation for the spatially dependent part u of the perpendicular component of the electromagnetic
field is the Helmholtz equation which is the Euler - Lagrange equation of the Helmholtz functional

L(u) =
Z
Ω

1

2

£|∇u|2 − k20n
2|u|2¤

where k0 = ω/c with c the speed of light in vacuum, and n is the index of refraction of the materials
and characterizes the geometry of the device.
The variational formulation produces automatically the desired interface conditions at boundaries be-
tween different materials. The full description should be considered on the whole plane, and in- or
outflux conditions should be specified. Such conditions will restrict, but not completely determine, the
behaviour of the function at infinity. For two applications we investigate how the formulation can be
adjusted to obtain formulations on bounded domains, for which appropriate boundary conditions will
have to be supplemented. (Various extensions, such as to incorporate Kerr-nonlinear effects, can be
considered.)
The first problem is a 1D reflection problem with specified influx from a uniform medium; this incoming
wave will partially be reflected and partially be transmitted by index variations that are supposed to be
restricted to a confined interval. Correct Transparant-Influx boundary conditions at the boundaries of
the confined interval will arise from introducing a value-function to the confined functional (specifying
the influx) and taking variations of the free boundaries.
For a 2D waveguide with a uniform exterior and arbitrary interior index properties, the guided modes
will be found from a variational formulation of the eigenvalue problem with correct boundary conditions
at the boundary of the waveguide itself.
Detailed numerical calculations for extensions of these applications have been reported elsewhere, see
e.g. [1, 2].
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During the past decades, heating and air conditioning systems were usually designed and consequently oversized
according to simplified, mostly static calculating procedures. The increase in primary energy costs and increased
demand on comfort forced engineers to change the customary procedure. Thus the comprehensive dynamic
simulation of building and system dynamics as well as user behaviour and external influences through the
outdoor climate play an increasingly important role in planning and dimensioning buildings and their HVAC
systems.
It is true, there is a great variety of simulation tools – mostly conceived for architects and building engineers.
These tools pretend to offer a high transparency and flexibility through their menu-guided modelling but can
often not be completely overlooked by the user as to their numeric methods, the effects considered and
approximations applied. Operations going beyond what is provided by the menu are either not possible or can
only be realized at great expense.
The new Modelica building model library opens up
another way. Using an open simulation system
providing the mathematical formalism, the model
specification is done by the description of the basic
physical laws which describe the relevant
properties. An object-oriented, acausal language
like Modelica (http://www.modelica.org) offers
perfect conditions for this concept. A complex
process model can be clearly arranged out of
several hierarchically structured components (see
figure). These components are coupled via cut
variables – potentials and flow quantities – having a
physical meaning (e.g. temperature, pressure, mass
and heat flow).   
In the context of our work, a model library for the simulation of thermal building behaviour has been developed
in Modelica. Due to the interdisciplinary character of building simulation, this domain is an ideal application of
Modelica. Our modelling and simulation environment is Dymola (starting with version 4.1a) by Dynasim
(http://www.dynasim.se).
The new model library is divided into four sublibraries:

• Building (describing heat storage and transmission within and between basic building structures),
• Weather (proving weather-related influences, especially those caused by solar radiation),
• Heating (modelling hot water heating systems),
• Controller (emulating the behaviour of conventional controllers and Fuzzy Controllers).

The building models have been validated in exemplary configurations against the building simulation system
TRNSYS [1].
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Figure: Two rooms with hot water heating system

connectors for controllers
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The paper shall demonstrate how concentrated source terms can be included by Delta functions in models with 
distributed parameters and, moreover, that the abstraction of sharply concentrated quantities leads to decisive 
numeric advantages. The system of differential equations loses its stiffness here at the method of lines. The 
eigenvalues of the Jacobian matrix (A-matrix) show that it becomes stiffer with decreasing ε  since the heat 
capacity of the source is reduced spatially. 
Physics knows abstractions without spatial or temporal extension, called sharply concentrated quantities here, 
like the point mass, a punctually attacking force or an immediate force impulse. In contrast to narrowly 
concentrated quantities of finite breadth the description is dropped in this section, what means an essential 
simplification. 
For the presentation of narrowly concentrated quantities serves the Delta-epsilon function ),( txεδ  which 
describes the sharply concentrated case after the limiting process .0→ε  In earlier projects the influence of 
sharply concentrated quantities in continuous models consisting of ordinary differential equations (ODE) had 
been investigated [1]. For the method used a characteristic feature is that an analytical integration of the 
differential equation with Delta function was put in front of the numeric treatment from which a system of two 
differential equations results [2]. The Delta function changes into a step function this way, which can be 
represented by a discrete event. 
 
The presented contribution forms an expansion on models with distributed parameters. Concentrated source 
terms are described by Delta functions, and before the numeric treatment an integration is carried out over its 
area. We get, for example, a heat balance of the heat source from the partial differential equation, which we 
could win also from physical considerations.  
Solution procedure is the method of lines. It changes the partial heat conduction equation into a system of ODEs 
with constant coefficients. The heat source of the breadth ε2  is modeled by a Dirac Delta-epsilon function of 
space independent power density. The space integral above yields a differential equation of first order for its 
middle temperature. This is also a differential equation for the temperature in the source centre at adequately 
small ε  ( ε  << 1). Space derivatives are approximated here and in the ODEs of the other grid points by finite 
differences. The negative, real eigenvalues can be different by several orders of magnitude. The numeric 
integration will require a Gear method here. 
If we carry out the limiting process, then the stiffness of the system disappears since the temperature in the 
source follows  from an algebraic relation now. For the numeric integration an explicit one-step method suffices 
in this case. The sharply concentrated borderline case can be an approximation for a class of narrowly 
concentrated terms, as a numeric comparison shows. 
 
The regarded case of concentrated heat sources in the heat conducting rod is of exemplary character for partial 
differential equations with the time variable, one independent space variable, and spatially concentrated sources. 
The eigenvalue analysis also proves that the large differences of the eigen-frequencies at concentrated forces on 
the swinging string disappear in the borderline case [3]. Greater integration steps are permitted now. 
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A novel approach for segregation modeling on interfaces of three-dimensional structures is described. A
numerical scheme is introduced as an extension to the standard finite element scheme for the diffusion
problem. A simulation example for the case of an intrinsic dopant diffusion condition is presented.
We consider two segments S0 and S1 of different material connected with the plane interface I. The
single species with the concentration C spreads out under intrinsic dopant diffusion condition in both
segments S0 and S1 with constant but different diffusivities D0 and D1, respectively. In that case the
diffusion governing equations in each of the segments can be written as

Di∆C =
∂C

∂t
, i = 0, 1. (1)

At the interface I the species flux Jij from segment Si to segment Sj (normal to the interface) is given
by [1,2,3]

Jij = h
(
Ci − Cj

m

)
, (2)

where h is the transport coefficient, m the segregation coefficient, and Ci and Cj are the species concen-
trations in segments Si and Sj . On the outside boundaries of the S0 and S1, the homogenous Neumann
boundary condition for the dopant species C is assumed. Segregation, i.e. mass transport of species C
through the interface I, is modeled by (2) and together with (1) completes the model considered in this
work. The basic idea of our approach is to use the term

∫
ΓΘ

∂C
∂n Nk dΓ which appears by setting of weak

formulation of the problem to introduce the influence of the species flux from the neighboring segment
area by applying the segregation flux formula (2)∫

ΓΘ

∂C

∂n
Nk dΓ =

∫
ΓΘ

h
(
C1 − C0

m

)
Nk dΓ. (3)

where ΓΘ is the part of the interfacial area I between the segments and Nk linear form function. Basi-
cally the numerical procedure consist of two parts: First we assemble stiffness matrix of both segments
as separated problems and secondly we add interfacial contributions which are derived from the dis-
cretization of (3).
For the one-dimensional case an analytical solution of the problem is derived. The results of the numeri-
cal procedure are evaluated with the analytical solution and with which it exhibits very good agreement.
The 3D example of simulated species diffusion exhibits also accurate physical behavior on the material
interface. The calculation of the species mass in both segments has shown that the presented numerical
scheme complies with the mass conservation low very well.
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The paper addresses the steps towards an efficient time domain simulation of a wave energy device called 
AWS. The Archimedes Wave Swing (AWS) is an innovative near shore device built to extract wave 
energy from the sea, operating in intermediate water depth. The system consists of an air filled chamber 
fixed to the seabed, open at the top, called the silo, and closed off by a moving cylindrical lid called 
floater. The gap between the silo and the floater acts as an air lock preventing water from flooding the 
silo. The ocean waves have enough energy to make the floater of the AWS moving up and down assuring 
an oscillatory vertical motion used to produce electrical energy through a linear translator electric 
generator. To be able to assure this heave motion, the interior of the AWS system is pressurised with air 
to act as an air spring.  
The absorption of wave energy means that energy has to be removed from the waves by cancelling or at 
least by attenuating them when passing the energy-conversion device. Such cancellation or attenuation of 
waves can be realised by the oscillating floater, provided it generates cancelling waves, which oppose the 
passing and/or reflecting waves. For that the floater should displace in an oscillatory manner and with 
correct phase to match the global diffraction wave characteristics. The larger efficiency is obtained if the 
floater is in resonance with the wave, that is, the principal frequency of the wave agrees with the natural 
frequency of the floater and the damping introduced by the electrical generator equals the hydrodynamic 
damping at this frequency. The mechanical power required to damp this resonance oscillation is partially 
converted into electrical power being the remaining power artificially dissipated in water dampers 
whenever the power exceeds the availability of the electrical equipment. 
The AWS is a complex dynamical system operating under strongly fluctuating random conditions 
determined by the sea state. It has inherent nonlinearities in some of its components, including the power 
conversion system, which generate non-harmonic forces when it undergoes harmonic motion. Therefore, 
conventional linear frequency domain modelling is no longer valid to study this system. Instead, time 
domain models must be developed for the all subsystems, including structural, mechanical, fluid 
dynamics and electromechanical components. Thus, a time domain simulation model proves to be a very 
useful tool for both the design of such a device and to predict its behaviour. To build a time domain 
simulation the dynamical model of AWS needs to be built taking into account the main hydrodynamic 
and mechanical phenomena present in the system. Since all components of AWS interact with each other, 
the overall performance can only be evaluated by simulating the complete system. The intervening forces 
will be modeled taking into account the underline physical phenomena. The external water pressure force 
will act as excitation force, being related with the incident wave, the diffraction force and the radiation 
forces due to the AWS motion.  
Besides the inherent complexity associated to the nonlinear dynamics of the system components, in the 
time domain, a convolution integral is conventionally used to model the hydrodynamic diffraction and 
radiation forces, being the last one characterized in the frequency domain by the added mass and 
damping. However, this integral is relatively expensive to evaluate and difficult to use with efficient 
integration routines. Here an efficient methodology mixing frequency- and time-domain is introduced to 
deal with this problem. The transfer functions were first obtained from a numerical finite element code, as 
vectors containing the frequency response of the desired transfer functions. The data obtained is then used 
to identify the corresponding analytic form of the transfer functions, which is integrated in the time-
domain model.  
The force due to the internal air pressure will take into account the heat generated by the electrical 
generator and the heat dissipated around the structure. The simulator includes the slow and fast dynamics 
of the AWS behavior associated with the tide and the wave, respectively. Also, the control actions for the 
slow and fast dynamics will be explained and included in the time domain model. 
Random seas will be generated to simulate these irregular waves because the principle of superposition is 
no longer valid since AWS is a nonlinear system.  
Simulation results of the overall simulator will be presented. 
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E]��X'N�J�EFj�i9EMGqj�GeEMLOZON9J4�Ij_o-E]LbZ�H�S�CFX�C�EMJ4N�^�LOHaX�E�GeC�Z�C�X'WMG@U�xOC]Z�xbj�UaL�ZOCMD�CMLOZ�CFL9H+GeEFL�Z�NOJ i9E]GeU�EFx���CMX�S�EMi�U�Lb`�H�S�C
XtEFJ�C�`9CFL9C]G@EM�TZ�U�X�H�GeU�x�^�H�U�NOL¡Pe^OL�WMH�U�N9LO� h L�ZOC�G�X'^9WFS�WMU�GeWM^OJ4XtH�EFL9WMC]X�o�H��TN�UaJ�DbN9GeH�EMLOH&DOGeN9xO��CFJ4X�J�E_j¢x�C�PeN9G -
mulated:

• £ LON9��U�L�`�H�S�C�N9D�CFG@E]H�U�NOL�EF��WMS�E]GeE]WMH�CMG�U�X�HaU�WMX�N�P�H�S�C�X'^�xOX'j9XtHIC]J4X'o�Z9CMH�C�GqJ�UaL9C�H�S�C�i�NO��^�J�C�N9P�H�S�C�UaLOH�C]G -J�CFZOUkEFH�C�X'HaN9G@EF`9C�LON�H-E]����N9��U�L�`�N�iOC]G@PeU����-U�Hk�
• B&CMH�C]GeJ�U�L�C�HaS�C�U�L�U�H�UaE]�*EMJ4N�^�LOHwN9P
J4E]HaC�G@UaE]�*�TU�HaS���SOUkWFS�X'H�E�GeH�U�LO`�H�SOC�D9GeN�ZO^OW]H�U�NOL�D�GqN9WMCMX�X�H�S�C�EMJ4N9^OLOHN9P\J�EMH�CMG�U�EF�-U�L4H�SbC�X�H�N9GeE]`�C��TU�����LbN9H-Z�CMW]G@CME]X'C�x�CMSOU�LOZ4X'N�J�C�`9U�i�CML���C]i�CM���

¤ E]X�CFZ�N�L�HIS9C�X'HaN9WMSOE]X�H�U�W�Z�U�P@PeC]G@CML�H�U�EM��CF¥O^9E]H�UIN9L�J4N9ZOCM�+N9PwN9DOC]GeEMH�U�N�L�N�P�HIS9C�X�H�N�GeEM`�C�o�H��TN9o7E�ZOU�G@C]WMH-EMLOZ�EFL�UaL -i9CMGeXtCFo&G@U�X���D9GqN�W]CMX'XtCMXto&EFL�Z�H�SOC�WFN9G@G@CFX'D�N9LbZ�U�L~`�L�N9L - Ge^9UaL.D�GeN9xbEMx�U���U�H�U�CMX�E]G@C¢PeN9GeJ4^���EMHaC�Z��TS�U�WFS�D9GeN�iOU�ZOC�Ex9EFX'UkX�PeN�G�HIS9C�G@E�HaU�NOL�EM�&Z9CFX�Ua`OL¢N�P�X�^�W]S�EML�UaL�H�C]GeJ4CMZ�UkEFH�C�X�H�N�GeEM`�C]� � SbC�Ge^�U�L¢D�GeNOx�EFx9U���U�Hdj�N�P�HaS9C/Z�U�G@CFW�H�GeU�X��
D9GqN9WMCFXtX�o�^OXtCMZ<H�N�Z�CMX'U�`9L�H�SOC�XtU�mMC�N9P�H�SOC4X'HaN9G@EF`9CFo+XtEFH�UaX�PeU�C]XTE�Z�C]��EFj<lTN���H�C]G@GeE�Haj9DOC�U�LOH�CF`_GeEM��CF¥�^bE�H�U�N9LboY��S9U���C
H�S�C�Ge^OU�L�D�GeN9xOEMx�Ua��U�HIj�N9P�HaS9C�U�LOi�C]GeXtC�GeU�X'�¢DbGeN9W]CMX'Xto�^OXtCMZ¢HIN¢Z9CFXtU�`9L¡HaS9C�U�L9UIHkU�EM��E]J4N�^~L9H&N9P�J�EMH�CMGeU�E���UaL¢H�S�C
XtH�NOGeE]`OC�G@CF¥�^9U�GeCMZ.PeNOG�LbN9GeJ4EM��N9DOCFG�E]HaU�N�L�NOP�HaSOC�X�j_X'HaCMJ�oTX'EMH�U�XtPeU�CFX�EFL�EMZOi�EML�WMCFZ.��GeC�ZbS�N9�IJ¦Haj9DOC�UaLOHkCF`9G@EF�C]¥O^�EMH�UaN9LO�
rTL�E]�Ij_H�UaW]E]��X'N9��^bHkU�NOL�X�EFX���CM����EFX/X�NO��^�HaU�N�LOX�xOj�X'H�NOW]SbE]X�H�U�W¡X'U�J4^9�aE]HaU�N9L§N�P<HaS9C¡U�LbH�CF`9GeE]�4CM¥�^OE]H�U�NOL�X�N9P�H�S�C
J4N9ZOCM�TEMG�C�Z�C]GeUai9CFZ¡EMLbZ¡WMNOJ�D�EMG@CMZ¨U�L¨H�S�C�W]EFX�C]X�N9P�WFN�LOXtH�EFL9HTEFL�Z¨CF��DON�L�CFL�H�U�EM���aj�Z~U�X�H�G@UaxO^�H�CMZ¡EFJ4N9^OLOH�X�N9P
J�EFH�CMGeUkEF�2H�G@EMLOX�PeC]G@GeCMZ/x~j�H�SOC�U�LOD�^bH2x9EFHkWFS�^OL�U�H�X�� � SOC<X'N9�I^�H�U�N�LOX�N9xbH�EMU�L�CMZ/xOj/X�U�J4^O��E]H�U�NOL/EMDOD�GeN9�OU�J4EMH�C���CM���
H�S�C�CM��EMWMH-X'N9��^bH�UaN9L�X'o�H�SO^9X
HaS9UaX
J�CMHaSON9Z�WME]L�xOC�^OXtCMZ�GeC]��U�EMxb�aj�PeN�G*GeEMH�U�N�LOEM��ZOCMXtUI`9L�N9P\EML�U�LOH�CMGeJ�CMZ�U�EMH�C�X'H�N�G@EM`�C
U�L4X�^bWMS�D9GeN�WMC]X'X'U�L�`�X�jFX'HaCMJ�X��
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In this paper, the extension of the approach of  finding the embedding dimension of chaotic systems based on 
Singular Value Decomposition (SVD) by using multiple outputs is accomplished. A comparison study illustrates 
the superiority over single time series analysis. 
 
In some practical applications, the only available data from the process is in the form of scalar or vector 
sequences of measurements. The reconstruction of a state space from a time series, which is equivalent to the 
original state space, is the first step in the nonlinear methods of time series analysis and modelling. This 
reconstruction can be done by embedding the time series data in a state space. To achieve this, there are some 
embedding theorems, one of the most popular of which is the Takens’ theorem [2]. This theorem leads to the 
method of delays, reconstructing the space from delayed values of a univariate time series of that system. 
Generically a scalar time series is sufficient to compute the embedding dimension. But in practice, a single 
output time series sometimes does not have the proper reconstructability properties. Hence, in such cases using a 
univariate time series of system does not guarantee that the correct dimension for embedding space can be found. 
This deficiency can be overcome using multiple (output) time series of the process.  
 
In this paper, the main goal is to show the superiority of using multiple channels of output data for computing 
the embedding dimension with respect to the scalar case. Among the methods for computing embedding 
dimension, here, the SVD approach [1] that previously introduced for extracting qualitative information from 
observed time series is considered. The main core of this approach is to obtain a basis for the embedding space 
such that the attractor can be modeled with invariant geometry in a subspace with fix dimension. It is essentially 
a linear method, but, the part which enable us to use it as a nonlinear approach is the determination and arranging 
the singular values and related eigenvectors of trajectory matrix.  Since singular values are data dependent, the 
selection of sampling time and number of samples in each row of trajectory matrix is the first important issue.  
 
Using simulation results of well-known chaotic processes, it is shown that the individual univariate output time 
series do not contain the necessary information to obtain the correct embedding dimension. This is called in this 
paper the unreconstructibility of the state space from univariate time series. For example, in the Rössler 
equations the Z variable has a structure that the fluctuations of behavior of the system can not be seen in a finite 
number of its samples and as it is shown in the simulations that the appropriate embedding dimension is not 
derived from it. To resolve this drawback, the above mentioned  approach  is extended to the multivariate case 
and simulation results are provided to present the results obtained for to the multivariate extension. Following as 
in the univariate case, a real symmetric covariance matrix is defined and it is easily shown that for a given 
multivariate time series, the embedded dimension can be selected as the rank of the defined covariance matrix. 
Although in the multivariate time series studies, the procedure is similar to the univariate case, however the  
cross-covariance of different time series appears in some elements of covariance matrix instead of the 
autocovariance functions of the single time series. These elements cause the increase in the order of the singular 
values because of their data dependence. Finally, the simulations of the Rössler equations  are repeated by using 
multiple output data. For the Rössler system, the normalized singular values are calculated by using the time 
series of variables X and Z jointly in the extended SVD method, and it is shown that the embedding dimension is 
clearly n=3 which is exactly the dimension of the chaotic dynamical system. 
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The objective of the paper is to point out remarkable potentials of low-order time-delay models in describing the
plants, the dynamics of which are used to be classified as “higher order”. Two original modifications of model
identification approaches are presented: a procedure of successive integrations of the step response of the plant and
the relay feedback test applied to a time delay model. The obtained low-order models allow direct application in
control system design including the implementation on programmable controllers as a simple linkage of integrators
and delayors. The basic form of the considered first-order model is as follows

T y t
t

y t K u td
d
( ) ( ) ( )+ − = −ϑ τ (1)

containing delay in both the input and the feedback, unlike the papers practically aimed at controller design for time-
delay plants assuming a plant model with a delay in control input only. By means of the triple integration of the plant
step response the following conditions for the model parameters τϑ,,T are obtained
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allowing an easy identification by means of solving this set. The identification procedure proves the ability of this
model to fit a „higher order“ dynamics (including the oscillatory systems with a sufficient damping) by means of a
first order model only. Equation (1) can be considered as state equation of the model for the state variable y while its
state in the instant t is given by the following segments: ttutty ,,, τϑ −− )) . It is to realize that the conventional
third-order model is also able to fit just three integral conditions. In this sense model (1) may be considered
equivalent to a model given by an ordinary third order linear differential equation.
The second method of identifying the time-delay model with is based on adding a relay feedback that results in limit
cycle oscillations. The frequency uω of these oscillations and the appropriate ultimate process gain uk resulted in the
following conditions for the first-order model parameters

( )
u

uuu

u

uu TkK
ω

ϑωτωϑω
ω

τωπϑ )cos()tan()sin(,cos(arccos −
=

−
= (4)

where the values Kk uu ,,, τω  are estimated in another way. Unlike the higher order models the parameters of the
suggested model a straight-forward connection with the transient properties of the plant to be described and due to
this their preliminary values can be estimated from the plant response. The presented low-order time-delay models
are favourable for further use in control system design, e.g. for extending the control schemes as internal model
control (IMC), state feedback scheme, pole placement design etc. towards the time delay systems. Moreover, the
models do not bring about problems with their PLC implementation.
Acknowledgement: The presented research was supported by the Ministry of Education of the Czech Republic under
the Project LN00B096.
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Dynamic lumped process models described by differential and algebraic equations (DAEs) are investigated in 
this paper. The structural analysis of these models form an important step in the model building procedure used 
for the determination of solvability properties of the model. This analysis includes the determination of such 
properties as the degrees of freedom, structural solvability, differential index, dynamic degrees of freedom and 
results in the decomposition of the model and the determination of the calculation path. As the result of the 
analysis the appropriate numerical method for solving the model can be chosen efficiently. Moreover, advices 
on how to improve the computational properties of the model by modifying its form or its specification can also 
be given. 
Effective graph-theoretical methods have been proposed [1, 2] based on the analysis tools developed by 
Murota, et al. [3], for the determination of the most important solvability property of lumped dynamic models: 
the differential index. The properties of the dynamic representation graph of process models described by semi-
explicit DAE-systems have also been analysed there in case of index 1 and higher index models. Besides of the 
algorithm of determining the differential index using the representation graph, a model modification method 
has also been proposed which results in a structurally solvable model in case of higher index models. 
For the construction of dynamic representation graphs the most simple, single-step, explicit numerical method 
(the explicit Euler-method) has been assumed as the numerical solution procedure for the differential equations.  
However, implicit solution methods are used more frequently and efficiently for numerical solution of DAE-
systems. Therefore our aim is to investigate the effect of the numerical solution procedure on the structure of 
dynamic representation graph of the DAE models by considering single-step implicit solution method. 
Moreover, an extended method for the construction of the so-called reduced graph is also aimed at. 
It is shown that the representation graph with implicit solution methods has similar properties both in the case 
of index 1 and higher index models than with explicit numerical solution procedure. Therefore, the 
determination of differential index and the suggested model modification for higher index models can be done 
in a similar way.  
It can be proven that the properties of the representation graph including the differential index of the models 
are independent of the assumption that a single-step, explicit or implicit numerical method is used for the 
solution of the differential equations. 
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Bond graphs have proven to provide a convenient framework for the network modelling of lumped pa-
rameter physical systems. This graphical modelling methodology is now firmly established in the litera-
ture (e.g. [4]). On the other hand, it safe to say that bond graph based control is not documented in detail.
Some initial results can be found in [2]. Possible advantages of bond graphs in control are the following.
The role of modelling is emphasised, so that physical reasoning may provide additional insight into the
control problem. Secondly, relatively systematic procedures are obtained, which are directly ascribable
to the structured modelling rules imposed by the bond graph. Lastly, the object–oriented nature of bond
graphs readily allows complex systems to be modelled. This paper proposes a bond graph interpretation
of the nonlinear Model Matching Problem (MMP), which is elaborated in [3]. More precisely, we deploy
bond graph techniques to derive controllers that render the input–output behaviour of a plant identical
to that of a specified model. In addition, the model will chosen to be structurally “close” to the plant, so
that the MMP can be cast into the virtual actuation framework as reported in [2]. We recall the fact that
bond graphs belong to the class of implicit port–Hamiltonian systems, which have proven to be invaluable
for a deeper understanding of the geometric structure of certain energy conserving physical systems [1].
The application of bicausality allows us to find a decoupling controller with disturbance measurement,
where by definition of the MMP, model inputs are considered to be disturbances. When the resulting
controller is applied, we obtain port–Hamiltonian error dynamics, so that we can represent it with a bond
graph. It is then possible to use bond graph arguments to stabilise the error dynamics. Furthermore, we
use recent results of [5] on interconnection and damping assignment passivity–based control to provide
additional energy shaping that is not immediately apparent from the bond graph. We do not develop a
strict bond graph procedure, since we wish to retain flexibility, but we give a detailed example and show
the various steps.
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In spite of the fact that transfer functions as ratios of two polynomials are generally considered a
useful and natural description of linear time invariant systems in the single-input-single-output
constellation (SISO), many authors ignore their multivariable (MIMO) counterpart – the polynomial
matrix fractions (PMF). Instead, they often rely on the state-space theory completely in that case.

The reasons for this approach are mainly historical. Until recently, no reliable software for polynomial
matrices was available and even the numerical difficulties related to these objects were not completely
understood. Nevertheless, during several past years a great effort has been paid to this problematic. As
a result, new stable routines for polynomials and polynomial matrix fractions related to modeling and
control systems were developed, see [2][3][4] for instance, and a dedicated software tool, Polynomial
Toolbox for MATLAB, has been released [1].

We show in our paper that it is often convenient to utilize polynomial matrix fractions for modeling
linear MIMO systems since the PMF's are intimately related to linear differential equations. These
equations can be, in turn, derived from the first (physical) principles. In view of this, the construction
of a state-space representation presents an additional artificial step that is not necessary in many
situations.

The paper is organized in the following manner. The theory of polynomial matrix fractions is
introduced first. Both discrete-time and continuous-time linear MIMO systems are covered.
Conversions between left and right PMF's are recalled and the relation of PMF's to higher order
differential and difference equations is enlightened. Foolowing this introductory section, we present
construction of a PMF model to a real-life physical system by means of an example. Based on this
model, a MIMO controller is designed using the Polynomial Toolbox for MATLAB [1] to illustrate the
usefulness of the obtained description in the control systems context. Finally, for simulation of the
model and of the overall control loop, the PMF Block of the Polynomial Toolbox Library for
SIMULINK [1] is addressed.

Keywords: Polynomial matrix fractions, algebraic design methods, software tools.
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Fourier series and its generalizations are an essential part of the background of scientists, engineers and more 
generally of mathematical modeling. Therefore the structure of Fourier coefficients as well as the various forms 
of convergence of the Fourier series are of great importance. In this paper we will define and use a Tauberian 
class to obtain a representation of Fourier and Fourier-Stieltjes coefficients. 

Let 1( )f L∈ T , where 
2π

= ZT  with  and Z  the sets of real and integer numbers respectively. If { ( )}c n  is a 

sequence of complex numbers, we define the general trigonometric series as 
 int( ) where 1

n
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<∞
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A non-decreasing sequence { }( )R n  of positive numbers is *-regularly varying if  
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We will be working with the subclass of all *-regularly varying sequences defined by 
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and using the Tauberian class 
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for some *-regularly varying sequences 1{ ( )}R n  and 2{ ( )}R n  of the form of (3) and some positive integer 0n . 
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h o \a\ai YA�¢��`�^*`�]ni g1f¢h����   `�^aY[\ o b f�Y[v1\ o� �o hKj o f�YA][�5¦tg���\K��Y[\(^a�¯c o h�i b i ^ o ^aYª^aZ1Y{��YA]ni f�g;�ycVg1��g1b i g1Y o \*h���g^a\a��b b Y[\K](i ^
i£]ª\aY o ]n��g o v1b Y{^a��`�]nY o ]n���uY[¬*Z o ^{]ni �   b Y[\{g1��g1b i g1Y o \ oy 1  \a� � i � o ^ai ��g��u����Y[bE�ycT^aZ1Yug1��g1b i g1Y o \   b o g^A|-¬*Z1i£hKZ
\aY   \a����`�h�YA]*^aZ1Y�v/Y[Z o m=i ��`1\N�ycE^aZ1Y¯g1��g1b i g1Y o \�]n��]_^aY[�´^a�³v/Yuh���g^a\a��b b YA��i g o ]n`1i ^ o v1b Y�\aY[f�i ��g o v/��`�^N^aZ1Y¯�   Y[\nr
o ^ai g1f   ��i g^A�(®lg�i g^aY[\aYA]_^ai g1f¡h�b o ]a]��ycq]n��]_^aY[�¡](cH��\ oy 1  \a� � i � o ^ai g1fuµW^aZ���\K��Y[\*g1��g1b i g1Y o \ oI¶ g1Y{i g   `�^�]n��]_^aY[�¡]
o \aYªv1i b i g1Y o \l]n��]_^aY[�¡]*�ycV��\K��Y[\�Z1i f�Z1Y[\�^aZ o g�µE�T��Z1Y�]ni �   b Y�]_^a\a`�h¤^a`1\aY{�ycVv1i b i g1Y o \l]n��]_^aY[� o b b �I¬l](�ycVg1��g1b i g1Y o \
h���g^a\a��b b Y[\{��YA]ni f�g���g1b ��i g=m���b m=i g1f;^aZ1Y¡� o g1i   `1b o ^ai ��g��yc*h���g�]_^ o g^�� o ^a\ai£h�YA][�¢®¬(Y[b bqj=g1�I¬*g o g���]n��]_^aY[� o ^ai£h
oy 1  \a� o hKZ³cH��\l��v�^ o i g1i g1f¢v1i b i g1Y o \N]n��]_^aY[�¡]l�ycEZ1i f�Z1Y[\l��\K��Y[\*i£]*^aZ1Y�·q¸I¹¤º »�¼¡¸I½�º ¾¿½W»K¸I¹¤¾ ÀA¸IÁ�¾7ÂI½��7]nY[Y�Y�� f��ª± �I²H�¤�*Ã(�
i g^a\a����`�h�i g1fu^aZ1Y��u��g1���ui o b£]*�yc5^aZ1Y   b o g^�]_^ o ^aYA] o ]l]_^ o ^aYA]*�ycV^aZ1Y�v1i b i g1Y o \N]n��]_^aY[��|1��g1Y�h o g�]n`�h[h�YA]a]ni m�Y[b �¢i �¯r
  \a�Im�Y{^aZ1Y oy 1  \a� � i � o ^ai ��g o ^N^aZ1Y¯Y ��  Y[g�]nY¯�ycqZ1i f�Z1Y[\ª��i �uY[g�]ni ��g o b i ^_���ycq^aZ1Y¯\aYA]n`1b ^ai g1f³v1i b i g1Y o \ª]n��]_^aY[���{��Z1Y
� o i g¢��\ o ¬*v o hKj�]5�yc/^aZ1Y w o \ab Y[� o g¯b i g1Y o \ai � o ^ai ��g oy 1  \a� o hKZ o \aY�|y^aZ o ^qi ^T\aY[b i YA]E��g o � o �=b ��\q]nY[\ai YA]VY �� �o g�]ni ��gu�yc
^aZ1Y   b o g^Tg1��g1b i g1Y o \ai ^ai YA] o g���^aZ o ^q^aZ1Y�]_^ o ^aY*YAÄ` o ^ai ��g�] o \aYl��Y[\ai m�YA�¯v=�¯]ni �   b �¯���ui ^n^ai g1f��u��g1���ui o b£]E�ycÅZ1i f�Z1Y[\
��\K��Y[\A�V®N] o h���g�]nYAÄ`1Y[g�h�YN^aZ1i£]*b Y o �1]T^a�uv1i b i g1Y o \l]n��]_^aY[�¡][|=^aZ o ^ oy 1  \a� � i � o ^aYl^aZ1Y   b o g^*��g1b �¡b ��h o b b �¢Y[m�Y[g³cH��\
o Z1i f�Z oy 1  \a� � i � o ^ai ��g	��\K��Y[\A���1`1\n^aZ1Y[\a�u��\aY¡g1�   \aYA��i£h¤^ai ��g©�yc�^aZ1Y³\aY[f�i ��g�i£]   �]a]ni v1b Y�|5¬*Z1Y[\aY¡^aZ1Y³\aYA]n`1b ^ai g1f
v1i b i g1Y o \{]n��]_^aY[�°i£] o g o h[h�`1\ o ^aY oy 1  \a� � i � o ^ai ��g�cH��\�^aZ1Y   b o g^{`1g���Y[\{h���g�]ni£��Y[\ o ^ai ��g-��Ã o ]nYA����g   \aY[b i �ui g o \a�
\aYA]n`1b ^K]ui g#± ��²*^aZ1i£]¢h���g^a\ai v1`�^ai ��g   \aYA]nY[g^K]¯^aZ1Y�ÆTÇyÈnÂaÉWÁ�¾¿¼¡¸Iº�Ê�¾¿º ¾¿½W»K¸I¹¤¾ ÀA¸IÁ�¾7ÂI½ o ] o g1Y[¬Ë]n��]_^aY[� o ^ai£h oy 1  \a� o hKZ
cH��\u��v�^ o i g1i g1f�v1i b i g1Y o \ oy 1  \a� � i � o ^ai ��g©�u����Y[b£]�cH��\¯g1��g1b i g1Y o \u]n��]_^aY[�¡][|q¬*Z1i£hKZ�`�]nYA]�^aZ1Y�v o ]ni£h¢i£��Y o ]¯�ycl^aZ1Y
w o \ab Y[� o g�b i g1Y o \ai � o ^ai ��g�v1`�^uh�i \Kh�`1��m�Y[g^K]{i ^K]¯��\ o ¬*v o hKj�][�;}Ni ÌWY[\aY[g^�cH\a���Í^aZ1Y w o \ab Y[� o g©b i g1Y o \ai � o ^ai ��g	^aZ1Y
  \a�   �]nYA��v1i b i g1Y o \ai � o ^ai ��g oy 1  \a� � i � o ^aYA]-^aZ1Y*]n��]_^aY[�#g1��g1b i g1Y o \ai ^ai YA]5v=�{��`1b ^ai m o \ai o v1b Y(��\n^aZ1��f���g o b   ��b �=g1���ui o b£]
¬*i ^aZ;�ui g1i � o b-ÆTÇ¤r�Y[\a\a��\Tg1��\a���g o f�i m�Y[g³��`1b ^ai m o \ai o v1b Y�i g^aY[\am o b/i g³^aZ1Y{]_^ o ^aYª]  �o h�Y��V¦tg;��\K��Y[\T^a�¯f�Y�^ o v1i b i g�r
Y o \�]n��]_^aY[�Î��YA]ah�\ai   ^ai ��g¡^aZ1Y���\n^aZ1��f���g o b   ��b �=g1���ui o b£] o \aYNi g^a\a����`�h�YA� o ]Tg1Y[¬�]n��]_^aY[�]_^ o ^aYA][�E��Z1Y��   Y[\ o ^ai ��g�]
g1Y[YA��YA�³cH��\*��v�^ o i g1i g1f¯^aZ1Y�h���\a\aYA]   ��g���i g1fu]_^ o ^aYªYAÄ` o ^ai ��g�] o \aY o b b?h o \a\ai YA�¢��`�^l¬*i ^aZ��ui g1i � o b?ÆTÇ¤r�Y[\a\a��\�g1��\a��|
]n`�hKZ;^aZ o ^l^aZ1Y�\aYA]n`1b ^ai g1f¡v1i b i g1Y o \N]n��]_^aY[�Ïi£] o m o b i£� oy 1  \a� � i � o ^ai ��g;�yc5^aZ1Y�g1��g1b i g1Y o \   b o g^li g ou  \aYA]   YAh�i § YA�
��`1b ^ai m o \ai o v1b Y�i g^aY[\am o b*�ycN^aZ1Y�]_^ o ^aY�]  �o h�Y���«lY[g�h�Y���i ÌWY[\aY[g^¡cH\a���¥^aZ1Y w o \ab Y[� o gÐb i g1Y o \ai � o ^ai ��g oy 1  \a� o hKZ-|
��g1Y�h o g�]   YAh�i cH�;^aZ1Y�\aY[f�i ��g-|�i g�¬*Z1i£hKZ�^aZ1Y¯v1i b i g1Y o \N�u����Y[b oy 1  \a� � i � o ^aYA]�^aZ1Y�f�i m�Y[g�g1��g1b i g1Y o \   b o g^A�N®lb ��g1f
¬*i ^aZ³^aZ1Y{��Y[\ai m o ^ai ��g¢�yc-^aZ1Y{ÆTÇ¤r�v1i b i g1Y o \ai � o ^ai ��g oy 1  \a� o hKZ o ]n��]_^aY[� o ^ai£h���YA]ni f�g   \a��h�YA��`1\aYlcH��\(^aZ1Y oy 1  b i£h o ^ai ��g
�yc�^aZ1i£]�v1i b i g1Y o \ai � o ^ai ��g	�uY�^aZ1����i£]   \a�Im=i£��YA�Å�;®g1��g1b i g1Y o \��u����Y[bq�yc�^aZ1Y¢Ñ o g���Y¡ÑE`�]a]nY¢\aY o h¤^a��\{i£]{`�]nYA�	^a�
��Y[�u��g�]_^a\ o ^aY�^aZ1Y{g1Y[¬�v1i b i g1Y o \ai � o ^ai ��g oy 1  \a� o hKZ-�

e*Y�cHY[\aY[g�h�YA]

���*«lY[g1g1Y[v/Y[\af�Y[\A|TÒu� |(e*Y[f�Y[b `1g1f	g1i£hKZ^ab i g1Y o \aY[\¢Ó=��]_^aY[�uY o `�c���Y[\¢Ã o ]ni£]¯v1i b i g1Y o \aY[\u®  1  \a� � i � o ^ai ��g�]n�u����Y[b b Y��
Ñ�}N¦��1��\n^K]ahKZ1\ai ^n^K]nv/Y[\ai£hKZ^aY�|�e*Y[i Z1Y��1|1sl\A�T�y���|=Ñ�}N¦�r�ÑEY[\ab o f�|1}¡d`�]a]nY[b£����\nc_|-�A����Ô1�
����¦_]ni£����\ai�|1®�� |�sl��g1b i g1Y o \*h���g^a\a��b-]n��]_^aY[�¡][�qÓ   \ai g1f�Y[\nr�ÑEY[\ab o f�|=X-��g�����g-|Å�A������
�1�lÓ=m���\a��g1�][|=ÓW� |1Ó^aY   Z o g1�   ��`1b �][|��¯� o g��¢®l\ai£][|�e{� |�Ã(i b i g1Y o \ oy 1  \a� � i � o ^ai ��gu�yc?f�Y[g1Y[\ o b�g1��g�r�b i g1Y o \(���=g o �ui£h
]n��]_^aY[�¡]�¬*i ^aZ�b i g1Y o \*i g   `�^K][�E¦tg^A� ¨ � w ��g^a\a��b�|��1�¡�_�A������¤|W�A����~��3�yÔ1�
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038) A LINEARIZED SCHEME FOR THE NUMERICAL SOLUTION
OF THE BOUSSINESQ EQUATION

A. G. Bratsos, T.E.I. Athens, Greece
Department of Mathematics,

Technological Educational Institution (T.E.I.) of Athens,
GR-112 10 Egaleo, Athens, Greece.

Phone: +3210 5385301, Fax: +3210 9630842
e-mail: bratsos@teiath.gr

Two different linearized schemes are going to be examined to known from the bibliography methods (see
Bratsos [1]-[2]) concerning the numerical solution of the Boussinesq (BS) nonlinear equation.
BS equation, which belongs to the KdV family of equations and describes shallow water waves propa-
gating in both directions, is given by

utt = uxx +
(
u2

)2

xx
+ quxxxx ; L0 < x < L1, t > 0. (1)

where u = u (x, t) is an appropriate differentiable function and |q| = 1 is a real parameter, which, for
q = −1 gives the Good Boussinesq or well-posed equation (GB), while for q = 1 the Bad Boussinesq or
ill-posed equation (BB).

For the numerical solution of Eq. (1) the region R = [L0 < x < L1]× [t > 0] with its boundary
∂R consisting of the lines x = L0, x = L1 and t = 0 is covered with a rectangular mesh, G, of points
with coordinates (x, t) = (xm, tn) = (L0 + mh, n�) for m = 0, 1, ..., N +1 and n = 0, 1, ... Let Un be the
solution vector at (xm, tn) for m = 1, 2, ..., N . Then using finite-difference approximants for the time
and the space derivatives and applying Eq. (1) to each interior point of G, it leads to a nonlinear system
for the unknown solution vector Un+1.
To avoid solving the nonlinear system the following two types of linearization to the nonlinear term of
the BS equation were used. In the first it was considered the approximation

(
Un+1

m

)2 ≈ Un+1
m U0 (2)

where U0 an appropriate constant, while in the second the approximation

(
Un+1

m

)2 ≈ 3 (Un
m)2 − 2Un

mUn−1
m (3)

based on Taylor’s expansion of
(
Un+1

m

)2 about the n-th time level was used.
BS equation was solved numerically for both linearizations defined by Eqs. (2)-(3) for the

single-soliton wave to the problems proposed by Bratsos [1]-[2]. From the experiments it was deduced
that the results obtained were more accurate than the published ones.
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Symmetry is fundamental property of any phenomenon or process. This is also actual for a model, which describes a 
phenomenon or process. Moreover a model as mathematical abstraction is more idealized than its original, and may 
have higher order symmetry or several types of symmetry.  
In this paper the method for analyzing and decomposing systems having symmetries under discrete groups of 
transformations is considered. The method is based on the theory of group representation.  If dynamical system’s 
structure is invariant under discrete group the system has decomposition, which can be realized without solving 
eigenvalue problem. For systems with visual cyclic symmetry decomposition helps to find special features of 
behaviour.  A model of a system is considered of the form   

( ) ( / , ) ( ),t d dt t=  y A a x  
where ( )tx ∈ Rn – input vector, ( )ty ∈ Rm - output vector, Rn, Rm – corresponding linear vector spaces, ( / , )d dtA a  - 
differential operator having vector of parameters a ∈ Rp. Corresponding initial conditions are assumed for concrete 
form of operator A. Model (1) has symmetry under group G = {g} if the following condition of commuting is true:  

( ) ( / , ) ( / , ) ( )g d dt d dt g=  T A a A a S  
where S(g), T(g) are matrices of symmetry group representation in the spaces Rn, Rm respectively. These matrices can 
be found as permutation matrices for finite groups. 
Proposition. If a model has symmetry and its operator commutes with matrices of reducible symmetry group 
representation, the model can be decomposed to the set of independent sub-models of reduced dimensions.  
Model decomposition is based on the decision of the problem of reducing group representation [4,5].  
There exist coordinate transformations  

,=   x Mx y = Ny� � , 
which transform initial model to equivalent model in canonical basis so that the model has block-diagonal structure 

                                    {A  , 1,2,..., }
ii ldiag i q= ⊗ =A E�  , 

q – number of non-equivalent irreducible representations of group G, having square matrices of lj dimensions. 
 Special technique of constructing matrices M and N is proposed. 
The paper contains an example demonstrating as applying symmetry on the stage of creating model as 
decomposition for the model.  Various symmetrical motors layouts shown on the Figure 1are modeled.  

           
                       a               b         c 
 

Figure 1. Various symmetrical motors layouts. 
 

Symmetry properties of layouts depend on the verity of special assumptions about motors interactions. For cyclic 
symmetries of models of layouts having symmetry groups of Cn, n = 2, 3, 4, corresponding decompositions are 
created and analysed.  
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I. A BSTRACT

As the Internet evolves, the necessity of incorporating and exploiting someactive queue management(AQM) mechanism is
eliciting exciting research efforts (see, e.g., [2], [4], [5], [6] and references therein) over the past few years. A vital breakthrough
was provided by [4] which gave a clean control theoretic interpretation of the RED, a widely used AQM protocol. It showed
that RED control effectively amounts to using aproportional, i.e. P, controller with an additional low pass filter. Such a
controller exhibits low closed loop bandwidth and, hence, a sluggish response [4]. Removal of the low pass filter from the
RED design yields the classical P controller which has a higher closed loop bandwidth at the cost of reduced robustness [4]. A
fuller analysis of TCP/RED protocol is given by [6] which effectively shows that the stability margin of a TCP/RED governed
system reduces as the product of the closed loop delay and the network capacity increases; the same point is made in [5]. Now,
a standard improvement over a P controller is aproportional-integral, i.e. PI, controller [1] and indeed [4] recently improved
on the RED mechanism via a PI controller. It derives analytical results for a restrictive bottleneck network topology which
runs an approximation of the TCP protocol. The PI controller in [4] suffers from a lack of antiwindup mechanism (see [1]
and [3] for primers on classical controllers) and, furthermore, its robustness to link capacity and delay variations has not been
characterized. Still, it paves way very admirably to analyze and synthesize robust AQM mechanisms, which is the objective of
this paper. In this paper, we identify some of the critical factors which feature in the robustness analysis and adopt a standard
control theoretic approach for the robustness analysis of a class of AQM mechanisms. Furthermore, we present a framework to
synthesize a robust AQM mechanism given the perturbation bounds for theses factors. Briefly speaking, we solve the following
two problems — 1. Given the round-trip time and the controller structure, find controller parameters which guarantee stability
of the system, and 2. Find a range of round-trip time that guarantees stability of the system when controller parameters are
given.
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Along with five partner universities within the EU and USA, the University of Glasgow is a member of a 
consortium of universities involved in the USE-ME project (US-Europe Multicultural Education Alliance in 
Computer Science and Engineering). This project forms part of a larger international programme funded 
jointly by the European Commission Directorate General for Education and Culture and the US 
Government Education Directorate (FIPSE). 
 
The aim of the USE-ME project is the development of international educational experiences for students 
undertaking graduate-level degree programmes involving computer modelling and simulation [3]. Some 
students are able to participate in exchanges that form one element of the project but there are many more 
who cannot take advantage of such periods of study abroad. Developments in e-learning are seen as 
providing a way of broadening the impact of the project through making teaching material developed in 
each partner institution available internationally to students studying elsewhere. 
 
One of the goals involves development of new student-centred teaching material that, in the longer term, 
can form elements of a sustainable and shared e-learning environment. Developments at the University of 
Glasgow have been focussed mainly upon creating a number of multi-purpose case study presentations that 
are flexible in form and can be used as independent teaching units or can be combined readily with 
practical assignments and experimental work. How these case studies are applied depends on the 
educational aims and objectives of the programme within which they are being used.  
 
The main emphasis in the case studies developed in Glasgow is on the modelling of nonlinear dynamic 
systems for engineering applications, model validation methodology, engineering applications of soft 
computing techniques and modelling applications involving automatic control. The case studies now 
available have all been developed for use initially within relevant modules at Master’s degree level at the 
University of Glasgow but may be incorporated, without too much additional work, in an e-learning 
environment. Use of equipment for experimental work is a normal part of these case studies when carried 
out in Glasgow, but those working remotely can have access to files of experimental data. Such data can be 
used for model validation studies and other related investigations based on simulation.  
 
The case studies outlined in the paper all relate to the development, validation and application of a 
nonlinear dynamic model of a coupled-tanks system. This equipment is of a type that is widely used for 
control engineering education.  These particular case studies involve an enhancement of teaching material 
previously developed at the University of Glasgow[1,2]. There is a particularly strong emphasis on issues 
of model accuracy, model validation and model documentation in this group of case studies. It has been 
found that the open-ended nature of some of these investigations can encourage useful collaboration 
between students and it is hoped that ways can also be found within the e-learning environment of 
encouraging co-operation between students at different sites. This means that there is potential for 
international experience for students who are unable to spend periods of time outside their own university. 
 
References: 
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Abstract 

Modeling and simulation of dynamic systems is an iterative process, consisting of model building and computer-
assisted simulation by which the model  structure and/or its parameters may be changed in an attempt to match 
the real dynamic system well. In fact the derived model has served its purpose when an optimal match is 
obtained between the simulation results and the data obtained from the real world system under test. 

In general the model building process of a dynamic systems entails the utilization of several types of information 
sources which have to bear in mind: 

- goals and purposes of modeling, determining boundaries, components of relevance, and the level of 
detail 

- a priori knowledge of the dynamic system being modeled 
- experimental data consisting of measurements on the dynamic system inputs and outputs  
- estimations of non-measurable data as well as state space variables of real dynamic system 

With respect to the spectrum of available models, a variety of levels of conceptual and mathematical re-
presentation is evident, which depends on the goals and purposes for which the model was intended, the extent 
of the a priori knowledge available, data gathered through experimentation and measurements on the real 
dynamic system  or estimations. 
 
With these basic considerations on modeling and simulation as a background, this paper analyses the relation 
between simulation software and the new type of software systems, the learning systems. As an overview in 
coupling web based training systems with simulation functionality, the several possibilities in architectural de-
sign for a –more or less- integrated system will be introduced at the very first. They may be summarized by four 
types of cases: 

- no coupling 

- loose coupling 

- strong coupling 

- full architectural integration by a method-based approach 

These alternatives are explained and evaluated in detail. As a realization a project is introduced which considers 
well known knowledge from cognitive science, and allows the user to concentrate on engineering course 
materials without risk of becoming lost within the space of the multimedia educational network server. This 
topic is one of the most important to be considered, because with a user-adapted and consistently designed gra-
phic user interface, the on-line working efficiency with the engineering educational material should increase in 
case of a good design and will decrease in the case of a less well or ill designed systems. 

The paper ends with an introduction to one of the international standards in learning environment design: The 
LTSA is a high level systems architecture and layering for learning technology systems, known as learning 
technology, computer-based training, electronic performance support systems, computer assisted instruction, 
intelligent tutoring, education and training technology, and so on. The specification standard of this architecture 
is IEEE 1484 Learning Technology Standards Committee (LTSC) with subject areas: reference model, learner 
model standards, learning objects, task model, course sequencing, tools/agent communication, ontologies, data 
interchange, learning course management, different metadata categories, student, teacher, and tutor identifiers. 
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Abstract 
This paper describes the concept for a flexible authoring and learning environment. It starts defining the 
requirements for the important flexibility of learning systems in respect to the current background of the 
learner, the dynamic ordering in which content is presented to the learner – also with consideration of the 
individual progress a learner makes – and the opportunity for the learner to proceed on many different paths 
in an exploratory way of learning.  

To reach these demands a concept for a system architecture is proposed. The basic idea is to split the 
content into smaller units than usual, the so called ‘content units’. Only doing so, the needed flexibility for 
individually adapted content, for an efficient handling of larger sets of content units, and the reusability for 
economic authoring can be assured.   

On the other hand however, if the stored units get smaller than usual, a growing effort has to be spent to 
synthesize new content pages which are suited for the current learning situation and the current individual 
learner. It is the task to find approbiate content units which build a semantic senseful page unit. That is the 
reason why all relations between content units have to be explicitely stored by the system. This metadata 
set for each content unit includes technical information as well as semantical one. It splits in the parts  

- technical information 
- didactical information  
- semantical information. 

Following from this, the author has the task to provide these information for each content unit and to 
connect new content units to the already existing ones by  reasonable relations. Afterwards the system has 
to evaluate the inter-related content units when a content page is asked by an user during his learning 
session. 

The paper demonstrates the proceeding during the authoring and the learning phase by giving some details 
about the user classes with their roles and rights and by specifying those program modules which support 
the author in editing content units and in defining the relations between them. The following user classes 
are explained: 

1. learning persons, 
2. teachers,  
3. authors, 
4. system administrators, 

To provide software support in managing the content units with their relations two program modules are 
necessary: 

1. content unit designer:  
the content unit designer is an editor tailored especially to the demands of editing learning material 
for the learning system. It is based on a set of given templates and a given set of element types to 
fill the pages. 

2. relation manager:  
The set of relations is extendable by the authors and thus can be individually adapted to cover 
special semantic restrictions and rules coming up from the context and/or background a content 
unit or even a complete course has. The specification and the administration of the relations is 
done graphically by linking graphically represented objects by labelled lines. 
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A Population Balance Model (PBM) can be used to describe the time evolution of one or more property 
distributions of individuals of a population. This type of model was presented in the late seventies, but 
applications were limited due to a lack of computational power. Since the latter has significantly increased, 
the popularity of PBM increased which is reflected by an increase in the number of studies using this type 
of models. Applications can be found in different scientific areas dealing with a „population“ of individuals 
such as e.g. crystallization, flocculation, flotation, polymerization, precipitation,… The general format of a 
PBM looks like: 

),(),(),( txhtxfXtxf
t x =⋅∇+
∂
∂ &      (1) 

where x is a vector of properties, f(x,t) is the joint property distribution function, X&  is a vector containing 
the time derivatives of x and h(x,t) represents the birth and death of individuals typically occurring through 
aggregation and breakage (integral functions). In the application under study, activated sludge flocculation, 
the individuals are activated sludge flocs, the property vector x is chosen to be the floc size (one-
dimensional PBM) expressed as volume and the distribution f(x,t) is chosen to be the number distribution. 
Growth is considered to be absent ( ). Hence, eq 1 is of the integro-differential type and has no 
analytical solution. When discretising the property vector x, the integrals present in eq 1 (in h(x,t)) become 
summations and the integro–differential equation is converted into a set of ordinary differential equations 
that can be solved simultaneously using a time-integration algorithm. However, accurate solutions need a 
fine grid, which implies a high computational load. If one is interested in accurate estimates of certain 
properties of the distribution, other techniques can be used that were developed in order to decrease the 
computational load while still assuring the conservation of at least 2 integral properties of x (e.g. numbers 
and mass). 

0=X&

In this study, two of these techniques, the fixed pivot and the moving pivot, were used to solve the PBM 
using geometric grids (vi+1=s.vi, where vi represents the floc volume and s>1). They were compared for 
three cases: pure aggregation, pure breakage and combined aggregation/breakage. In all cases total numbers 
and mass was conserved for all applied grids. For the pure aggregation case (Figure 1, left), it was found 
that the fixed pivot using a coarse grid overestimated the large particle sizes, since grid refinement 
produced a downward trend of the predictions. The moving pivot produced even lower predictions, but 
refinement resulted in an upward trend. The latter was, however, quantitatively much smaller and, hence, it 
can be concluded that the moving pivot is much closer to the pseudo-analytical solution even for coarse 
grids. For the pure breakage case (Figure 1, right), it was found that all moving pivot predictions and the 
fixed pivot for s=2 collapsed onto the same curve. The latter is due to the special type of breakage (binary 
into equally sized daughters). For other types of breakage, a similar behaviour as for pure aggregation will 
be observed (fixed pivot being worse than moving). Overall, it can be concluded that the moving pivot is 
superior over the fixed pivot since it produces more accurate predictions using coarser grids. The latter 
limits the computational load. 
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Figure 1 - Comparison of fixed pivot and moving pivot for different grids: (left) pure aggregation, (right) pure 

breakage 
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Abstract

Anaerobic Digestion (AD) is a complex series of biological processes that take place in the absence of oxygen
and by which organic matter is decomposed and bioconverted on one hand into biogas (i.e., a mixture of mainly
carbon dioxide and methane, a renewable energy source) and, on the other hand, into microbial biomass and
residual organic matter. AD can be considered as one of the oldest and most efficient waste and wastewater
treatment processes. It has been indeed applied over many decades for the treatment of household waste(water)s
in septic tanks, of slurries in digesters, of sewage sludge in municipal treatment plants and of industrial
wastewaters. It is also probably the major biological process involved in landfill wastes decomposition.

However, modeling of these processes is a tedious task that requires many efforts before obtaining satisfactory
results. In addition, it is very difficult to find in the literature long-term evaluation of a model developed for AD
processes.

This paper is concerned with a 0.947 m3 anaerobic digestion fixed bed reactor used for the treatment of raw
industrial wine processing wastewater. A mass balance model of this process was developed in 1997. This model
was built to be simple but robust and thus only included two microbial populations (i.e., acidogenic and
methanogenic populations) degrading organic matter (expressed as chemical oxygen demand, COD) and
producing volatile fatty acids (VFAs) and CO2 in a first step, CO2 and CH4 in a second step.

The core of the present paper is to discuss the benefits of this five-year-old model from a practical point-of-view
and the following points are highlighted:
• the model was demonstrated to be very robust and efficient over a very broad range of operating conditions

(i.e., COD in the output of the reactor between 0 and more than 10 g/l and total VFAs between 0 and 5 g/l)
and over a large period of time (i.e., five years after being developed and almost two years after a complete
restart of the process – the reactor being then completely emptied and filled with new microbial
populations),

• bad functioning of the overall process (i.e. a stop of a mixing pump at the bottom of the reactor that led to a
working volume decreased by two thirds and a clogging of an important sensor, the pHmeter) could be
discovered by comparison between on-line measurements and simulations of the model.
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Phone: +49 2461 614618, Fax: + 49 2461 613870

email: m.brik.ternbach@fz-juelich.de

An iterative approach for model development using experimental design techniques is presented. The ex-
perimental design methods are used for either model discrimination or parameter estimation. For model
discrimination, the criterion of Box and Hill [1] was extended for the discrimination between multivariate
macrokinetic models using dynamic fed-batch experiments. In the iterative approach, the parameters of
the models are re-estimated after each experiment using all available data. If none of the used models
fit satisfactory to the data, the model structures need to be adjusted, introducing an increasing model
complexity during the modelling process. If several (new) models fit satisfactory to the available data,
a new model discriminating experiment can be designed. When only one satisfactory model is left, the
next experiments can be designed in order to improve the estimation of the parameters of this model.

Here we report the first steps in the application of the experimental design method for the development
of an unstructured macrokinetic model of an L-valine production process using a genetically modified
strain of Corynebacterium glutamicum. A first set of models was made, based on qualitative analysis
of a batch experiment and biological knowledge about the used strain. The models contained kinetic
descriptions of the rates of biomass growth, glucose uptake, uptake of a second substrate and the pro-
duction of L-valine. The second substrate is introduced because of the auxotrophy of the organism for
L-isoleucine and pantothenic acid due to genetic modifications [2]. Several of the models could describe
a simple batch experiment satisfactory.

Based on these results, a model discriminating fed-batch experiment could be designed. The best model
so far did not describe auxotrophic behaviour with respect to the second substrate, in contrast to the
other models. Therefore, experiment was designed with practically no supply of the second substrate so
only this best model would predict any growth. This designed experiment has not been performed (yet).

Parallel to the modelling efforts, a fed-batch exper-
iment was done aiming at producing high product
concentrations and getting more information on the
effect of the auxotrophies. After a first growth phase,
glucose was fed into the reactor so that its concen-
tration was kept at 3-5 g/l. No extra L-isoleucine or
pantothenic acid were added. Surprisingly, the fed-
batch experiment showed a steady ongoing growth
for a long time after cessation of a short exponential
growth phase. None of the first models were able
to describe this behaviour properly. Therefore, the
models had to be adjusted. Several of the new mod-
els fitted satisfactory to the fed-batch experiment,
as illustrated by the figure alongside.
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Figure 1: Fed-Batch Experiment: Measured concentrations

of biomass (CX) as +, glucose (CS1) as o and L-valine (CP )

as *. Fitted model prediction of biomass as a solid line,

glucose as dashed-, and L-valine as a dotted line.

Now, a new model discriminating fed-batch experiment will be planned again.
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Mathematical models in biotechnology focus on the cellular metabolism as this may be exploited for
the production of commercially important products. Metabolic models developed for the interpretation
of pulse experiments can serve as a guide in identifying the main regulatory structures and provide
quantitative information for the directed improvement of production strains.
In these transient experiments the intracellular metabolism of stationary grown cells is stimulated by a
substrate pulse and the response of the key metabolites is measured with a high frequency (∼4-5 Hz).
Due to the short sampling time of 30 - 40 seconds cellular processes, that require more time for action,
like cell growth, cell division and genetic regulation can be neglected.
Models consisting of ordinary differential equations (ODEs) were built for the description of approxi-
mately 20 trajectories resulting from the experiments. Quantitative information about the enzymatic
transformations necessary for the setup of the ODE system was retrieved from internet databases.
The parameter values of the enzyme kinetics were gained by fitting the models to the data.
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Due its complexity the model building process could
be subject to several sources of error, what leads to
partial or total invalidity of the models. E.g. it could
easily happen, that inadequate information is used for
the setup of the ODE system, since different databases
frequently contain contradictory information. That
way several models could be found, that mirror the
experimental data with a similar least square sum but
make opposite prognoses. Another often mentioned
problem concerning ODE models is the employment
of redundant or artificial tuning parameters with in-
tent to improve the results. Moreover inconsistencies
within the data sets are possible due to the tedious
procedure of the cell extraction and metabolite quan-
tification.
So the models validity must be examined carefully, if
the simulation experiments shall substitute laboratory

Fig. 1: Model building and validation process experiments.

Some out of several tools, that were developed to prove the models validity at each step within the model
building process (see Fig. 1, outer circle), will be presented.
A sensitivity analysis was performed with the aim to identify redundant parameters and groups of highly
correlated parameters. Those parameters were eliminated from the models.
Statistical methods were applied to compare the modeling output functions with the experimental ones.
E.g. the bootstrap algorithm was employed to check the model goodness for regression.
Due to the high data density an inductive modeling approach, the time series analysis, could be utilized
to deduce the underlying reaction pathway from the experimental data sets. This modeling approach
is completely independent from the described deductive approach and can be used for data verification,
since the deduced information could be compared with a-priori knowledge of the system.
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Mathematical optimization provides a systematic framework to rationally design and/or operate 
biochemical systems. For many problems of interest one must find the best alternative for several 
(often conflicting) objectives. Thus, the real purpose of multiobjective optimization is to find the set 
of so called Pareto-optimal solutions set (i.e., the set of solutions that constitute the relatively best 
alternatives) which can then be readily used to choose suitable compromises for the optimal design 
and/or operation of the biochemical system. Very little has been done up to now regarding 
multiobjective optimization of biochemical systems. This is not surprising since this class of problems 
can be very challenging to solve, very especially due to the non-linear nature and potential non-
convexity of these problems.  
In this work, we consider the multiobjective optimization of ethanol production by Saccharomyces 
cerevisiae. The goals were to maximize ethanol production and simultaneously minimize several 
internal metabolite concentrations, imposing additional constraints in order to ensure cell viability. 
Starting from a mathematical model of the metabolic pathway available in the form of non-linear 
differential-algebraic equations, our main objective was to compare three recent solution strategies, 
highlighting the advantages and drawbacks of each one.  
In the first strategy, we considered the solution of the non-linear multiobjective problem by means of 
the recent Normal-Boundary Intersection (NBI) method developed by Das and Dennis [1]. A second 
strategy used was the recent approach of Vera et al [3], Multiobjective Indirect Optimization Method 
(MIOM). Finally, in the third strategy, the problem was solved using the Multi-Objective Evolutionary 
Algorithm (MOEA) method of Tan et al [2].  
Somewhat surprisingly, the MOEA method presented a rather poor performance (in terms of 
computational effort) when solving the case study. In contrast, the other two methods presented a good 
efficiency. From a biotechnological point of view, all methods arrived to somewhat similar results. It 
is possible to obtain different metabolic systems with an improved ethanol production while 
simultaneously minimizes intermediate concentrations. Also, multiobjective optimization can be a 
useful tool in the understanding of the factors that influence the metabolic flux. As an example, the 
figure shows the effect of  two variables that were found to be critical in enhancing the ethanol 
production. 
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Figure 1. Effect of ATP and maximum ATPase activity in ethanol production. MIOM solutions ( ). NBI solutions (x) 
References: 

1. Das, I. and Dennis, J.E., Normal-Boundary Intersection: A new method for generating the Pareto 
surface in nonlinear multicriteria optimization problems. SIAM J. Optimization 8 (1998), 631–657.  

2. Tan, K.C., Lee, T.H., Khoo, D. and Khor,E.F., A multi-objective evolutionary algorithm toolbox 
for computer aided multi-objective optimization. IEEE Transactions on Systems, Man and 
Cybernetics: Part B (Cybernetics), 31:4 (2001), 537–556. 

3. Vera, J., De Atauri, P., Cascante, M. and Torres, N.V., Multicriteria Optimization of Biochemical 
Systems by Linear Programming: Application to the Ethanol Production by Saccharomyces 
cerevisiae. Biotechnol. Bioeng. In press (2003). 

53

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)

mailto:osendin@iim.csic.es
mailto:julio@iim.csic.es
mailto:juvera@null.es
mailto:ntorres@ull.es


��� ���������
	��������	������
���������������	��������
	�� � !"��	����
�#���
�$�%�&� ��'(���$�
	��)�$���%�*��	�����+,��-�	��/.0�$��	���1

	�� �����������2�3'�4(���$�����5	���16�%�
��.��

7 8:9;8,9=<?>A@B<DCE>GFIHKJMLN8MOP8Q9=R�S�TQ>GFBUV@�JKWM8,9=X�Y,TQR�Z5X�[G[AR\J
] 8,LK^Q_B@`JMa�8:b�8MWdc�R�@B_�JEeM8:fg8,9=X�Y
ahcjikR

] X�@IHQ<\[A>GR�U\R*lmYQ>AC?R�S�_B>A@BRD>n@%LkRD^QC?RDYkJMOoRD[Ap\>A^,c
qKr`stsvuIwyx\r`z|{�}~z��%�N���v��r�sB���g�������Mr`}~�vr��D}����

�=� �v��r��~}�uh��u���z�}~��uhs�wy}~�vuB}��N�duh����uhz
qKuh��uBwy�v} ��z�uBz�� ��� z*�����`�5�D�K�¡ `����¢£�duh����uhzE�?�KuB�~��}~�|¤
¥ ��r`z|u`�k¦� �����¢I§� ���¨`�D©�����ª ��« �K¦� �����¢I§� ���©�¬�¬`§
uB¤ � }��G��� � �t} � z � � �Mr`}~�vr��D}����\��hwB� �D����uh�|�`uhzd� � ��� ®?u

�¯��uMx � x?uBs � {|{�svuIwvwvuBw\�t��u�x�str`®|�~uB¤%w°}�zD�`r��~��uB{£}~zg�t��u � {�uB±�� � �tu:¤or�{�uB�~��}�z��Nr�²�wvuB{�}�¤%uhz�� � �v}�r`z\³��v��}����`uh�
z�}�z��´x�str��µuIwvwvuBw:}�z¶wyuI�µr�z|{ � st·5wvuµ�v�v��}~z��´� � z|�Dwkr�² � �µ�v}�� � �vuI{%wy���|{���uN¸ � w��tuh¸ � �tuhs:�vstu � �v¤%uhz��kwv·�w��tuh¤ w
}�z¹�t��u�²ns � ¤%uh¸�r`st�/r�²gr`z�uh�º{�}�¤%uhz|wv}�r`z � �¯�hr`z|wvuhst� � �t}~r�z�� � ¸Nwh�3»�u$}~zD�`uIw��t}~� � �tuP}�z�}~�v} � �N®\r`��z?{ � st·
� � ����u=x�str`®���uh¤ w¯²nr�s � �µr�z���uB�µ�v}�r`z��¡{�}~¼\�|wv}�r`zmuB±�� � �t}~r�z�¸½}��t� � x\r`}�z��£wvr`��s��µu � z?{ � {�}�wt�µr�z��t}~zD��r��|w
�µr�zD�`uB�µ�v}�r`z�¾|uh��{V�:»�u�� � ��u¯¾|stwy�M²nr��µ�|wvuB{%r���s � �y�tuhz��v}�r`z%r`z ¤%r�{�uB��wk¸½}��t���µr�z|w�� � z��k{�}~¼\�?wy}�r`z¶�hr�uh²¿�
¾?�h}~uBz�� � z|{�{�uh¤%r`z?w��ts � �vuB{o�t��ugw��tsvr�z��5{�uBx?uBz|{�uhz?�µu�r`²E�v�|u£wvr`�����v}�r`z¶r�z �v�|u�� � ����u�r`²V�v��ug{�}~¼\�?wy}�r`z
�µrDuhÀ �h}~uBz��B�M�¯��u=wyx\uB�h}�¾\� � �t}~r�zPr`² � {�uB±�� � �vu�®?r���z|{ � sv·¶�hr`z|{�}~�v}�r`z?wh��wvr5² � s½z�uh���~uI�Á�tuB{P}~zP�v��ug��}��tuhsv�
� �t��stu`��� � wNwy�|r�¸½z��tr ®?u´r`²,��svu � �½}�¤ox\r`sv� � z|�µu���»�u=uh¤%x�� � wy}�wyug�t��u´{�uBx?uBz|{�uhz?�µu´r`²Q�t��u5{�}~¼\�?wy}�r`z
�µrDuhÀ �h}~uBz��gr�z*�t��u%Â|r�¸Ã¾|uB��{�}�z��t��u wyuI�µr�z|{ � st·$wyuh�y�t�~}�z��m� � z��°�E¸½}��t���v��u%r`x��v}�¤ � ���µ��r�wv��stu�®\uh}�z��
� ²n��z?�Á�v}�r`z;r�²:�v��st®�����uhz�����}�wt�µr�wv}~��·\Ä?¸Ku5� � �`u´wv���`��uBwy�vuI{ � z�uh¸Ã�h�~r�wy��stu=¸½}~�v� � wvx � �v} � ���~·m� � st·�}�z��
{�}~¼\�?wy}�r`z��µrDuµÀ¶�h}~uBz���{�uhx\uhz|{�}�z��%r`zm�t��uguB{�{�·P�D}�wt�µr�wy}~��· r�²Q�v��ugÂ|�|}�{mx�� � wyu��:»�u=� � ��u£x\uhsv²nr`st¤%uB{
� wvuhz|wv}��t}~�D}~��· � z � ��·�wy}�w:r�²°�t��u��µr�zD�`uB�µ�v}�r`z��¡{�}~¼\�?wy}�r`z%¤%r�{�uh��wM¸½}~�v� �t��uNz�uB¸3�h�~r�wy�|svu½¸½}~�v�%�t��uN�|wvuNr�²
�v�|sv®��|�~uBz|�µu=¤%u � wy�|svuB¤ouBz��tw�}~z � ¤%r�{�uh�dwvuB�hr`z|{ � st·¶wyuh�y�v��}�z��%� � z��¶x�str��D}�{�uI{�}�zP�v��u=x � x?uBsN®D·��E·Dz
� z?{�Å½r�{�}Æ�%�¯��u wyuBz|wy}~�v}��D}���·$r`²k�t��u �µr`zD��uB�Á�t}~r�z��¡{�}�¼°�|wv}~r�z;¤%r�{�uh��w�¸½}��t�/svuIwyx\uB�µ���tr��t��u¶{�}~¼\�?wy}�r`z
�µrDuhÀ �h}~uBz��B� � z?{V���v��uBsvuh²nr`stu`���v��ugz�uBuB{Pr�²,}���w¯svuI� � ��}�®�s � �v}�r`z¶¸½}~�v�P�v�|u��?wyu�r�²Q�v��st®�����uhz|�hu�³�Â|r�¸
¾|uB��{
¤%u � wy��stuh¤%uBz���wh� � stu�wy� � �tuB{ � wM�t��u��hsv�?�µ} � �|x\r`}�z��twK}~z¶�v��u£¤or�{�uB�~��}�z��5r`²dwyuh�y�v��}�z��5}�z¶�t��uN²ns � ¤%uh¸�r`st�
r�²Er�z�uµ�¡{�}�¤%uhz|wv}~r�z � �\�µr�z|wyuBsv� � �v}�r`z%� � ¸NwB�M��¤%r`stu�st}��`r`str`�?w � z � �~·�wv}�wkr�²V�v�|u£stuhx�str�{��|�h}~®�}���}���·or�²E�t��u
{�}~¼\�?wy}�r`z*�hr�uhÀ¶�µ}�uhz���stuB±���}�svuIwh�?��r�¸KuB�`uBsB��¤%r`stu´u « �tuhz|wv}��`u´wvuhst}~uIwNr�²Mu « x\uhst}�¤ouBz�� � �,{ � � � r`s£¤5���~�v}~�
{�}�¤%uhz|wv}~r�z � �Ewv}�¤5��� � �t}~r�z|w¯r�²,��·�{�str�{�·Dz � ¤%}��hw�}�z$Ç|Ç��½wh�

Å½uh²nuhstuhz|�huBwB�
�E·DzE��È��M�´� � z|{�Å½r�{�}G�k»Ã�~���Q��st®�����uhz|�hu�¤%u � wy��stuh¤%uBz���w´}�z�¤%r�{�uh�¯wvuµ�y�t�~}�z��;� � z|�\��É?�:ÊN·�{�s � ���Æ�
Ë z|�`z��?�D��Ç|q Ë �d¢`¢B§mÌ�¢I¬`¬���ÍÁ�� ��¡��¢

54

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



��������	
���������	�������	����	�����	
� 	������� 	

 
��	�����	�������	��	�������	�� �!�"	#�!$�� %�&'��	��	���(�	
�!)&�*	

���	#%�	
�)����(�	��&+��(&�"	�&,��	��	
��-�!!�(�	
�!)&�*	���������	��
������� ����������������	��� ��!"����$#%����&��'�
(*) +',�- .0/21�3�- 4�.05 +"6�7�8 9�,�5;:�52<=3�7?>

@;A�B�C D'E�F'G�HJI�K�L M"NPORQ"S�T�U�U�U�V=KXW�YZSX[;M L \�] ^�_
`ba�c�d�e�fXg*h�ikj�l�h�m�npoZnpo"qXr*s'tbfXg*h�ikj�l�h�m�nuo'h�j
v"wkx y z|{X}Jz x	y ~�� ��x"~���v"�%�����Jv'���=��w������ x ��� ��v

�����	���|�b���b���Z���'�X���	�����J�b���	�'�' P¡��X¢�������¡b�	��£�¤��Z¥b�§¦�¨�¨���©� ���¢�ªX�«���¬�¢b�0��®��|�	�b�	���b�X��ª��	���|��¤�¡«¦�¯±°³²p©´¤�������µ�®����
¶b·�¸'¹|¸�º�»?¼b½	¾�¹�¿�¼ÁÀ�Â;Ã�ÄuÅ�¼�ÆX¾|Çk¿�È�É*¸'Ê�Ë�·XÌ�ÆÍ¶*Æ�ÆX¼Á¹0¼�½	È�Æ�·�¸�¹0¼�Î�Ï�Ð%Ñ	Ò?Ò*Ï�Ó�Ô�Õ×Ö�Ø×Ù´Ø?Õ?Ô�Ï|Ó0Ú�Î±ÑXÚ�ÕÁÛ�Ø�Ú?Ö�Ü�Ø?ÏPØ�Ý�Ú�Ø�Ú�Ï|Ó0Ú�Ô�Ñ	Ü
Þ�ß?à�áXâ´ã|ä�å�æ�ç?ä�è�é"é�è�é ê

ë�ë�ìkí�îXï�ðòñ�ó�ô�õ�öbð�ðXô×÷*ì�ð�ø±î�ì�öbñ|î�ùXúbû�übý�þ×ÿ´ý����������
	�����?ÿ���������ý�������ý�������ý������ �����!	Xübý��"#"�$��%����ý�&��������
	'���
(*)�+�,.-�( /.021�('3�(�/54�67( 198�-�4�:<;�('+=;>4�8?,�)�6�@�+=ACB�D�E5F�D�E#G�H*E�H�IKJLJNM�O�H'P7Q�F�R�B�P�Q G�E�B�S7Q�F7B�T�Q*R�U=D7VWH*F�F�R�B�X7Y�Z�H'[�\�]�^_\�`
a*bdc7e.f5b�a*bdg9h�i�h7j5e�h�k�a*b_l=m�h7n*f=e5i�hpoLc�m�f=qre�h�f�m�bshpqut�a'v�k!o�f5b�i�h�w�b�k x�m�e.b�k'y�k'h�f=o�q
e�h�f�k*b�y%o>i�lzx�m�a'h�f�e�f5g{a'h�|9x�m�a�j5e.f5gpq
}�~9���7�!�'��� ���5�*�p�5�!�'���7�*�������'~���� �#���'�����u�d~������ ���r�7}����9���7�����5�s���*�������!�'~����7�*���'���'�=�*����}��z�5�7�%�����>���'�7����}��7�
�.�7�d�*�d��� ��������� ��¡���¢£¢���¤���¥ �_���
���7�C���s��¦'���5���¨§
©Cª¬«��®�¯±°*²�²7³�´5µ °'¶�´5�·¸°*¹�¯�°�«�º»¯�¼ ½p¼ º!µ'¾�¯'®�´�µ °�³�°'·�¿ Àp´5�µ'¾�¯'®�´�µ�° ³!²�¹��µ ¯�«�«�¯�«�º%¶�¾7¯�«�¯Á¹�¯ Â�Ã7´.¹�¯'®�¯'·�¶C«Äµ�°'·ÅÀ7¯
Æ�Ç�È7É�Ê�Ê�Æ.Ë7Ì5Í9Î�ÉÏÇ�Í�Í*Î>Ð�Ñ7Í�Î�ÉÏÎ�Ò�Í{Ì�Ó Ô'ÕÖÉ�×%Ê�Í'ØpÊ�É�Ù�Ê»Ó'Ø�ÐÏÎ�Ò�Í2×dÓ Ô'Î�Î�Ò�Ó'Î=Ú?ÛzÒ7Í'ØÖÓ'Ü7Ó Æ�Ì5Ó*Ë7Ì�Í�Ú£Ç�Í Ó�Ê�Ñ�Ù�Í Ç�Í'Ø�ÎCÊ!Ó*Ù�Í
ÝpÞ�Ý�ß�à5à.á2â�ã�ä�ß å�æ7ç è9ß'ä£è�å�Þ�é*ê�ç*ä=ç%ä�å5ë�ç�Þ>â�æ�à.ápìWÞ�â�ë�ç'ä=å�ë�ç�Þ>í_å.ä�î�ê�ç�à5ß'ä�å�ï7ç à.ðòñ5ó*ô�õ�ö!÷�ö ñ�ó*ðpø�ùúó*û�÷{ó*ô�ö!ü ý�ôdôsþ�ÿ��=ö ÷���ð
�����	��
�
�������������������	�������� "!���#$#$��%�&��'��(*)+�'�,�	 "��-�-����.���0/�12�	���034-��� ��5�0/��	��67/��.�� 7��67&�%���&869�5�0/:�����4/���&869���+/����	;<�67=�35��!����+>�(
?'@�A�BC$D�BCFE�G	?0@�HIE�J�E�?�K�E�L�K�M�D�CF?�BC�N�@�B8O<K�M�P�H�M�E�L�B8Q�GRG�S�M�D�C9B�A�M.TUT�V0W�X9Y,Z\[8D�?�A�E.K�K'[*],G�S�?�T^A.E�@_L�M�P�B8@�M�L�[IQ*T9?0@�H
`$a'b9cFdfe	g�h9i0j�k�i'g*l�mon�p+nFq�k�rtsonvu^sonUnRs�j�w:m�j�m�hFxy:z�s.l�s�j�k.mon�p{s�j�w|z�y2h9m�g�hFmon9m�j�}	i0j�x2q�j�~�j����"j�}	m�h7u|n"�hR�fq�j�k�}fi��8j�n"i0j
�������F�o�F���'�f�0�����^���������^���f�����.�����8���F�o�U�����8���������<�5�����\�����������������	������� �9��¡£¢�¤.¥�¥�¦�§©¨�¦�ªF«�¤�¥¬¤���ªF®�¤�¢�¯{°
±³²'´fµ�¶7·�¸�´	¹0º�µ�²'»*¼½¸¿¾*¸�¶F¸.²�²�µ.²+¸�¾�¾�¶FÀ�¸�Á�Â:Á�¸�·^Ã*µ<Ä*Å9µ�Æ�¼½¹0·2Ç"Â�¹�Á�Â:¸�È$¹'¶�Å7´fÉ	Ê�Ë9Ì0Í�Î.Ï'Ð�Ñ�ÒoÓÕÔ^Ö�×�Ò.ÑØ×�Ò.Ó9Î�Ù9Ï'Ú�Ï0Í�Û^Ü�Ý�Ò¿Ð�ÙFÖ�Î�ÒoÓ�Ó
Þ�ß�à|Þ"á¿áãâ�ä8å4æ�ç�ß*è9Þ�é	ê0ß�ë|ì£äí,é�î�ç¿å^ä�à�ç�ï�ê0ß�ë^ç�í$íFäí�èÕÞ�íFç³â�ä8ß�ß�ç.â�é	ç�à|ê0ß5æ*Þ�íFÞ.ï�ï�ç.ïfð

ñ\ò�ó¿ò8ô�õ�öF÷�ø^ù^ú�ø�ó�û�÷0ü�ý^þ�ÿ�ÿ�öFú�þ���ò�ó�� ò�þ���ó���ó���ó�ö9þ�ûØþ�ø���þ�ü��fþ�ý�ó���	
• 
������������������������� !�"
�#"$��%
&���� '���� !�(�)�"
)� �
+*,�-
���
��.,$� .��%#/�-���0 .1�23�-#(�4
65�#4�0 ����-5!����87
• 9�:�;=</>�?�;,@.ACB�D.EGF!H%IJB&K�H�L!M,MON'P�Q�E�L6H�R.Q'K0R�B�S�I"R�T.B�D.E�R�S�NVU!E�I�P�AWS�R�X�R.P�YGR�F!H%I4H�N�E�B)E%I(Z(T!H�I4EGI4E�Q�S.[�E�Q!\
• ]�^%_4^�`�a�b)a%_,a�c"b&d0`�^�b)d�e�fg_4a�h�i�d0_4a�c�j�a�ckc�a�l�]!a%_4d0`�a�f�b)^�j�m�^%b&^�^%f.mnj�a�^�m�c�b)eo^�fnep]�b&d0`�d�q�^�b)d�e�fg]�_4epr�j�a�`tsGu�d�v�uw�x�y!x4y�z�{�{-|~}�z�x(w�}%���)��x/��{0�.}��
�3�'���.�)���!�%���%�/�����.�V�(�%�4�����+���.�����%�4���������6�������/���'�%�����4�.�����.�����%�4���%���!�������¡ )�����/�����+�����/�V�4 �¢.�p£!¤¥�p¦ §!¦�¨!�% )���ª©�«=¬
%®�¯0°��±~²�³�±�±ª²�´.±0µ�´�¶4³�·(¸'¹3ºp¶¼»�½�¯�²�½¾º�®�±-¿À¶4%¶/³Á�®.Â¾�·"¿�®!²%½�¶4º�®.º�´!·¼°�³��·4´�¶4³�°�³�®�µ3·Ãº.¹nÄ¹3³�»Å°��²%¶4º�·/²�ºpÆ!¯�²
Ç"È�É�Ê�Ë�É�ÇÍÌ�Î4É,Ì�Ï�Ì�Ë�Ð�Ì%Ñ�Ð�ÉpÒÓ�Ô�Õ�Õ�Ô�Ö,×0Ø.Ù¡Ú�Û�Ü=Ý/Ü%Þ/×�ß�Õ6ß%à�à�Þ4Ô.ß�á%Û�â.Ú)Ö,Ô¡ã�Ô�ä.Ü�Õ+Ý4Ú�Þ"å.á�Ú�å�Þ4Ü�ÝÍß%Þ/Ü,ä�Ü�æ.Ü�Õ�Ôpà�Ü�ä.â!×0Ø'ÖGÛ�×�á�Û�çÍè�ÓCÝÍß%é/ê�ë!ì/ê�í¡î)ï�í.ê�ì(ð%é4ñ-ò!ê
ó�ô-õ�ö�ó%÷Võ�ö.óø÷4ó�ù�ú�õ)ô�û�üþý.ô0ü�ó%õ&ô�ú�ÿ'ûp÷=õ�ö�óoú�û�������ó%õ)óø÷4ó�ù�ú%õ&ô�û�ü¼÷/ù%õ)ó�ÿ��	�JüÃõ�ö.ó�
3ûp÷���ó%÷�ú�ù�ÿ/ó����ù�ú%÷4û�ÿ/ú�û���ô�úª÷/ó�ù�ú�õ)ô�û�ü
�������������������! #"��$��%�&'��()��*�+�,-�.��%�*/"�0$1�2)3/465�7�463�8�9�26:<;=5�3/9�><><465�4'9�?/2#1�@�:�9A9�1$2B4C8�@�2)9�DE4C?�D�9�F�9�?�D�9�?/2)GH;=3�>I2'7�9KJ�4C?�9�2)4'5�1ML
N�O�PQNKR�SUTWV�X/P�Y�Z\[)]�P/Y�^�[C_�Y�PE`#X�^ba'c�d�e$f�d�g�h'i#h'gkj�d�l�g�aBh6m�n�j�l�a)d�e�o/p<nEa'c�dAq'l�a'a)d�j�g�l�e�d�r�f-e.d�s�t/m/u$v$w)x�y6z�{�y6x�|�}�w6~<�=�����
���C�����B�6���������K�C�����������)�/�/���'�����b�C�E�K���6�������-�����W�����)�K���$�-�

���/�'�6���K C¡�¢¤£'¥�¦¨§�©�ª�©��6�'¦��!©�§/§�ª��/©�«�¥�¬©¯®< Hª.°$£B±)²�³�´Cµ�¶�´H²�·'¸�¹»ºE¼/½/¸�·A´)¹¿¾<´H³.¹$À�½�¸�Á�¸�·6¼�²Â¸�½ÄÃ�µ�½ÅÀ'Æ�¸Ç¶�Ã�²�Ã�ÈÂ´6·6´CÀ6ÉÊ¼�¾EÃ
Ë�Ì�Í�Ì�Î'Î6Ï�Î-Ð�Ñ�Ò¿Ó)Ô�Õ�Ô/Ö�Ë�Ï�×ÂØ�Ì�ÓBÏkÙ'Ú�ÛÜ/Ý�Û�Þ/ß6à�Ù)ß6á�âQÛ�Ý<Ý�á�Ýbá�ãIÙ'Ú�ß'äbå�á/Þ/Û�æ�ß'ä�ßCâ/ç�Û�ä�Ù)ß6è/é�Ù)Û�ÞÂê

	

	ë#ì¿í'î�ïEð�ñ�ò�ó�ô.ï�ñ�õ�í'î�ö)ôAô$í'ò�÷�ø
ù
ô$ú�ï�ð�ö6û�üýû�í6íBï�ì�íBö6ñ�ìWö)ôþúÂû�ö6÷»í)ñ»í'î�ïQô�ï�ÿ�ï�ó�û�ü�������ñ/÷/ï�üýö6÷�ï�ì�íBö'õ<ö6ð�û�í)ö6ñ�ì¨ô�í)ï�ú-ô

ù
ö
�
ï
� ù���
	��������	����������������� �
!��#"%$��	&�(')�(� ��	*�+���,��')���,�
!��.-�/10�
�(02� �3������!�'4$!�����.����� !5���#�&��$��	�67� �8���9�(�7�2�&��$��	�6���8:�;

<�=,>�?#<A@B=�C7>ED
F(=
=,>�GIH>�J�K7LMJ�KN=�O�G�K*P�>�Q�R�S4?R7<8>�PMJ�K�= RMD�J�K7>�F(G%F�K7PNK7R�K7D�J�K7>�F�G%RT?�= J�S)J
U+F�=,J
R�KN?�G&RTHD
>(SV<�WXF(K7PNS)R�P�>�D
Y7Z�[
\
]7Z�^,\
_�`Bacb�`d^�e\�fhg�_�`�`i�g�^ \
_�`jkf�i(Y7i�l�Z�[mg�_�`7g�i�n�^ofhZ(l&ipi(q4n7eZ�f8\�r+i�]7js\�`7g�[�t7]7\�`7udq)Z(v7\
q4t7q)w�x�y�z7{�x
y�|7}�}�~
���&� ���)�(� �T�8�8�#�(�7�4�������8���7���������
���������������)���&�7���������&�)���(��� �)�(�7�7�
�)�
�7�(���,�� o����¡��¢
���
£)¤�¥��T¡¢
�(¦V§�¨
©Xª�«�ª�¬&ª(7®�ª�¯(°

±�²´³�µ&¶�·�¸N¹4º »½¼(¾7¿VÀ�Á�µ�Â Ã4Ä�º ¹4º »B¹�Å#Æ�Ç4ÈÉ�Á�ÊmÁ�Æ
·�¸�ÂÌËÍÁ�Î�¼�Ï*ÐI¼(¾NÑ�Ç4È�µ&¶�ÒÁ4Ó�Á(¾7Á�µ&¼�É
Æ
Ã�¼�Â,Æ
¶�¾»½Ño¾ÕÔ#¹�¿�Ò7¼(¾Î�Á+Ö
×�ØkÙ�Ú(Û�Ü�Ý�Þ�ß�ØàoáTÜ&â)Ý�ã,×
á�Økä½Ü&á7å�Ú�æAæ8×�Ø7ç9è�é#æ&ã,Ú(âVæëê9ì,íïîæ�ðIñòá�á�îTémó�ô íIô õIö�Ý(Ø#æ�á�Ø.è½ô ó�ôXÝ(Ø7îk÷ï×�ø7â)Ý(Ø�Ø�ù&õ
úòûTü&ý�þ(ÿ��Íþ��������)þ(ÿ�ÿ�	
�������������ü����
�#þ(ÿ��������! #"%$'&("*),+-+#.#"�+#.�/-021#3�4�5

6
798;:�<�=�>#?-@#<�?�:BA�C DECGF�H#IKJLH#@#F,MBNOC P�C QSRTPVU-W#M�<�IYXGZ�[�M�F]\�XGZ,^�_L?`Mba�c�dfehg�ibjlk
g�enm#o!ehp�q�rsiutVp-p-g�v-w!o�xyj�v
z
{�|-}!~]���'��|-�-~!���n�#�#�#�L���'�����

� �����S�,�,�-�`�#���*�����-�#�����f�-�]�

55

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



Dynamical Metabolic Modelling of Biological Processes

A. Provost and G.Bastin

Cesame, Universit Catholique de Louvain
av. Georges Lematre 4, 1348 Louvain-la-Neuve, Belgium

Phone:+32 10 478032 Fax: +32 10 47 21 80
email: provost@auto.ucl.ac.be

Abstract

We are concerned in this paper with the identification of mathematical models of biological processes in
the very common situation where measurements of extracellular species in the culture medium are the
only available data besides measurements of the biomass itself. The aim of this paper is to investigate
this question under a metabolic viewpoint. Therefore, as a starting point for our analysis, we assume
that a metabolic network connecting the measured species is available. As a matter of illustration to
our discussion we consider the example of CHO cells cultivated in batch mode in stirred flasks. The
measured extracellular species are the two main substrates (glucose and glutamine) and the three most
significantly released metabolites (lactate, NH4, alanine).

The issue of bioprocess modelling from extracellular measurements has been considered for a long time in
the literature. In classical macroscopic models the cells are just viewed as a catalyst for the conversion
of substrates into products which is represented by a set of chemical ”macro-reactions” that directly
connect extracellular substrates and products without paying much attention to the intracellular be-
haviour. Dynamical mass balance models are then established on the basis of these macro-reactions by
identifying appropriate kinetic models from the experimental data. During the last decade, a new trend
in mathematical modelling has emerged by focusing on the so-called ”Metabolic Flux Analysis”, where
intracellular fluxes are computed from the measured extracellular fluxes by using the stoichiometry of
a metabolic network supposed to govern the system. Metabolic Flux Analysis is however essentially a
steady-state analysis.

In this paper, our purpose is to throw a bridge between macroscopic dynamical modelling and metabolic

flux analysis.

A ”full modelling” approach could be considered. This means that we could try to find a global dy-
namical model which describes the full metabolic network, involving a separate state variable for each
intracellular species and a separate kinetic model for each intracellular reaction. Such an approach,
although conceivable, is in some sense ”ill-posed” because the intracellular kinetics are in general not
structurally identifiable without intracellular measurements. We shall rather follow a ”reduced mod-
elling” approach where the model is based on a set of macro-reactions which are compatible with the
underlying metabolic network and supported by a preliminary metabolic flux analysis.

The model development proceeds in three steps. First we perform a metabolic flux analysis in order
to check the consistency of the assumed metabolic network with the experimental data. In a second
step, we compute the elementary flux modes of the metabolic network which are readily translated into
a set of elementary macro-reactions connecting the extracellular substrates and products. Finally, in a
third step, a classical dynamical model is established on the basis of the macro-reactions. An interesting
consequence of this modelling approach is to allow the prediction of the time evolution of end-products
which are not measured. The procedure will be presented through the case study of CHO-320 cells
cultivated in serum free medium.

56

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)
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Polycyclic aromatic hydrocarbons (PAH)  are toxic, carcinogenic and mutagenic organic pollutants. They are
produced by partly combustion of organic matters such as fuel or wood. With the rain they are introduced into
rivers, lakes and sewage water. Due to their hydrophobic nature they are hardly soluble in water. They adsorb at
hydrophobic compounds in the environment, such as dust particles, soil particles or organisms. PAH diffuse
passively into micro-organisms. Most of the micro-organisms cannot degrade PAH. After diffusing into the cell
membrane the PAH are immobilised there. This means on the one hand that an uptake of PAH by higher
organisms is prevented. On the other hand they are not available any more for further degradation. Thus the
residence time in the environment increases. Several works exist which are dealing with the sorption and
decomposition of PAH but they are mainly investigating on macroscopic scale, such as balance models [1], [2].
Processes on microscopic, atomic scale are not taken into account. With molecular dynamic simulations it is
possible to get an access to sorption and diffusion processes on atomic scale. Thus prediction of the effects
caused by accumulation of PAH on the physical and physiological properties of the lipid membrane is possible.
A molecular dynamic simulations is presented to characterise the behaviour of polycyclic aromatic hydrocarbons
in phospholipid bilayers. As model substance of PAH the flat molecule pyrene was chosen. The molecule
consists of four condensed benzene molecules. A fully solvated oleoyl-palmitoyl-sn-glycero-phosphocholine
(POPC) bilayer serves as model membrane [3]. The diffusional motion of pyrene into and inside lipid
membranes was simulated over a span of 10ns. The simulation was carried out with Gromacs 3.0 [4] package on
two dual processor PC.
Despite the starting position of the pyrene molecules after a few nanoseconds  all molecules had moved to z-
position in the membrane which is located about 1.0 to 1.2nm away from the phosphorous atom of the head
groups. No further movement in z-direction is detected afterward. From trajectories file it can be seen that the
movement in x- and y- direction is not affected. This indicates the existence of a transport barrier through the
lipid membrane.
The rotation of the flat molecule pyrene round the molecule’s long axis and the orientation toward the z-axis of
the membrane were calculated. The pyrene molecules inside the membrane can rotate freely around its long
axis but show a strict orientation towards the z-axis. It does not exclude a temporary rotation or bending to
one or the other side but this movement seems to be restricted.
The thickness of membrane is contemplated as thickness between the oxygen atoms of the glycerol group
(arbitrary choice). The distance is the average distance between all the oxygen atoms of one half of the
membrane and the other half of the membrane. By comparison of the distance calculated from the
simulation with pyrene and a simulation without pyrene no membrane swelling can be detected.

[1] Moretti, C. J.; Neufeld, R. D.: PAH Partitioning Mechanisms with Activated Sludge, Water Research, 1989,
23, 93-203
[2] Stringfellow, W. T.; Alvarez-Cohen, L.; Evaluating the Relationship between the Sorption of PAHs to
Bacterial Biomass and Biodegradation; Water Research, 1999, 33, 2535-2544
[3] Tieleman, D. P.; Berendsen, H. J. C.: Molecular dynamics simulations of a fully hydrated
dipalmitoylphosphatidylcholine bilayer with different macroscopic boundary conditions and parameters, Journal
of Chemical Physics, 1996, 105, 11, 4871-4880
[4] Lindahl, E.; Hess, B.; van der Spoel, D.: Gromacs 3.0: A package for molecular simulation and trajectory
analysis, J. Mol Model, 2001, 7, 306-317
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Components of microsystems can often be described by partial differential equations (PDE). The semi-
discretization of these PDEs usually leads to large systems of ordinary differential equations (ODE) of
the form

Mẍ+Dẋ+Kx = Bu (1)
xa = BT

ax (2)

with x(t) ∈ R
N , M ,D,K ∈ R

N×N , B ∈ R
N×m, u(t) ∈ R

m, Ba ∈ R
N×p. N can be large

(103 . . . 105 . . .). Often, M , D, and K are symmetric and positive semidefinite.
The interpretation of the matrices depends on the application. For mechanical systems, M , D, and K
are the mass, damping and stiffness matrices. B is the (generalized) incidence matrix of points with
applied forces, thermal input, currents etc., u. x is the vector of displacements, temperatures, voltages,
currents etc. Ba is the (generalized) incidence matrix of active nodes or observation points xa. Often,
especially for components in system simulation, the terminals are at the same time the observation
points, B = Ba.
Due to constraints on computational time and memory when using these models of components in system
simulation, the large systems (1,2) are approximated by systems of considerably lower dimension,

M̃ ¨̃x+ D̃ ˙̃x+ K̃x̃ = B̃u (3)

xa = B̃
T

a x̃ (4)

with M̃ , D̃, K̃ ∈ Rn×n, B̃ ∈ Rn×m, B̃a ∈ Rn×p, x̃ ∈ Rn and n � N , usually n = 10 . . . 100. This is
called order reduction.
During the 1990s projection methods became a popular and powerful tool for order reduction. Here a
first order system (M = 0 in (1)) is projected into Krylov subspaces of RN by a Lanczos or Arnoldi
algorithm [1]. To use these methods for second order systems (1), they have to be transformed into a
first order system which means doubling of the system dimension and loss of symmetry and definiteness
properties. In 1999 the ENOR algorithm was developed for RLC circuits which is well adapted for second
order systems [2].
The algorithm presented in this article is based on ENOR but has some improvements. After Laplace
transformation into frequency domain the system can be expanded about the Laplace variable s0 =
0 which ensures an exact solution for the static case. Furthermore, the system can be expanded at
several points in the frequency domain simultaneously, so the original system is well approximated in
the frequency domain and in the time domain.
Examples from several domains demonstrate the power of our algorithm. For instance, an acceleration
sensor could be reduced from N = 18102 to n = 6 with very good accuracy.

References

[1] Freund, Roland W.: Passive reduced-order modeling via Krylov-subspace methods. Bell Laboratories,
report 00-3-02, 2000

[2] Sheehan, Bernard N.: ENOR: Model Order Reduction of RLC Circuits Using Nodal Equations for
Efficient Factorization. In: Proceedings of the 36th ACM/IEEE conference on Design automation,
1999

61

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



Positive Real Reduction : an LMI-based Algorithm

N. Guijarro and G. Dauphin-Tanguy, L.A.I.L., France
Corresponding Author: N. Guijarro

L.A.I.L. Ecole Centrale de Lille
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This paper is based on some simple remarks concerning the Hankel norm approximation. A remarquable
property of this approximating technique is that it gives bounds on the error. Considering the classical
state-space formulation of a linear system Σ, we have :

∑ {
ẋ(t) = Ax(t) + Bu(t), x(t0) = x0

y(t) = Cx(t) + Du(t) , (1)

where x ∈ X ⊂ Rn is the state, x0 ∈ X is the initial state, u ∈ U ⊂ Rm is the input and y ∈ Y ⊂ Rm is
the output.
The gamians of Σ are defined as the solutions of the following Lyapunov equations

{
AGB + GBAT + BBT = 0
AT GC + GCA + CT C = 0 , (2)

where GB is the observability gramian and GC is the controllability gramian.
The singular values of Σ are defined as the square-root of the eigenvalues of GBGC .
If ε denotes the Hankel norm error, from [1] we have :

σk+1 ≤ ε ≤
n∑

i=k+1

σi (3)

where σj is the jth ordered singular value of Σ.
It is clear from (3) that the error is optimal only if k = n− 1. On the other hand we can try to improve
the error for k < n − 1. In [2,3], Anders Helmersson suggests a convex optimisation formulation of
this problem by means of LMIs (Linear Matrix Inequalities) [4]. By doing this he obtains an efficient
algorithm to approach the optimal Hankel norm approximation error. It must be kept in mind that such
a technique cannot be applied to high order systems. It works well only with systems with a state with
a few tens of components. Although the error diminution is marginal, a few percents (in the exemples
of [2,3] it varies from 2, 6% to 7, 5%), it could be of great relevance in cost terms.
Here our goal is to derive new algorithms, based on the ideas of [2,3], which objective is of a different
nature. The Hankel norm approximation is useless in our approach. Given a pair of passive reduced-order
models (of different orders) we want to reduce the distance between them measured by means of the H∞
norm of their transfert function difference. This optimisation has to be done with passivity preservation.
This could be important because of practical implementation considerations or to keep coherent the
energy behaviour of the reduced-order model in its environment with respect to the original model.
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The simulation, analysis and controller design of nonlinear control systems are complicated. These tasks can be
simplified by reducing the order of the original system and approximate it by a lower order model. In this paper
a new approach to the model order reduction of nonlinear systems is presented. This approach does not need
simulation of the original system and therefore it is suitable for large systems.
By separating linear and nonlinear parts of the original nonlinear model, the idea is considering the nonlinearity
of the system as additional inputs. So, without loss of generality, a nonlinear system of the following form is
considered,

ẋ = Ax +
[

B F
]

︸ ︷︷ ︸
B∗

[
u

g(x,u)

]
︸ ︷︷ ︸

u∗

. (1)

The vector g(x,u) exclusively comprises the nonlinear parts of the system that is, every such term appears only
once and is free from any possible constant factors. Now, we consider u∗ as a new input of the system. This
linear system can be reduced using a known linear order reduction method like the one described in [1] and the
matrices Ar and B∗

r are computed. An approximation of the original states is constructed as a linear combination
of the states and inputs of the reduced order system which is used to reconstruct the original states and the vector
of nonlinearities which requires the full state vector. The reduced order model is then

ẋr(t) = Arxr(t) + Bru(t) + Frg(W
[

xr(t)
u(t)

]
,u). (2)

For comparison to some known methods in order reduction of nonlinear systems, three other methods are dis-
cussed briefly:

1. Proper orthogonal decomposition which uses some simulation results of the original system and put them
at some sampling points in a matrix called snapshot matrix. By performing a singular value decomposition
(SVD) of the snapshot matrix and finding a projection using an approximation of the original states from
reduced states, the reduced model is found.

2. Optimizing the system matrices [2] in which some simulations of the original system is performed and the
results at some sampling points are combined into snapshot matrices. By minimizing some errors, a reduced
order model of the type (2) can be calculated by an explicit formula.

3. Using projection from linearized model which finds a projection matrices from analyzing a linear model,
typically a linearization of original nonlinear model at some operating points and then applies the projection
to the original nonlinear model.

At the end, a hydro pneumatic vehicle suspension is considered [2]. The original system has 10 states, 2 inputs
and 5 nonlinearities (F ∈ R

10×5). All of the four methods were tried to be applied to this system. Because of
using limiter and sign function in the system, linearization is not possible and linearized model can only be found
by neglecting some important parts. Therefore, other three methods were successfully applied to the system. The
system is reduced to order 6 and the results are compared and discussed.
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Abstract: In many applications very fast models of as low order as possible are required. In the last time
powerful methods have been known which are used for the order reduction of high dimensional models. Basing
on the knowledge of the matrices ( , , , )A B C DΣ = of the high dimensional model these methods determine a
suitable subspace and project transient processes of the system into this subspace. On the powerful methods the
subspace is determined using balanced truncation or as a Krylow-subspace, respectively.
If the matrices  ( , , , )A B C DΣ =  are not available these methods cannot be used.
This is the case if a simulation model is available, but it is not possible to extract the matrices of the system. If
the simulation model is large, the simulation slow  and one needs much simulation runs, one looks for a
simplified fast model of as low order as possible.
In the paper a two step approach for the generation of linear models using impulse response values which are
computed by simulation will be described. In the first step a model of a "middle" order is determined using a
realization based method. In the second step the order of this model will be reduced using known model order
reduction methods. The objective of the paper is  to show, that this kind of modeling realized by a combination
of well known methods works reliable and leads to accurate models of very low order.
The determination of a model from given  step or impulse responses is like an identification task. But the use of
classic identification approaches like PEM or IVM is unfavorable. These identification methods are developed
for the determination of models from experimental data, i.e. disturbed measurements. They are specialized for
the handling of disturbances in the process output which occur in all real measurements. But if there is a high
number of inputs and outputs or a high systems order their numerical properties are very poor. In the case of
nearly undisturbed data like simulation results these methods are without advantage.
Recently developed  subspace methods have better numerical properties. Optimization steps are not needed. The
multi-input multi-output case can be handled in the same way as the single-input single-output one. Initial values
are not needed. An important advantage in practice is the simple determination of the model structure by only
one parameter, the model order. If it is possible to determine the step-response or impulse response directly,
simplified (basic-) versions of these methods can be  used. These are much more robust and their application can
be extended to large systems. We propose the usage of an approach, close related to the realization framework.
From the Hankel matrix, assembled by impulse response values, a partial realization will be determined, using
the singular value decomposition. This approach yields models which are very accurate in the starting sector of
the impulse response. But the static behavior is not so good. To obtain models with small static errors often the
partial realization has to be of relative high ("middle") order. In such cases it will be suggested to reduce the
order of the analytic "middle" order model in a second step with known standard methods like modal or balanced
truncation, with or without singular perturbation, respectively.
The application of the two step approach is demonstrated by three examples. The first example "gasf" from the
MATLAB Control System Toolbox demonstrates the capability of the first step, to handle magnitudes of great
differences (static factors from 10-5 to 10+5) between amplifications of different input-output branches. In the
second example the temperature distribution of an analog amplifier-IC will be considered. The original FEM
model consists of  27.956 nodes. The temperature distribution caused by the heat power of the output stages is
computed in 102 locations. By the first step one gets a good model of order 21, by the second step the order can
be reduced to 15. The third example is an  micro system  acceleration sensor. The original FEM model is of
order 16095. The first step yields a model of order 8. The model order can be reduced to a second order system.
In the time domain no differences between the original and these two models are visible. The Bode plot shows
differences at very high frequencies.
The conclusion of the paper is: the combination of well known approaches to

• calculate a partial realization via factorization of the Hankel matrix using svd and
• model order reduction by modal or balanced truncation

yields a powerful and fast tool to generate time discrete state space models from given impulse response values.
The two-step approach yields in most applications significantly better results than the modeling of the low order
already in the first step. The method works well on large systems too. The models are accurate and of very low
order.
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When sophisticated system theories are correctly and successfully applied to control complex systems behavior, the 
resulting performance can be very impressive.  This paper presents such a case study in designing and synthesizing 
an embedded microcontroller that implements a sophisticated estimation and control algorithm for a self-leveling 
and stabilized platform, which is shown in Figure 1.  The control objective is to self-level the top platform and 
stabilize its motion, in spite of disturbance caused by motion of the base platform.    
 
This paper describes a “near-zero hand-coding” (NZHC) hardware and software development environment and 
process for programming an embedded microcontroller. The NZHC process begins with math modeling of the 
systems to be controlled. Matlab./Simulink simulation 
and VRML (virtual reality modeling language) 
visualization of the system performance not only provide 
approximate numerical results, but more importantly 
reveal insights to the overall scheme.  State-of-the-art 
auto-coding software tools, such as MakeApp and 
TargetLink, allow a user to use graphical user interface 
(GUI) and generate C-source codes from selected 
functions and Simulink simulation block diagrams. 
Hitachi WorkBench software is then used to combine the 
C-source codes into a main program.  

DC Motor 

DC Motor 

Base Platform 
motion causes 
disturbance to 
Top Platform 

Top Platform 
to be self-
leveled and 
stabilized 

 
The environment was used to develop a Hitachi SH2 
Evaluation Board microcontroller that implements a 
Kalman estimator and PID controller for self-leveling and 
stabilizing a platform. The microcontroller was also used 
to communicate with a Simulink on PC for monitoring 
performance of the controlled system. The turn around 
time for code compilation, download and test is 
approximately 30 seconds, which is very useful for 
calibration and gaining practical insights on the system 
being control. 
 
Figure 1 also shows the hardware/software development 
setup for self-leveling stabilized platform experiment, 
using an embedded Hitachi SH2 Microcontroller to 
implement the designed filters and controllers. The SH2 is 
a powerful 40MHz floating point processor with a large 
array of I/Os, including A/D, D/A, DI/O, PWM, counter 
and clock modules, and an extensive set of instructions.  A 
Kalman filtering technique is used to fuse complementary 
information from MEMS (Micro-Electro-Mechanical-
System) tilt sensors (accelerometers) and angular rate 
sensors. Proportional-Integral-Derivative (PID) controllers 
are applied to drive the actuators (dc motors) and balance 
the platform.  Figure 1. Hardware/Software Development Setup for 

Self-Leveling Stabilized Platform System Experiment 
with Embedded SH2 Microcontroller  
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Vehicle development is a costly and time consuming process: it begins with a comprehensive analysis of the 

vehicle to determine the desired characteristics of its systems, it proceeds with the detailed design of systems, 
subsystems, and components, and it concludes with the building and testing of prototypes.  The latter may 
include engine, drivetrain, or vehicle subsystems and components, as well as the complete vehicle.  In the case 
of hybrid powertrain vehicles, this process becomes even more cumbersome and time consuming due to the 
complexity of the systems and the increased number of subsystems and components.  Development time and 
cost can be significantly reduced through the use of modeling and simulation.  Modeling by means of time-based 
simulations allows the testing of virtual vehicles for a variety of conditions, and designing of subsystems and 
components at the early stages of development.  In addition, a model-based simulation assists in quantifying 
parameters associated with subjective driver feel and overall drivability that are difficult to measure and yet very 
important for customer acceptance.  However, the effectiveness of modeling and simulation is heavily dependent 
on the availability of comprehensive vehicle system, subsystem, and component models of appropriate fidelity.  
A simple yet accurate dynamic model (proper complexity model) of the integrated vehicle can generate vehicle 
responses in a short time while including only the important physical phenomena based on the variables of 
interest.  These proper complexity models can then be used for efficient simulation-based design optimizations.  
This work presents the development and reduction of a bond graph-based integrated hybrid vehicle model to the 
proper level of complexity.  This model will be later used for optimizing fuel economy while maintaining critical 
performance characteristics.  Therefore, a model that accurately predicts performance and fuel economy 
variables is necessary.  The vehicle is composed of the engine, drivetrain, and vehicle dynamics systems.  In 
addition to the conventional powertrain, a hybrid propulsion system is included, consisting of a hydraulic 
propulsion and energy storage subsystems.  Model reduction methodologies (energy-based modeling metrics) 
are employed to identify the critical system parameters and reduce the model size, while providing more insight 
into the system.  They also generate more computationally efficient models.  In addition, the vehicle dynamics 
system is reformulated into explicit equations to further improve the efficiency of numerical integration.  A 
military truck that belongs to the Family of Medium Tactical Vehicles (FMTV) is selected for the 
implementation of the modeling and reduction procedure.  A realistic speed cycle and a road profile 
representative of the FMTV mission are used for the evaluation of the energy-based modeling metric.  The 
reduced model of the hybrid FMTV truck is obtained in a short time using this systematic modeling procedure.  
The reduced model accurately predicts all variables of interest (e.g., fuel consumption in Figure 1) and requires 
2.5 times less time to calculate the vehicle response.  Simulation-based design optimization can then be 
performed to obtain an optimal design by means of the computationally efficient truck model.  The design 
optimization procedure is beyond the scope of this paper and is presented in Filipi et al. [1]. 
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Figure 1: Fuel consumption accuracy (full vs. reduced model) 
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H. Peng, P.Y. Papalambros, J.L. Stein, W. Budd, D. Szkubiel, and R. Chapp, 2003.  Combined Optimization 
of Design and Power Management of a Hydraulic Hybrid Propulsion System for the 6x6 Medium Truck.  
To appear in the International Journal of Heavy Vehicle Systems: Special Issue on Advanced Vehicle 
Design and Simulation.  Published by Inderscience Enterprises Ltd., St. Helier, United Kingdom. 
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Available statistics on motor vehicle traffic crashes in the United States shows alarming fatality and huge associated 
costs. For example, in 2000, there were 42,000 fatalities from 6.394 million police-reported motor vehicle crashes; 
3.2 million people injured, and 4.3 million crashes with property damage only; approximately $200 billion of 
economic cost resulting from motor vehicle crashes.  Automobile active safety systems, including collision warning, 
avoidance and impact reduction systems, are being researched extensively by automobile manufacturers and their 
first-tier suppliers.  The premise of the effort is that the needed systems can be developed with today’s technologies, 
to help save lives, minimize crash impact and injuries, and/or prevent accidents from occurring.  
 
One of the active safety schemes being investigated is the use of short-range radars (range up to 20 meters) to warn 
drivers of potential collision situation that may arise unexpectedly. Figure 1 shows an experimental hardware setup 
where four short-range radars are mounted on the bumper of an SUV. The objective is to fuse the information from 
these radars and track objects in the traffic in the view of the radars.  The major concerns in such a scheme are to 
correctly track bona fide objects and accurately predict their motion, while precluding false alarms.  Figure 2 shows 
a configuration of the off-line and real-time online software development techniques that the authors are employing 
to evaluate algorithms for monitoring traffic from the radar setup. 
 
This paper describes the hardware and software techniques to conduct experiments with the short-range data. 
Algorithms for processing noisy and misleading radar information will be shown.  The software entails appropriate 
use of fuzzy logic, fuzzy clustering, neural networks and Kalman filtering.  Results from the study will be shown.  
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Figure 1.  Experimental setup of Short Range Radars on a Ford Lincoln Navigator

 

Figure 2.  Configuration of Fuzzy Cluster Tracker 
Scheme for Short Range Radars 
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The introduction of Simulation techniques in the early design and development process for the purpose of function 

verification and performance evaluation has caused tremendous improvement in cost reduction and time-to-market 
for the automotive industry.  

Full-vehicle driving simulations are one of these kind of applications. Vehicle simulators often remain inaccessible 
for customization or alternate applications with external workstations. For example, numerous vehicle simulation 
packages are commercially available (e.g. Adams, DADS, Truck-SIM, STI). All of these packages allow for 
configuring the parameters of the mathematical structure of the vehicle model, and not for alternating the model 
itself. 

Oakland University has developed a driving simulation environment for which the mathematical architecture is 
completely accessible and re-configurable using external workstations. This allows the vehicle model to be modified 
and adjusted to virtually any human-in-the-loop driving simulation application. Additionally, the interfacing with the 
architecture has been developed in Matlab/Simulink, and therefore provides for an easy-to-use design environment. 
The work stations are connected in a fast local area network, generally available in academic and industry 
environments.  

The key this new architecture is the use of a re-directional vector table, which is used to index the values of the state 
vector. The mathematical formulation of any dynamic model can be represented by a state space formulation. The 
transition matrix defined the derivation of each of the states from the other states. By alternating the vector table, one 
of the state values can be redefined in another model. In other words, one of the rows of the transition matrix can be 
replaced without loss of generality for the overall system model. When this method is applied to a particular set of 
state values, then the sub-model of the vehicle which is represented by these states can be replaced with another 
model, for example a passive suspension system can be replaced with an active suspension system. 

The implementation of this vector table architecture through a communication network redefines how the model is 
solved for each integration step during the simulation. For real-time simulation, we are limited in the use of 
integration methods that we can use. Unfortunately the vector table architecture inherently forces the solver to 
execute forward Euler integration, which is less accurate and less stable than more sophisticated methods. 

This paper describes the mathematical and algorithmic architecture of the driving simulation environment and the 
implications for executing the simulation with the human-in-the-loop. We will also discuss options for improving 
performance and accuracy by adjusting integration methods. 

References 
[1] Vehicle Dynamics and Analysis Software. a comprehensive 6 degree of freedom vehicle simulation program for 

the PC. 
[2] J. B. Klaassens, G. Honderd, A. ElAzzouzi, Ka C. Cheok, and G. E. Smid. 3d modeling visualization for 

studying controls of the jumbo container crane. In Proceedings of ACC, 1999. 
[3] P. Y. Papalambros and N. F. Michelena. Optimal model based decomposition of power train system design. 

Technical Report Technical Report UM-MEAM 95-03, Department of Mechanical Engineering and Applied 
Mechanics. University of Michigan., 1995. 

[4] G. E. Smid. Virtual Vehicle Systems Simulation. PhD thesis, Oakland University, School of Electrical and 
systems Engineering, 1999. 

[5] G. E. Smid, Ka C. Cheok, and K. Kobayashi. Simulation of vehicle dynamics using matrix-vector oriented 
calculation in Matlab. In Proceedings of CAINE (ISCA), pages 115–120, Orlando, FL, December 1996. 

[6] Howerd Dugoff, P. S. Fancher, and Leonard Segel. An analysis of tire traction properties and their influence on 
vehicle dynamic performance. SAE Paper No.700377, pages 341–365, 1970. 

[7] A. Meystal, “Intelligent Control: Highlights and Shadows”, IEEE International Symposium on Intelligent 
Controls, pages 2-8, 1987. 

70

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



 
 
 
 
 

 
Proceedings 
4th MATHMOD Vienna 
 
 
 
 
 
 
 
 
 
 

Physical Modular Modelling 
and Simulation 
 
 
 
 
 
 
 
 
 
 
 
 
 

71

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



 
 
 
 
 
 
 
 
 

72

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



V i r t M o u l d  –  a  f r a m e w o r k  f o r  s i m u l a t i n g  c o m p o n e n t - o r i e n t e d  m o d e l s  
o f  m e c h a t r o n i c  s y s t e m s  

 
W. Freiseisen 

Institute RISC, Hagenberg, 
Email: wfreisei@risc.uni-linz.ac.at, 

R. Keber, W. Medetz, P. Pau, D. Stelzmueller, 
Software Competence Center Hagenberg 
Hauptstraße 99, 4232 Hagenberg, Austria 

Phone: +43 (0)7236 3343 854, Fax +43 (0)7236 3343 888 
Emails:[petru.pau, robert.keber, dietmar.stelzmueller, 

wilhelm.medetz]@scch.at 
 
 

We present here the main features of VirtMould, a software that provides tools and interfaces 
dedicated to modelling and simulation of complex engineering systems. Developed in the frame of the 
project VirtMould, supported by institute RISC of Johanner Kepler University, Linz and company 
Engel from Schwertberg, Austria, the software was meant to produce models of injection-moulding 
machines, on which software developers from Engel could run and test programs for the PLC 
embedded in the moulding machines.  
From the mathematical point of view, the most important part of our software is a compiler for a 
modelling language. For developing the models, we used Modelica, a new high-level language, ded-
icated to object-oriented multi-domain modelling of physical and engineering systems. VirtMould 
integrates a compiler for a subset of this language; we focus in our paper on features of this compiler. 
Modelica (see Modelica tutorial [1] and specifications [2]) allows high level modelling by com-
position of components; on the other hand, detailed models of components can be created, using the 
describing equations. An important feature is that it allows discontinuous variables; the discontinuities 
are handled by generating events.  
Currently there exists one compiler for the standard specifications of Modelica, provided by 
Dynasim (Sweden) as part of the Modelica simulation environment Dymola. After studying the 
features of this compiler against the necessities of our project, the designers of VirtMould decided 
to provide a different compiler for Modelica. Initially, only block-oriented models have been 
supported (the components had a clear structure of inputs and outputs). A later version supports non-
causal modelling. 
In multi-domain non-causal modelling, non-trivial application tend to have mathematical descriptions 
expressed as very complex implicit systems of differential and algebraic equations, whose sizes range 
up to hundreds of thousands. We ease the burden of numerical solvers by preserving the granularity of 
the models as much as possible. More exactly, the compiler tries to bundle the equation within the 
component of lowest structural complexity, which has a definite structure of inputs and outputs. In this 
way, instead of passing a huge system of equations to numerical solvers and integrators, a number of 
systems of reasonable sizes are sent.  
After compiling the initial Modelica text, a dynamic-link library is generated. This library 
encapsulates both the model description and the integration algorithms. Among the possible services 
provided by this library we mention starting/stopping a simulation process, and transmitting the names 
and values of all the internal variables of the model, at every time moment during the simulation run.  
In order to interact with other programs, we used a common interface built upon the COM  (Common 
Object Model) technique. A COM interface component for loading and unloading simulations, 
calculating time steps and exchanging data with the simulation has been designed. 
For visualizing the results of the simulation an OPC (Object linking and embedding for Process 
Control) server has been developed and implemented. The simulation results are provided via OPC 
and these values can be visualized with standard OPC client tools. 
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The increasing demand for analyzing dynamic systems has encouraged the development of new simulation
tools. The general purpose simulation language Modelica [1,2] has been developed to improve the
efficiency of the modeling process by applying object-oriented techniques. The availability of model
libraries containing the base modules needed to build a system is essential for the economic application of
Modelica. Different libraries are already available. The Modelica library TechThermo provides descriptions
for components needed in systems including thermodynamic processes. TechThermo is intented for
engineering applications without being restricted to a certain thermodynamic application.

This library should enhance the efficiency by providing definitions for interfaces. The experienced user can
create problem-specific models by extending models from TechThermo thus shortening the development
time. The models provided by TechThermo should allow a quick analysis of  simple transient systems with
only minor additional modeling effort. A detailed analyis demands the implementation of problem-specific
models. Although it would be comfortable to have an universal thermodynamic library which allows the
modeling of any system by combination of basic models without input of further model equations, the
implementation of such a library seems not to be feasible in practice Instead, the aim of TechThermo is to
minimize the effort for supplementary models for a wide range of application.

This paper describes the characteristic demands resulting from simulations of transient thermodynamic
systems and shows how the library was adapted to these demands. As an application of TechThermo the
simulation of the storage system of a solarthemal power plant is presented.

Fig.3: Modelica model for the simulation of the thermal storage system of an solarthermal power plant.
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Abstract. The market demand for ever increasing precision of mechatronis systems calls nowadays for
a synergic design, where the mutual interactions of choices made in the mechanical design and in the
drive electronics design are thoroughly understood. Dynamic performance of the machine has become
the real issue, rather than static dimensioning, and dynamic performance cannot be improved unless the
machine is studied with electronics and control operating in closed loop with the mechanics.
On the other hand, if design choices on the mechanical as well as on the electronic side can be tested
before going on the physical prototype, through dynamic modelling and simulation, knowledge of the
system is greatly improved, obviously as long as the simulation plant is a reliable replication of reality
and the simulation tool is reasonably easy to use for people coming from different areas.
The general impression is that today several companies where competition and advances in dynamic
precision of the machines are vital issues are somewhat ready to introduce these kinds of tools in the
design process, but also that there is not enough consciousness on the real potentialities of the new
approaches. Uncertainties often arise also on the requirements for the modelling language and software
tool to be adopted.
This paper describes an experience of use of one of these tools: DYMOLA with Modelica language, in
the simulation of a machining center.
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Dynamic simulation of thermo-hydraulic processes plays an important role in the design of power
plant control systems. Research has been active in this field for more than 30 years, and numerous
software packages have been developed. In recent years, object-oriented modelling methodologies
have emerged, in particular with the definition of the Modelica language [1]-[2]. Several application
of Modelica to the field of thermo-hydraulic systems are reported [3], as well as a first attempt at
developing a basic model library [4]. However, the field is still very far from being mature.
The paper discusses desirable features of a modelling and simulation environment for thermo-
hydraulic processes: modularity; flexible level of detail; support of partial differential equations; open,
extensible and transparent model library; substance property calculation; CACSD support; real-time
functionality.
The object-oriented approach of Modelica is then compared with the equation-oriented approach of
gPROMS [5] and with specialised simulation software.
Subsequently, issues arising when defining a component library for thermo-hydraulic processes are
discussed, in particular the difficulties in providing basic yet general models, in defining consistent
component interfaces, and in the proper use of the inheritance mechanism.
Guidelines for developing a Modelica-based modelling and simulation environment for thermo-
hydraulic processes are then summarised, according to the previous discussion.
Finally, the application to the modelling of a simple process (Fig. 1) is presented to exemplify some of
the general concepts presented above.
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Figure 1: Object-oriented model of a simple thermo-hydraulic process.
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We investigate the reconstruction of semiconductor doping profiles from indirect measurements of device
characteristics, such as voltage-current and voltage-capacitance maps. Our starting point is the identi-
fication problem with the well-known drift-diffusion system as the underlying model, which leads to a
large-scale inverse problem that is difficult to handle theoretically as well as numerically. Under certain
conditions, the drift-diffusion model (and the resulting device characteristics) can be approximated by
reduced models. The aim of this talk is to show how different model reduction yield variants of well-
known inverse problems, which can be solved with less numerical effort in order to obtain at least a
first guess of the doping profile. In addition, the mathematical analysis of the reduced inverse problems
provides valuable inside into the amount of data needed for the uniqueness of reconstructions.
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Tapered waveguides − where the cross-section varies monotonically and continuously along the propagation 
direction − are widely used in photonics to couple light between waveguides of different shapes. It is well known 
that the power lost through the taper side-walls decreases for increasing taper lengths, becoming effectively loss-less 
or “adiabatic” for large lengths [1]. This is due to the fact that if the cross sectional variation is slow enough over 
length-scales corresponding to than intermodal beatlengths, the cross coupling between guided modes becomes 
negligible. For practical reasons however, it is desirable to keep the taper length as short as possible.  

In this study we describe a technique we successfully used to create novel designs of very short injection devices 
capable of efficiently transmitting light from large input devices to small output devices. We then discuss the results 
we obtained for an example problem, and the possible applications. 

We consider a glass uniform waveguide (refractive index 1.51) interfacing to air, with a width of 7 µm. The output 
waveguide is of the same material, but with a width of 0.5µm. We choose the working wavelength to be 1.51 µm. In 
this presentation we consider a two-dimensional model of this structure. The same design approach, however, will 
work for more general 3D structures. 

We begin with choosing the trial initial shape to be a linear tapered profile. This means that the taper has an 
angle of 45 degrees. We therefore expect the losses to be very high. We note that for adiabaticity to be achieved we 
would require lengths greater than 40 µm, i.e. at least 6 times this length.   

Rix=1.5

Rix=1.0

0.5µm7.0µm

 
Fig. 1. Right: Initial 2D model of an injector design. Centre: The linear taper model has an efficiency of merely 53%, most 

of the power being lost to radiation. Right: the optimised structure with over 90% efficiency. 

The aim was to improve the taper transmission by varying the taper shape, while keeping the total length fixed. Fig. 
1 shows the shape we obtained after the optimization process, by restricting ourselves to the class of piecewise linear 
functions (fixed number of nodes). The interesting field pattern appearing in the optimised structure indicates that 
this highly optimal transmission is not due to an increased adiabatic effect, but to the exploitation of resonance 
effects between the local modes. Indeed, these interact in such a way that any power initially coupled into higher 
order local modes, is re-injected into the fundamental mode at the RHS exit. We then discuss how to improve on 
these results, and the problems encountered by increasing the discretisation of the shape. The latter can lead to 
instability issues due to the “inverse problem” nature of the optimisation process which appear when using high 
shape discretisations [2]. 
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This is an introduction to the homogeneous modelling of spatial and non spatial data in 4 dimensions, 
i.e. space and time, utilizing 4 dimensional Non-Uniform Rational B-Splines, V(olume)T(ime)-
NURBS, [1]. The proposed model benefits from its compact (vector)analytical, closed form, 
distinguishing it from discrete approaches like finite elements and offering properties which are 
especially suitable to handle a wide range of geoscientific issues: 
 

o Fuzzy and inexact geometries need to be 
represented in a realistic and efficient way. 

o Missing and uncertain data should influence the 
model only locally. 

o Handling of inhomogeneous data within a single 
object  

o Non spatial information, like physical 
properties of a material within single objects 
needs to be represented. 

o Real three-dimensional data i.e. non convex, 
non  2½D data representing volumetric objects 
must be processed, modelled and rendered.  

o Heterogeneous and highly associative thematic 
data must be processed and connected to spatial 
information.   

 
VT-NURBS are a potent method of modelling 
complex spatial and thematic processes in a similar 
fashion. Their compact vector-analytical form 
supports the accurate computation of e.g. the 
derivatives at a given point in a rather smooth way 
compared to discrete approaches. They allow the 
same mathematical representation for spatial and 
thematic information which may thus be handled in 
a homogenous manner (non rational case here): 
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A volumetric NURBS model represented as a set 
of surfaces 
( niiii aazyxP
twvu

,.....,,,, 1,,, = )  where the  represent non spatial information. These 
dvantages can be extended to other fields like software engineering, computer graphics and non-
athematical data modelling if the VT-NURBS are embedded into the proposed object-relational data 
odel which offers especially support for visualization and for modelling aspects which are unrelated 

o attributes representable as control points.  This combined object-relational data model, CORE, its 
patial and temporal extensions  GeoCore and MoreTime are - in conjunction with VT-NURBS - 
mperative for the design of a data model emphasizing heterogeneous data, dynamically interconnected 
associative) data, type (class) reuse, type inheritance, polymorphism and a tight bound between data 
nd operations on this data [2].   
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Abstract 
In 1972 the last potash mine in the Stassfurt mining district (Germany) was closed and completely flooded 
with brine until 1979. The flooding was followed by long-range subsidence. The brine-filled cavity volume 
of the entire mining district arises more than 21 million m³ until now. Since wide areas of Stassfurt city are 
lowered up to 4 m beneath the natural ground-water level consequently a daily drainage of approx. 1000 
m³ is necessary to avoid partial flooding of the historic city of Stassfurt. These circumstances lead to a self 
stimulating cycle of drainage, leaching and fresh water inflow followed by subsidence. Therefore although 
the actual flooding is finished, underground salt leaching processes still proceed resulting in active 
subsidence accompanied by serious danger of sudden falling sinkholes.  
In order to reconstruct the leaching process accurately, a model under consideration of the mining situation 
and all mechanical and hydrological parameters is indispensable. It has to unify the hydrogeochemical 
leaching process and its consequences for the mechanical character of the excavations with geometrical 
and hydrological changes in time. 

 
Aiming a comprehensive representation of geochemical underground leaching processes in salinar rocks 
with associated time variant changes of cavern shapes, a temporal Geo-Information System (TGIS) is to be 
developed involving a data-base management system and an object-oriented process model based on 
Volume-NURBS (non-uniform rational B-splines) supplemented by 4D-visualisation-techniques.  
Different types of salinar rocks and brine filled cavities are represented as Geo-objects (free form bodies) 
and treated uniformly as temporal Volume-NURBS, respecting their geochemical and physical properties. 
In addition to thermodynamic calculations (speciation-solubility, reaction path) underground leaching 
processes in salinar rocks can be specified by solution restricting processes, e.g. recrystallisation leading to 
partial sealing (masking) of rock surface and accumulation of insoluble substances (blocking). Within the 
complex system of shape changing processes uncertainties and lacking data are to be considered. Process 
model and data are to be managed within an information system, providing methods for time- and space-
continuous representation (TGIS). 

 
At the Institute of Geotechnical Engineering and Mine Surveying at Technical University of Clausthal the 
development of an adequate model is intended. A project in this regard, supported by the German Research 
Foundation (DFG, code number BU 1283/4-1), has started in the beginning of 2002 with a runtime of at 
first two years. The project, titled Analysis, Modelling and Simulation of recent salt leaching processes in 
old mining cavities, is directed by Univ.-Prof. Dr.-Ing. W. Busch. It is part of the interdisciplinary research 
cooperation: Development and Application of Geoinformation to analyse Impacts and Predictions of 
anthropogenic influenced Processes in Geosystems. The cooperation includes the Institute of Computer 
Science at the University of Hamburg, Germany, directed by Univ.-Prof. Dr.-Ing. D.P.F. Möller. 
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Deep hard coal mining up to 1.500 metres under ground surface often results in significant effects on elements of 
the anthropologic landscape and the natural environment. Existing law, especially the european directive for the 
environmental Impact Assessment (EIA) regulates, that projects with significant environmental effects must 
describe these impacts, before consent is given. Mining activities are very expensive and must have a planning 
reliability of 15 years and more. For intervals as long as these a forecast of the mining caused surface subsidence 
and combined with this the accurate estimation of environmental effects is not very reliable. This makes a short 
term environmental monitoring necessary and requires a verification of the consent, possibly every two years. To 
support the monitoring it is essential to use computer applications like geographic information systems (GIS) 
and database management systems (DBMS).  
Even if the developments of the last few years must be called huge milestones especially to GIS, time as a 
further dimension is not implemented in the commercial-off-the-shelf GIS by now. Especially this is an essential 
in supporting monitoring tasks. 
So what is time and space? To understand and describe what happens in the real world the physical space is 
used. The physical space in classical physics is defined by Newton. Newton distinguishes between absolute 
space and time on the one hand and relative space and time on the other hand. Relative space and time are 
movable parts of absolute space and time. 
In everyday life different models of time and space are in common use. These models always hark back to the 
Newtonian view and can be found in every computer applications deal with space and time.  
Basic approaches to integrate time in GIS were made in the last two decades, like the cartographic time, the 
bitemporal time, time topology and so on. Main elements of a temporal GIS are: state, event, episode and 
evidence. These elements can be used to describe time dependent objects. 
In addition to these approaches conceptual models were defined, most of them with the main focus on the spatial 
object view (vector model): 
• Snapshot Model: Complete area under investigation must be brought into GIS every time point.  
• Amendment Vector Model: The initial state and changes at later time points are mapped. With the algebraic 

topology the state at every time point can be reconstructed. 
• Spatio Bitemporal Model: Enhancement of the amendment vector model using valid and transaction time.  
• Object-Oriented Model: object-oriented concepts are used to model the spatiotemporal system. Standards 

like the spatial and the temporal schema from ISO were defined, but regrettably 
no standard depicts the spatiotemporal characteristics of geographic information. 
So a conceptual object-oriented spatiotemporal model was defined integrating 
existing standards and existing models integrating space and time. 

Fundamental aims of monitoring environmental impacts caused be deep hard coal mining, among other things 
are detecting changes of the earth surface or ground water surface. In general these things are modelled as time-
dependent spatial field views (raster model). Some conceptual models regarding these needs could be: 
• Three Dimensional GRID: with voxels a three-dimensional tessellation of two-dimensional space and one-

dimensional space is possible.  
• Regular Point Raster With Space-Time Paths: space is represented as a two-dimensional regula point raster. 

Every location has linked measures of states and / or change and also a theory of 
interpolation or approximation to calculate the state at every time pint on the time 
axis.  

• Three Dimensional TIN Model: a three-dimensional triangulation can be used to interpolate elements state 
or change from measured parameters at known locations to different times.  

The object-oriented approach can be used to model spatiotemporal objects and processes including most of the 
basic depicted approaches. Many of them can even be realized with data models used from today’s commercial-
off-the-shelf GIS and DBMS. 
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Virtual Reality (VR) is the methology for 3D space generation based on computer graphics and computer visu-
alisation. VR allow user an interactive and intuitive goal-oriented interaction in real time behaviour scenarious. 
The potential of VR is the visualization of complex real world processes, which allow users a much more 
simpler handling as in reality. This result in new man-maschine communication and interaction with many new 
application domains behind. 
 
Augmented Reality (AR) deals with the combination of real and virtual environment. The AR system support 
the user, based on semi-transparent output devices, with the computer based information needed. This means that 
the images, the user see on the AR device has the geometry dependent right perspectice in correlation to th real 
world scenario. 
 
Our motivation for virtual and augmented reality and hence virtual and augmented environment is to go one step 
beyound ubiquitus computing. The basic idea of ubiquitous computing is that a single computer should not be 
the locus of computation in one´s research laboratory, research and design center, business or other environment. 
Technology should be embedded and/or distributed in the environment in an invisible as well as in a transparent 
way. Within this virtual and/or augmented reality environment there are tons of computationally driven gadgets 
or so called smart applications throughout, each could be part of a lrger system of combined devices, receiving 
and transmitting signals as from abroad or from intrinsic pathways. Moreover  simulation within virtual and aug-
mented reality use the power and flexibility of these methodologies with the insight of ubiquitous computing 
stated as computation in space and time. Due to the intuitive interaction within the virtual and augmented reality 
methodology  normally arrousing interface problems are not the point of conflicts. This is of importance working 
together in transdisciplinary projects. Moreover the integration of modern 3D-control mechanisms like head 
mounted devices, cyber gloves, spaceball etc. enable users navigation through virtual worlds. The effect of im-
mersion, meaning the realization of space depth, allow the user a very fast adaptation to processes in space and 
time. Due to that fact, new scenaric presentations are possible, containing branch specific elements and know-
ledge. Hence virtual and augmented reality offer a concept for modeling and simulation of complex systems with 
parametric as well as nonparametric topologies within a unique framework. This results in rapid prototyping, 
based on flexible virtual and augmeneted reality modeling tools with concepts for geometry, motion, control, as 
well as virtual and augmented reality components like images, textures, voice, animation, multimedia, video, etc.  
Applying the virtual and augmented reality methodology to the geoscience and geotechnology domain could be 
stated as combining distributed virtual environments, in order to support collaboration among geographically 
distand team members developing plans and procedures, doing measurements and dataprocessing, e.g. in a tun-
nel-project, in order to attempt to manage new investigations and organizational purposes, as it is needed in glo-
bal as well as international project development. One of the most interesting new paradigms in virtual and 
augmented reality methodology in this domain is that 3D representations are not only the lonely possibility of a 
setting. Many virtual and augmented space applications in geosciene and geotechnology, if not already now, will 
in future make use of specific graphics. The virtual space can be visualized in space, which means in terms of 
three dimensions, and time. People in charge with virtual and augmented  reality projects in geoscience and geo-
technology are able to interact image based  within space and time, e.g. like flighing through a tunnel, or inter-
acting with other participants through a graphical user interface. The interweaving of functionality, distribution, 
efficiency, and openess aspects is very noticeable in computer graphis. The virtual space is graphically visuali-
zed flamboyance and for the most part the people in charge with the outer space application domain should see 
the same image. In a real geotechnology tunnel building project, irrespective of the number of participants, a 
state change in the virtual space needs to be communicated to all in charge with the project., using modeling and 
simulation techniques embedded in virtual and augmented reality. 

96

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



D y n a m i c  d e p t h  t r i a n g u l a t i o n  o f  l a r g e  N U R B S  s u r f a c e s  i n  r e a l  t i m e  a n d  
i t s  a p p l i c a t i o n  t o  G e o s c i e n c e  

 
 

Christian Körber,  Dietmar P.F. Möller 
Corresponding Author: C. Körber 

University of Hamburg, Department Computer Science, Chair Computer Engineering 
Vogt-Kölln-Str. 30, D-22527 Hamburg, Germany 

email: koerber@informatik.uni-hamburg.de  
 

This paper presents a method on how to store and render very large NURBS-surfaces, which would be 
too complex otherwise to be evaluated during runtime while maintaining a proper frame rate at the 
same time. This can be accomplished by applying the terrain LOD technique ROAM on the NURBS’ 
parameter plane. The result is a NURBS surface which adapts its local detail dynamically depending 
on the view point position and thus is especially well suited for the real time triangulation of NURBS 
surfaces in VR environments.  
 
NURBS, Non Uniform Rational B-Splines, are vector valued polynomials with a number of properties 
making them a favored modeling tool, mainly utilized for industrial design but increasingly used as a 
representation for terrain. NURBS benefit from vector analytical methods and support the modeling of 
geological and -technical terrain properties not expressible by height fields, i.e. real 3D terrain. 
Standard application programming interfaces often support NURBS evaluation, but this support is 
usually constrained and prohibitive slow, because evaluating a point on a NURBS surface is 
computationally expensive. We introduce a method which applies an approach for height fields on the 
parameter space of the NURBS surface, allowing its triangulation in real time and supporting virtually 
unlimited detail.  
The key to terrain rendering lies in Level of Detail (LOD) i.e. rendering those parts of the terrain 
which are far away from the viewer or which are rather smooth with less detail, i.e. less triangles and 
those parts which are close to the viewer or which are rough with more detail. [2] introduced a method 
for height field LOD (ROAM) which can be applied on the parameter plane of the NURBS surface and 
hence on the NURBS surface itself. 
 

  
Dynamic NURBS triangulation : The first recursions of a triangle binary tree (left) and a highly detailed 
NURBS triangulation with additional detail computed at run time (right). 
 
This approach embeds precomputed points of a NURBS surface into a recursive tree structure, which 
supports a different refinement at different areas and thus allows an adoption of the triangulation to 
the position of the view point. The algorithm could be extended by introducing a caching scheme for 
NURBS surface points evaluated at runtime, thus preventing the expensive re-evaluation of NURBS 
points at successive frames and supporting as much detail as required.  
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The spatial and temporal dynamics of ecological changes in mining influenced areas are driven by the amount of 
surface movements, local groundwater condition and the topographic situation. Additionally time–dependent 
changes of hydrological and ecological parameters are caused by land-use and land-cover alterations. The local 
intensity of the influence is determined by the relief and by local characteristics of soil and vegetation. The 
determination of the main components of this dynamic system forms the basis for an effective monitoring.  
 
These analyses are a starting point to develop methods for efficient long-term monitoring procedures, taking 
dynamic parameters of geo-system into account. To describe dynamic hydrological and ecological processes a 
conceptual model has to be developed, modelling lateral and vertical water flows in consideration of different 
relief characteristics, soil types and vegetation covers. A pre-condition therefore is the formal description of 
hydro-geological structures which influence these processes. This approach has also to consider and evaluate 
different procedures and techniques for spatial regionalization of the model-relevant data to develop methods for 
a scale-independent treatment of different data layers.  
 
The discretization of the geo-system in individual 0D to 3D-geo-objects is based on geometrical parameters, 
topological attributes and thematic characteristics taking the hydrological and ecological situation into account. 
The goal is the space and time-variant (3D/4D) modelling and visualization of the area under investigation using 
the information system BAGISVR. This system is currently under development. The core of BAGISVR consists of 
an object-relational data base management system, as well as a new approach for the representation of time-
dependent and process-oriented geo-objects by temporal 3D-Non-Uniform Rational B-Splines (TV-NURBS). 
The analysis and evaluation of the occurring changes for known and calculated surface movements form the 
basis for the derivative of functional dependencies between these geo-objects. Due to complex and ambiguous 
interactions between the compartments of the geo-system as well as hydrological and ecological parameters an 
abstraction of the model is necessary. Therefore the description of the interactions between the geo-objects takes 
place via statistical methods and procedures like the fuzzy set theory. The application of this model will allow 
simulations under consideration of additional surface movement variants.  
 
This is part of an interdisciplinary research project “Development and application of geoinformation to analyse 
impacts, predictions and management of anthropogenic influenced processes in geosystems“ – sub-project: 
“Analyses of landscape-ecological changes caused by dynamic surface movements resulting from mining 
activities”. The project is carried out conjointly with the Institute of Computer Science of the University of 
Hamburg directed by Univ.-Prof. Dr.-Ing. D.P.F. Möller and is supported by the German Research Foundation 
(DFG, DFG-ID: BU 1283/3).  
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ABSTRACT
COUPLING OF GEOGRAPHIC INFORMATION SYSTEM AND SYSTEM DYNAMIC

MODELS
(A regional spatio-temporal soil erosion model implemented with ArcMap and Vensim)

E. Gebetsroither and F. Strebl, ARC Seibersdorf Research, Austria
Corresponding Author: E. Gebetsroither

ARC Seibersdorf Research GmbH
A-2444 Seibersdorf, Austria

Phone: +43 50550-3862, Fax: +43 50550-3888
email: Ernst.Gebetsroither@arcs.ac.at 

During the last few years a continuously increasing amount of geographic information has become
available. This data could be very valuable for environmental models. Geographic Information System
(GIS) software offers only limited possibilities to build models compared to special dynamic
modelling software. The aim of the study was to make use of available spatially explicit data within a
dynamical modelling software. Data processed by ArcMap, a GIS-Software, were transferred into a
suitable format, to serve as input for a model built in Vensim, a system dynamic modelling software.
Finally, the results from the simulation were returned back to ArcMap for further processing and
visualisation. This procedure enables modellers to combine the advantages of both tools – to simulate
the development of a given geographic region both in space and time. The developed method was
evaluated for the simulation of soil erosion in an Upper Austrian catchment. 
Keywords: GIS modelling, System Dynamic, Soil Erosion model, Vensim, 
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A tight coupling method between ArcMap and Vensim, shown in the Figure above, combines the
benefits of both tools. The connection was achieved with a VBA program code and DLL functions for
the communication from ArcMap to Vensim. The developed method allows not only to use both tools
together, but also to use the GIS for analysing the data and the system dynamic model built in Vensim
for analysing the system behaviour independently. This enables a continuous improvement of the
model structure without the need to adapt both tools. The developed method provides a big step to the
development of decision support systems (DSS). For environmental modelling the analysis of systems
structure with causal loop and stock and flow diagrams in relation to the spatial dimension will help to
refine simulation of future development – for example in the context of the Kyoto targets. Efficiency
of applied environmental protection measures can be increased by targeting applications to those
areas, where measures are actually needed.
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ØMÙIÚ�ÚBÜXàMáZá�àEâIÖÞ[ÕBØEÚBá®ÕBÞ[Ú�áZÛ ggested.

ù Ù<ÚJä=à(Þ[á:Ø î âNãIØ(à(ÜbÕ&è ð áZØMÞ=Õ�ØMÚ�é_ê�àMÜbãIâNáZÚ&á�Þ=ÚBá:Ø(Þ[àMç�ØoàEâ<Ö4á®â4Ö�Ø(Ù<ÚJØEâ<ØoÕ&è©Õ&ÜXâ<ÛIÖ<Ø;â<ätØEÙNÚdã4â4è(è(Û4Ø(Õ&Ö4Ø©ÚBÜ�àEØ(ØoÚB×�Ý`êÚ&Õ&ç�Ù�àoÖI×<ÛIá:Ø(Þ�êXØMÙNÞ�âNÛIéNÙ_â<ÛIØ�ØMà(ÜbÚ�àoÖ4ØMÚ&Þ[ëNÕ&è î�� ß Tð å ù Ù<Ú�á:Ú&çBâNÖI× î ÖIâ4Ö - â<ã4Ø(à(ÜbÕ&è ð á:Ø(Þ=ÕBØ(Ú&é_êXã4Þ=ÚBá:ç�Þ=àEÝNÚBáJÕ�Ø(Ú&Übã<â4Þ=ÕBè�ÝIÚ$ÙIÕBë<àMâNÞ�â4äØ(Ù<Ú�Ú&Übà(á:á�à(â4ÖXÞ=Õ&Ø(ÚBáLàEÖ î�� ß Tð ß ó�Ù4àoèMáZØ;ØEÙNÚ�Ø(Ù<àMÞ[× î â<ã4ØMàMÜ�Õ&è ð á²ØoÞGÕBØoÚBé4ê�á²Ú&Ø(áUØ(Ù4Ú�é4Þ=Ú&ÕBØ(Ú&á:Ø)ã4â<áZá:àEÝNèMÚ�ÚBÜ�àEáZá:àMâNÖ
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0)( JJ ≤φ

î��Ið
Referencesï å|í üNàMÝ4Õ���Û å
	då Õ&Ö4×��0ÕBÞGÞGÕ -  ÛIÚBë4ÕBÞ[Õ�� å ß ý ÖI×IÛ_áZØMÞ[àMÕBè0ã_â4èMè-Û4ØMàMâIÖXØ-Þ[ÕBÖ4á�ã_âNÞ�Ø å �0Õ&Þ�Ø ý ��� â<Þ�ÜXÛ4èMÕBØ(à-â<Ö
â<äiØEÙ4Ú�ãIÞGâIÝ<èEÚgÜ ÕBÖ_×�Õ�àEÞãIâ4èEè(ÛIØEàEâ4Ö�Ú�á�ØEàMÜbÕgØMÚBá å�� ÖIëIà(ÞGâIÖIÜ�Ú&ÖIØ(ÕBè��kâ4×4ÚBè-à(Ö_é�ÕBÖI× þ á�áZÚBá�á�ÜbÚgÖ4Ø ß�� î[ø������Ið ß ï���� -

ï�� � å
2. Parra-  ÛIÚBëNÕBÞ[Õ ß � å ÕBÖI× í üIàMÝ4Õ ß ��Û å�	�å ß ý Ö4×_Û<á�ØMÞ[àEÕBè�ã4âIèEèMÛIØ(à-â<Ö
ØMÞGÕBÖIá�ãIâ4Þ[Ø å �)ÕBÞ[Ø ýGý ��� â<Ö_ØMÞ�â<ètâIä�à(Ö_×<Û_áZØEÞ[à(ÕBè�ÚgÜbàEá�áZà-â<Ö_á å

� Ö_ëNàEÞGâIÖIÜ�ÚNÖ<ØEÕBè
��â4×_Ú�èEàEÖIé�ÕgÖI× þ áZá�Ú&á�á�ÜXÚ&Ö_Ø ß�� î[ø������4ð ß ï���� -
ï��� å
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With the background of increasing technical and legal requirements, it is important for engineers to be able 
to assess quantitatively and qualitatively impacts of urban drainage discharge on rivers. Prevention of water 
pollution increasingly becomes the focus of interest. Assessing impacts on rivers requires a detailed 
knowledge about river systems. Apart from measurements, engineers use typical river assessment concepts 
in order to explain rivers or river-sections on the basis of few easy collectable environmental parameters by 
separating them into regions with unique characteristics. A number of such river concepts are available. All 
of them refer to special economical and ecological questions such as fishing, water extraction, water 
protection and water quality. 
 
In addition to experience and river concepts, river water quality models can support the work of 
engineers. Quality modelling means modelling biological and chemical processes and can look back on a 
long tradition regarding rivers. The essential impetus for quality modelling was triggered by fish-dying, 
caused by oxygen-reducing substances. The first steps were made in the early years of the twentieth 
century, with the aim to be able to predict the temporal and spatial changes of the oxygen 
concentration. 
Various river quality model approaches have been developed in order to predict wastewater discharges. 
Particularly QUAL2 enjoys large popularity and was integrated into various simulation systems and 
adapted to special needs. The different models and programs refer to a comprehensive experience with river 
quality simulations, but there are some points which put the general performance capability in question. 
 
Beside the river water quality models, models for the wastewater treatment were developed in order to 
predict the purification capacity. The simulation of wastewater treatment plants is meanwhile an 
acknowledged method supporting the design and optimisation. For a long time, both model types were 
separately used. Nowadays, the wastewater treatment and receiving waters will be seen more and more as 
compartments of one system with close connections. Integral examination of the wastewater treatment and 
receiving waters by using quality models is one of the interesting research topics in environmental 
engineering. An integrated modelling and simulation of wastewater treatment plants and receiving waters 
can improve the information value of investigations based on quality models. Some international research-
projects for integrated modelling use a submodel of the River Water Quality Model No.1 (RWQM1) by the 
International Water Association. Most of them are still in preparation. Practical experience reports are hardly 
available. As a framework, the model has to be adapted to the special needs of an application. Because of the 
heterogeneity of rivers and generally little information about a river, a submodel adaptation is an interesting 
challenge. 
 
The paper presents an example application, using the RWQM1, which should serve for collecting 
experiences with river water quality modelling in order to find out the requests, capabilities, possibilities 
and arising difficulties. The paper starts with a short introduction to show where quality models can 
positioned for the practical work. Based on the information about a real brook, the focus is put on the 
presentation of the main steps to set up a model. Following, some simulation results will be presented. The 
paper closes with an assessment of the achieved results and it tries to look out for the future direction of river 
water quality modelling. 
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To assess and predict the effect of atmospheric wind on the dynamic response and statistical characteristics of aerospace
launch vehicle or aircraft, we need a stochastic model of wind filed. Such a model should recreate numerically wind as
a random function of altitude. For example in Monte-Carlo flight simulation, the simulator of wind should regenerate
stochastic functions, which satisfy random characteristics of atmospheric turbulence. Mathematical modeling and
simulation of wind as a stochastic function fined many applications in aerospace and the others area in science and
engineering [1][2].
In this work developed a simplified alternative to canonical expansion method. Canonical expansion of wind as a two
dimensional stochastic vector-function may be considered as:
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Where: −)(),( hazhv Random functions of altitude for wind velocity and wind azimuth,

−)(),( hmhm azv Mean value of wind velocity and azimuth as a function of altitude,

azivi ϕϕ , -Coordinate (deterministic) functions for wind velocity and azimuth,

The main problem in stochastic process modeling by the canonical expansion approach concerned with coordinate
function determination [1]. This step requires heavy preliminary experimental data analyzing. In order to find a
simple algorithm for wind modeling and simulation, in this paper proposed a method based on combination of

canonical expansion approach and concept of random vector. In the general case, when 0≠ijK , the correlated

Gaussian vector X
r

can be simulated by linear transformation of the normalized Gaussian vector β
r

, consisting of

the non-correlated normalized Gaussian variables ),....1;1( niD
ii ==ββ .  

β
rrr

AmX X +=                       (2)

X
T KAA =                              (3)

This method eliminates complexity of coordinate function determination. Example of experimental data and
simulation by proposed model demonstrated in fig 1. (By sign + indicated example of  wind velocity generation)  

 

References
1- Malishev V.B. Modern Flight Dynamic of Space Vehicle, 1995, Brazil.
2-Kurtis  R.Gurley, Michael A Tognarelli ,Ahsan Kareem, Analysis and simulation Tools  For Wind Engineering,
Probabilistic Engineering Mechanics , Volume 12 ,January 97 P9-31

 

0 0.3 0.6 0.9 1.2 1.
5

1.8 2.1 2.4 2.7 3
2

x  104

0

15

30

45

60

75

90

Altitude[ m]

figure 1 :Wind velocity sounding data

V(m/s)

112

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



�����������	����
��������������
������������������
���������
��������
 ���
�������!��	
�����
����"����
������#�$��!%&�'�#
����!%

(*)�+-,/./02143�576
8:9/;<;>=@?BAC9/DCEGFHDGIKJKLGMHNG9G;PORQTSCU =V;XW&FYDZ9Z[

\ =@]Y9G[C9 \ ;<^RDG_@N`9/acbT=@W&=@;>9Z[Z9`d Me^@Mf=hgTDZFH[/=@;<?iFHMYj
d 9Z[G=@Mf?BkG^lj/^mdnMY;<=@=@M7oqpsr \ =@]Y9Z[Z9Gr7bT=@W&=@;>9Z[Z9*;>=@IGFf9ZDZrCtGuZvZtCw/w&xyLC?i?iFf^

U NZ9/DG=nO{z�|`}G~CoGu�p�vZwZ�Co/�ZrC��^l��ORz |K}C~ZoZuZv
-22864

email
ORAC[l^����/=@]Y9Z[G9ZSekG=@W�?iLZS ;XL

� NC=�A7^RA7=l;�?sL�I7IC=l?PMY=/E�F�D�M4N7=�_/9ZD7MY=/�CM!9GaMHN7=�IC=RD�=l;�^R]�W�^lMHN7=RW�^lM�FY_/^R]�W�9CEC=l]�9Ca�a�9C;�=l?PM�a�FH;X=l?�IZF4[Z=l?�^�DC=l�
W�^/MYN7=lW�^lM�FH_l^R]*?s=RM�MHF�DCI�^lD7E�W�=/MYNC9CE�9Ca�D7LCW�=l;�FH_l^l]�?P9C]YL�MYF49CD�9Ca�^�A7;�9Z�7]Y=/W�9Za�^�;X^/ECFY9C^/_RM�FY[C=�?VA7;�=R^lE^l�C9�[G=�MYN�=
aX9C;�=l?PMm;X=/IZF49GD�S��`LCW�=/;XFH_l^/]m?s9C]�LCM�FY97DC?#9Ca&AC;�97�C]�=RW�?#9Ca&^!;X^RE�FY9C^R_/M�FY[C=!?sW�9CkC=�?BA7;�=l^RE�ECL7;�FYDnI�?PLC;�a�^l_l=�^lD7E�_/;X9C�*D
aXF�;X=l?hF�D�=R��=RW�A7]HF�aXF�=RE�N7=R^/M�=lDC=R;�I7j�;�=R]�=l^l?s=`F�D�MHN7=`aX9C;�=l?PM�a�Ff;�=Ka�;�9CDCM��K=/;X=&a�9ZL7DCE7S �K=/^RM�=/DC=l;�ICj�;�=l]H=l^R?P=&FYD�M�NC=*a�9C;�=l?sM
aXF�;X=2a>;�9CDCM��*^l?�a�9CLCD7E�M�9!_l^RL�?s=#a�LC;XM�NC=R;�;�^lE7FY9C^l_lMHFH[Z=2A�^R;XM�FH_l]H=@?�?sA�;X=/^RE��7j�MYN7=2^l_lM�FY9ZD�9Za*�KF�DCECS�8m9ZD7_l=lDCM�;X^/MYF�9ZD�9Za
A7^R;�M�FY_/]Y=R?mFHD�MHNC=`IC=lDC=/;X^l]q_R;�9C�KD�a�9C;X=/?sM�a�FY;�=*�K^/?ha�9ZLCD7E�M�9���=*}

-
u�MHFHW�=/?mIZ;X=/^lMH=l;�MHN7^RD�FHD�MHN7=`?sLC;�a�^l_R=`aX9C;�=l?PM�a>FH;X=lS��>D

M�NC=�^l�C?P=lDC_l=�9Ga:�KF�DCE7rq;X^/ECFH9Z^/_@MHFH[C=�?PW�9CkC=�AC^l;�MHFH_l]H=l?�E7=RA79Z?sF�M�^RIC^lFHD29ZD#M�NC=�L�DCEC=/;X]4jGF�D7I#?sLC;�a�^R_l=�^laXMH=R;y^�MHFHW�=/S�JK?K^
�KF�DCE�[C=R]49Z_lFHM4j�F�DC_l;�=l^/?s=R?PrqM�NC=l?s=�AC^l;�M�FY_l]Y=/?�^l;X=�M�;>^/DC?sa�=R;�;X=RE�FYD2M�NC=�IC;X9CL�DCE�]H^/jG=l;m9C[C=R;hECF�?sMH^lDC_/=l?�AC;�9ZA79C;�M�FH9ZD7^/]cM49�^
�KF�DCE[Z=l]�9C_RF�M4j/Sm��MTFH?#_l9ZW�W�97D�k7D79Z�`]H=lE7IC=!M�NC^lMTF�D�M�NC=�_R^l?B=!9Ca�;�^lECF�9ZD7LC_/]YF�EC=�=� i=l_RM�FH9CD�9�[C=l;�MHN7=!aX9C;�=l?PMT;>=/IZF49GD�r
;X^/ECF�9GD�LC]HFHE7=R?&_G9CD7_l=lD7MY;�^lMH=#W�^lFHDC]�j�97D�M4NC=#?P9ZF�]�_G9C[C=l;T¡�|7wC¢�£�]H^lMH=/;T9ZD!^l?&^#_l9CDC?P=l¤CL7=RD�_R=297aTM�NC=/FY;T?P=lMHMY]�FHD7I�LnDCEC=l;
IC;X^/[CFYM>jlr ^RD�E�9ZDC]<j�}

-
o�¢¥9Ca�M4NC=/W�?s=RM�MH]H=*FHD�MHNC=`MY;�=R=*_l;�9C�KDC?PS¦Uq9G�*=l;Xa�LC]�L7A

-
_/LC;X;�=RD7MH?h9GayIC^R?m9Z_l_lLC;-FHD�?PL7;�aX^/_R=`^RD7E

_l;�9Z�*D�a�9C;X=/?sMTa�FH;X=l?Pr�_/^RL7?sFHD7I�=lDCM�;�^RA7W�=/DCMT9Ca�;�^lECF�9Z^l_/MYF�[Z=�A7^l;�MHFY_/]Y=/?#MY9CIZ=lMHN7=R;��`FHM�N�NC=/^lMH=REIC^R?s=/9CL7?#_l9CW��7L7?BM�F�9CD
A7;�9GEnLC_lMH?�9Ca�a�9C;X=/?sM�aXL7=l]H?�FHD!MHNC=2IZ;i9ZLCD�E!]�^ljZ=l;�S � N7=l;�=Ra�9Z;X=#;X^lE7FH9Z^l_lMHF�[Z=2a�9C;X=l?PMya�FY;�=l?&_/^RL7?P=#^�;�^RE�FY9C^R_/MYF�[Z=2?PW�97kZ=/r
�KN�FY_/N�?PAC;X=/^lEC?T�7j�M�NC=&^l_RM�FH9CD#9Ga��KF�DCE§F�D§MYNC=�IG;�9CLCD7E§]�^Gj/=/;�F�D�MHN7=&a�9C;X=l?sMqa�Ff;�=&;�=RICFY9�D�FHD§^&�`FYDCE§E7FH;�=R_lMHF�9GD�S��>D§M�NCFY?
A7^RA7=l;mMYN7=�MHN7=R9C;X=/MYF�_@^/]-FYD7[Z=/?sMHFHIZ^/MYF49ZD�9Ca:M�NC=�AC;i9Z�C]H=/W¥9Gama�9Z;�=R?sM-a�FH;X=�?sAC;�=R^lECF�DCI2M�NC;�9CL7ICN�M�N7=�;�^lECF�9Z^l_lMHF�[Z=�a�9C;X=/?sM¨F�D
�KF�DCE¦j`�K^/?�_/^l;X;XF�=RE�9CLCM�S � NC=`;X=R?s=/^R;X_/N��*^l?�W�^lEC=`�7j&W�=l^/DC?:9Za-MHN7=*W�^lMHN7=RW�^lM�FY_/^R]�W�9ZEC=/]HFHD7I�W�=RM�N797EC?m9Za-ACN¦j/?PF�_R^l]
A7;�9G_/=l?B?P=l?PS��XM��K^/?`�7^R?s=/E�9CD!D7LCW�=l;�F�_R^l]�?P9Z]HLCM�F�9CD�9Camx:=GjZD797]�EC?&=R¤7LC^/MYF49ZD7?`a�9Z;TMYN�=�EC=/?s_R;�FHA7MHFH9ZD�9ZaTMHL7;��CL7]Y=/DCM�a�]H9Z�
M�^RkCFYDnI§FHDCM49�^R_l_l9ZL7D�M�a�9Z;hECFHa�a�L7?sFH97D#=l¤CL�^lMHF49GDC?*_RN7=lW�FH_l^R]¨_/9CW�A�9ZD7=lD7MY?*^RDnE#=l¤CL7^lMHF�9CDC?`9Gah=RD�=R;�I7j§_/9ZDC?s=/;�[C^RM�FH9CD�a�9Z;
IC^R?s=G9ZL�?:^lDCE�_/9ZD7EC=lDC?P=lE�ACN7^R?V=l?PS � NC=`W�=RM�NC97E�W�^/kC=l?:FHM�A�9C?P?PFY�C]�=*MH9�=l[C^l]HLC^lM�=*^lD�9C[C=l;X^/]H]�_@9�DCMH^lW�F�DC^lMHF�9CD�?sF�MHL7^RM�FH97D
F�D�;�^lECF�9ZD7LC_l]HF�EC=�_R9CDCM�^RW�F�DC^lMH=lE�^l;�=R^/?sS:�XD�MYN�FY?#_/9GD�MY=/�CMHrh^�?BMHL7Enj�W�^lMHNC=/W�^RM�FH_l^l]�W�9CEC=l]HF�D7I�9Ca�M�NC=�_R9CDCE7FHMHF�9ZD7?29Za
aX9C;�=l?PM¨a�FY;X=�?sA7;�=R^RE7FHD7I2MHNC^lM-�*97LC]�E2W�^/kZ=�FHM-AC9C?P?sFH�C]�=�MH9�97�CMH^lF�D2^�E7=RM�^RFH]�=RE�ACF�_lMHLC;�=�9ZamMHN7=�_@N7^/D7IZ=�F�D�MYN7=�[Z=l]H9C_RF�M4j/r
M�=RW�A7=l;�^lMHLC;X=&^RD7E�_R9CW�A79�DC=lDCM�_/9GD�_R=lD7MH;�^lMHFH9ZD�a�FY=/]YE7?h�*F�MYN�M�FYW�=lr ^lDCE�E7=RM�=R;�W�FHD7=`^l?:�*=l]H]�^l?mMYNC=`]�FYW�F�MYF�DCI�_G9ZD7ECF�MYF49CDC?
9Ca�;�^lECF�9Z^l_RM�FH[C=2AC;�9CAC^/IZ^lMHF49ZD�9Ca*aX9Z;�=R?sMHr-F�?�9Ca�FHD7MH=R;�=l?sMYS � NC=2?BL7;�a�^R_R=#a�Ff;�=2?s9CLC;�_l=2FH?�W�9CEC=l]H=lE�^R?�^�A7]Y^/DC=#]Y^GjG=R;K9Za
�7LC;�D7FYD�I�a�9C;�=l?sM�a�L7=/]Y?&�*F�MYN�kZD�9Z�&D�M�=RW�A7=l;�^lMHLC;�=#^lDCE!FHD7_l;�=R^R?PF�D7I�^l;�=l^#9CaT�7L7;�DCFHD�ICS���M�F�?�^/?s?sLCW�=lE�M4NC^lM�MYNC=#a�9Z;X=/?sM
E7LC;�FHD�I�^�a�9C;�=l?PM�a�FY;X=�_R^/D©�C=�W�97EC=l]H=lE©^/?�^�M��`9

-
MH=lW�AC=l;�^RMYL�;X=�W�LC]�MYF�ACN7^R?P=�D79ZD

-
EC=la�9C;�W�^l�C]�=�A�9C;X9CL7?�;X=/^l_RM�FH[C=

W�=/ECFHLCW�Sqª�=lM�MYN7=l;X=��C=�^�?s9
-
_R^R]�]H=lE#«{[Z=lDCM�FH]H^lMH=lE7«�a�9C;X=/?sM�W�^R?P?sF�a�r�F�D��`NCFH_RN#M�NC=�[79Z]�L7W�=�9Caya>;�^R_/MYFH9ZD7?�9Ca�_/9ZD7EC=/DC?s=/E

f
9C;�=l?PMca�LC=l]cACN7^R?s=/?sr�_/9GD�?sFH?sMHFHD�I#9CayE7;�j§9Z;�IC^/DCFY_�W�^RM�MH=l;�r��`^RMY=l;yF�D§]HFH¤7LCF�E#?sMH^lMH=Rr�?P9C]YF�E§Anj/;�9C]4jG?{FH?�AC;�9CECL7_RM�?srq^RD7E#^R?PN7r
_l^RD��7=�D7=lIC]H=l_/MY=/E�_R9�W�AC^l;�=lE�M�9�MHNC=#[79Z]4LCW�=§a�;X^/_lMHFH9ZD!9Za�IZ^l?&ACN�^l?B=§¡�_R97W�A79CD7=lDCMH?�9ZaT^RF�;m^lDCE!IZ^l?P=/9ZL7?&AnjZ;�9Z]<jG?sF�?
A7;�9GEnLC_lMH?s£�S
� NC=��79CL7D�EC^l;�j

-
[Z^l]HL7=2A�;X9C�7]H=lW	�K^/?�?P9C]H[C=lE�DCL7W�=R;XF�_/^R]�]Hj�L7?PFHD�I�MYNC=�W�=lMHN79CE�9Za*?sA7]HF�MYM�FHD7I�^l_/_R9C;�ECFHDCI�M�9�ACN¦j/?VFH_l^l]

A7;�9G_/=l?B?P=l?PST�XD�MHN7=�a�FY;�?sM*?BM�^lIZ=/rTM�NC=�N7jZEC;�9CEnjGD7^RW�FH_�A7^RM�MY=/;XD�9Za�aX]�9Z��^lDCE�ECFH?sM�;XF��CLCM�FH97D�9Ca�?P_R^l]H^R;�aXL7DC_/MYF�9ZD7?2�`^R?
_l^R]�_/LC]Y^RM�=RE�S � NC=�?VjZ?PMY=/W�9Ca!9C;XECF�DC^/;ij$E7FHa�aX=/;X=/DCMHFY^l]�=l¤CL7^lMHFY97DC?�9Ga�_RN7=/W�F�_l^R]�kCFHD7=RM�FY_/?�97�CM�^RF�DC=/E©^R?�^�;�=l?PLC]�M�9Za
?sAC]�FHMHMHF�DCI��`^R?mMHN7=RD�F�DCMH=/IC;X^/MY=/ECS J©E7FY?P_l;�=lMH=&^RD7^R]�9ZI��*^l?T9Z�7MY^/FYD�=RE��¦j�W�=R^lDC?T9Za�M�NC=`_G9CD7MY;�9C]q[C9C]�L7W�=&W�=RM�N79CE§LC?PFHDnI
M�NC=�d��>¬�Uqª�®^/]YI�9G;�F�MYN�W�S � N7=�^l_R_/L7;>^l_/j�9Ga�MHNC=�AC;�97IZ;�^lW¯�*^l?#_RN�=R_lkC=RE��¦j�MHNC=�W�=RM�N797E9Za�FHDC?s=/;XM�=RE^RD7^l]4j/MHF�_R^l]
?s9C]�LCM�F�9CDC?sS&J`DC^l]4jGMYF�_R^/]�=l�CA�;X=R?P?sF�9CD7?�a�9C;�MHNC=�LCD7kCD�97�KD�a�L7D7_/MYF�9ZDC?��*=l;�=�?sL7�C?sM�FHM�LCMY=/E�F�D©?PjG?PMY=GW�9Za�ECFHa�a�=l;>=/DCM�FY^/]
=l¤CL7^lMHFH9CDC?#^lDCE�M�NC=�_l]H9C?sL7;�=�9Ca�M�NC=!=R¤7LC^lMHF�9ZD7?#�K=/;X=�_l^/]Y_/LC]Y^lMH=/ECS � N�FY?#�`^R?§M�NC=lD�MY;�=R^RM�=RE�^R?#M�NC=�?s9ZL7;�_R=�FHD�=R^/_RN
=l¤CL7^lMHFH9CDCS&�`=R�7MHr&�*FHM�N�MYNC=�^RFHE�9Za�M�NC=�^l]HI79Z;�FYM�NCW'EC=/?s_R;�F��C=lE�^l�C9C[C=/r&MYN7=�[Z^/]YL7=/?�9Ca2M�NC=�a�LCDC_lM�FY9CDC?�L�?s=lE��`=R;�=
F�DCaX=/;>;�=lE��*FHMYN�^lD�^l_l_RL7;�^R_lj#9CamDC9CM-]H=l?P?KM�NC^lD�p{¢�S � N�=�=Ra�a�=R_@M-9CahM�NC=�ECF�W�=/DC?sF�9CDC?&9ZamMYN7=�_l97DCMH;�9Z]�[C9C]�L7W�=R?&9ZD�MYN7=
?s9C]�LCM�F�9CD��*^l?�?PM�LCE7FY=/E��7j&E�FYW�F4DCFH?PNCF�D7I�M�NC=lW�S � NC=*MHFHW�=KFHD7MH=R;>[C^R]��`^R?h?P=l]H=R_RM�=lE�^RL�MY9CW�^lMHFH_l^l]H]HjGS
� FH=l]HEC?�9GayMH=lW�A7=R;�^lM�LC;�=Rr [C=R]49Z_lFHM4j/r�_/97W�A�9CD7=RD7M�W�^l?P?maX;�^l_/MfF�9ZD�?sr [C97]HL7W�=*a�;�^l_lMHF�9GDC?�9Ga�A7NC^l?P=l?m^RD�E�_/97DC_l=RD�MY;�^RM�FH9CD�9Za
^lECE7FHM�FY9CDC^/]h;X^/EZF�9Z^l_/MYF4[Z=�A79C]H]HLCM�FH9CD��*=l;�=�9Z�7MH^lFHD7=RE�DCL�W�=l;�FH_l^@]�]�jGS � N7=��KFHD7E�a�F�=l]HE�FHD�M�NC=�a>9C;�=l?PMh_l^lDC9ZA¦j!F4DCMH=l;�^l_lMH?
�KF�MHN�M�NC=§IZ^l?

-
 i=RMy9C�C?PMY^/_l]H=�M�NC^RMyaX9Z;�W�?&a�;X9CW¥MHN7=§?sLC;�a�^l_l=�aX9Z;�=R?sMyaXFH;X=§?P9GL�;X_/=�^RD�E�a�;X9ZW°MHN7=§FHIZD7FHM�=RE�a�9C;�=l?PM-_l^/DC9CA�j

�7^R?P=lS-J±IC;�=R^lM�EC=l^l]y9CaTaXF�DC^/]y^RD7E�F�DCM�=R;�W�=RE7FH^lMH=#IC^R?P=/9ZL7?�^/DCE�ECFY?PA7=l;�?s=lE�_G9ZW��7L7?PMYF49ZD�AC;�9CE7L7_lMH?�9GaKaX9Z;�=R?PMya�L7=R]�?&FY?
k7D79Z�`D�M�9��7=�=/�CN7^RLn?sMH=lE�FHD7M�9�M�NC=�^lMHW�9Z?sA7NC=/;X=�E7LC;�FHD�I�ai9G;�=l?PM`aXFH;X=/?sSKJK?��KF�DCE�[C=/]H9Z_/FHM4j�F�DC_/;X=/^R?B=l?�;�^RE7FH9C^l_RM�FH[C=
?sW�9CkC=�AC^l;�MYF�_l]H=l?�^R;�=®M�;X^lDC?sa�=R;�;>=/E²F�D²M�NC=³IZ;i9ZLCD�E²]�^Gj/=/;�ECF�?sMH^lDC_/=R?�A7;X9ZAn9G;�MHFH9CDC^/]�M�9±^³�*FHDCE¥[Z=l]�9C_RF�M4jGS � N�=
k7D79Z�`]Y=/E7IC=`9Za¨M�NC=/?s=�kCFHDCE7?h9Ca-FHD7aX9Z;�W�^lMHFH97D�=RD7^R�7]H=l?h^KaXLC]�] =l?PMfF�W�^/MY=*9Ca-MYN�=KEC^lW�^lIZ=*aX;�9ZW�a�97;�=R?sM�a�Ff;�=R?:MH9��7=*W�^lEC=/S

113

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



 
 
 
 
 
 
 
 
 

114

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



 
 
 
 
 

 
Proceedings 
4th MATHMOD Vienna 
 
 
 
 
 
 
 
 
 
 

Electrical, Electronic and 
Power Systems 
 
 
 
 
 
 
 
 
 
 
 
 
 

115

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



 
 
 
 
 
 
 
 
 

116

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



AN ALGORITHM FOR SMOOTHING THREE-DIMENSIONAL
MONTE CARLO ION IMPLANTATION SIMULATION RESULTS
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An algorithm for smoothing results of three-dimensional Monte Carlo ion implantation simulations is
presented. This algorithm is indispensable for joining various process simulation steps, where data has to
be smoothed and translated to unstructured three-dimensional grids. Its foundation are a generalization
of Bernstein polynomials to multi-dimensional cuboid domains, whose properties are proven.
The usual approach is to perform a least squares fit of multivariate polynomials of fixed, low degree,
usually two, and to hope to obtain a suitable approximation and that suitable smoothing takes place.
This rsm (response surface methodology) approach is used extensively in tcad applications. The new
approach using generalized Bernstein polynomials was put on a sound basis and does not suffer from the
adverse effects of the popular rsm.

Properties of a Generalization of the Bernstein Polynomials: After defining the generalization
of the Bernstein polynomials to multidimensional intervals, we prove their most important properties
like the following:

• Uniform Convergence: Let f : [0, 1]m → R be a continuous function. Then the multivariate
Bernstein polynomials Bf,n1,...,nm converge uniformly to f for n1, . . . , nm →∞.

• If f : I := [0, 1]m → R is a continuous function satisfying the Lipschitz condition ‖f(x)− f(y)‖2 <

L‖x− y‖2 on I, then the inequality ‖Bf,n1,...,nm
(x)− f(x)‖2 < L

2

(∑m
j=1 1/nj

)1/2

holds.

• Asymptotic Formula: Let I := [0, 1]m, let f : I → R be a C2 function, and let x ∈ I, then

lim
n→∞

n(Bf,n,...,n(x)− f(x)) =
m∑

j=1

xj(1− xj)
2

∂2f(x)
∂x2

j

≤ 1
8

m∑
j=1

∂2f(x)
∂x2

j

.

Figure 1: A front view of the sample Monte Carlo ion
implantation after smoothing using the new algorithm.

The Algorithm and a Three-Dimensional
Example: The algorithm works by constructing
approximating generalized Bernstein polynomials
in the neighborhood of the points of the unstruc-
tured, new grid.
The new algorithm and its rsm counterpart are
compared in a real world example, namely the sim-
ulation of the implantation of Boron into a a three-
dimensional cmos structure. A Boron dose of
1013 cm−2 with an energy of 15 keV was implanted
in the Monte Carlo simulation using an isotropic
homogeneous grid. The resulting concentration of
Boron interstitials in [cm−3] after smoothing by
the new algorithm is shown in Figure 1, together
with the unstructured destination grid with 78 651
points. The smoothing algorithm was found to
yield superior results which can immediately serve
as input to subsequent simulations.
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The modelling of electromechanical systems as e. g. MEMS has to take into consideration nonlinear
behavior. An inherent instability situation in electrostatic actuators, known as pull-in, results from
these nonlinearities. The pull-in instability is the principle phenomena that limits the design of nearly
every electrostatically actuated MEMS device. For instance, when a voltage drives an electrostatic
parallel plate actuator, the pull-in instability limits the range of displacement to 1 / 3 of the gap. For
higher voltages the plates come together. On the other hand the pull-off voltage is smaller than the pull-
in voltage and depends on the remaining gap between the plates after pull-in, cf. [1]. This phenomena
is also known for electrostatic actuators that are more complicated. Electrostatic actuators are used in
a wide area of applications, including optical routers, radio-frequency microswitches, voltage-controlled
capacitors, pressure sensors, and others. The pull-in effect may be either disturbing or useful, depending
on the application. The analytical and numerical determination of pull-in points and their classification
is discussed in the full paper.
Mathematically this instability can be explained by a single fold in the static characteristic of the devices
under investigation. Roughly spoken, we use the following approach: A nonlinear system of equations
describes the equilibrium between electrical and mechanical forces. Unknowns of this system are the
applied voltage (or charge) and displacements of mechanical points in the case of a translational system.
The solution of the system of equations describes a one dimensional curve in a higher dimensional space

L =


z(t) =
�
x(t), y(t)


: F

�
x(t), y(t)


= 0, t ∈ [tmin, tmax]


with F : Rn × R → Rn.

It contains simple singular points [2]. In particular, turning points which are the weakest singular points
occur and of special interest. In fact, pull-in parameters are characterized by simple turning points. For
n = 1 simple turning points can be easy computed by simultaneous solving of the two equations

F (x, y) = 0 , ∂xF (x, y) = 0 . (1)

Moreover, double turning points and simple bifurcation points may arise at L in dependence of model
F (x, y) = 0. In particular cases, system (1) can be analytically solved by means of Computer Algebra
Systems. In general, the values of the pull-in parameters have be calculated numerically.
The evaluation of these equations leads to numerous expressions describing the pull-in parameters with
respect to nonidealities of parallel plate actuators, the influence of series and parallel capacitances,
torsion actuators, ... . On the other hand a solution curve can be computed by a discrete set of solution
points using curve tracking methods. For this purpose, the basic equation has usually be extended by
a further equation. It can be shown that the original equation and its augmentation define together a
network analysis problem which can be solved using state of the art network simulation programs that
can include user elements described by standard hardware description languages like VHDL-AMS [3]. At
a simple turning point an event on the implicit signal y’DOT’ABOVE(0.0) occurs.
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Electrical power systems are large decentralized nonlinear systems. Because of the growing ecological
pressure and the necessity to implement more renewable sources like wind turbine generators as well as
new technologies like fuel cells into the system its dynamical behavior changes to be more difficult. The
deregulation and liberalization of the electricity market forces a reduction of overcapacities and reduces
the investments into the net. Consequently the power systems run closer to their physical stability limits
than ever before. Different phenomena like “swing” and “collapse” incidents can already be detected.

Technologies like FACTS–Devices (Flexible AC Transmission System) can help to overcome some prob-
lems. To implement such devices or to determine a suitable control strategy to steer the power system
sophisticated analysis of dynamical properties is necessary. The dynamical behavior of power systems is
determined by load characteristics, mainly. Due to the large amount of different loads, the characteristics
are analyzed in the past by simulational studies based on time series analysis, mainly. The influence of the
load characteristics on the principal dynamics of the electric power systems are known for some special
cases, only.

One possibility to analyze the dynamics in a structured way and to overcome the disadvantages of time
series analysis, is to apply continuation methods, to calculate all possible solutions of a power system
under study. The application of continuation methods in power system analysis and computation of dy-
namics has the advantage, that beside a possible time series calculation, the complete solution of the sys-
tem in dependence of interesting parameters can be achieved. Furthermore, sophisticated software
programs can classify the properties every calculated solution point has. Special interesting bifurcational
properties can be continued. So called bifurcation diagrams can be computed. Bifurcation diagrams show
the system behavior in dependence on a continuation of parameters. Characteristic points where the sys-
tem changes its behavior are called bifurcation points or short bifurcations.

In the past several load models are presented. Only some of them represents the load in a physical relevant
way and hence can be used for structural analysis. An often used model is presented and implemented in a
representative three node system. Although this model considers different system states, it neglects the
dependency of the reactive load demand on a deviation of the node voltage. Another load model which
implement inter alia the mentioned dependency is presented. This paper integrates the model in the repre-
sentative three node system in order to realize the influences on the power system dynamics of load charac-
teristics. The different characteristics are represented by parameter changes.

Several characteristic results of bifurcational analysis if load parameters are varied in a structured way are
presented. All results will be interpreted physically. Based on the calculated solutions further investiga-
tion can result in concepts to prevent critical system states by matched bifurcational control strategies. An
outlook is given, how to combine bifurcational control of power system dynamics with realized control
tasks.
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An energy-recycling method enables effective semi-active vibration suppression with piezoelectric trans-
ducers. With this method, the energy is collected from the mechanical energy of a vibrating structure,
and stored in the capacitor of a piezoelectric transducer as an electric charge, and then used for vibration
suppression rather than simply dissipated. This energy-recycling idea is called LR-switching method,
whereas the conventional semi-active method is called R-switching. These methods supply no energy
to the system, which means that the system is always stable. This LR-switching method based on
energy-recycling approach for vibration suppression is surely attractive not only for general mechanical
structures but also for special structures with limited or even no source of energy, such as space struc-
tures.
In this paper, first, the vibration control utilizing the new energy-recycling method is discussed. Then
formulae that describe the behavior of structure and electricity, and several control strategies on the basis
of active control theories for this method are presented(Fig.1). In addition, we show an advanced elec-
tric circuit using diodes for simplifying the control law and reducing the hardship of measurement on an
actual control system. This energy-recycling semi-active method is designed for multiple-mode vibration
suppression with multiple transducers, because target values obtained from active control theories are
used. To see whether the energy-recycling method works in an actual structure, an experiment of vibra-
tion suppression of a truss was performed using both the energy-recycling LR-switching method and the
R-switching method. Through numerical simulations with mathematical model of piezoelectric trans-
ducer and experiments, the new method is shown to be more effective in suppressing vibration than both
the conventional semi-active method and the optimally tuned passive system. However, there were some
discrepancies between the experimental results and the numerical results with ideal linear characteristics
of the piezoelectric transducers estimated from a static test. Therefore we investigated the differences
between actual behavior and ideal condition on the numerical simulation. With some adjustments on
the mathematical model, the numerical result agrees with the experimental result(Fig.2).

Figure 1: An electric circuit for the
energy-recycling semi-active method and
a model of piezoelectric transducer

.

Figure 2: Numerical result and experimental result with
the energy-recycling semi-active method
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The three-phase modular double salient linear motor is a direct-driven linear motor, which can replace
rotational to linear movement translator devices. Due to its modular construction the motor is simple,
efficient and has high positioning accuracy. Therefore it is ideal for applications that require high position
accuracy and repeatability.
The multi-level model of this motor couples several units implemented using different simulation platforms
(SIMULINK, SIMPLORER and MagNet), each being one of the bests in its field. Hence the main
advantages of each one was exploited and the global efficiency of the entire simulation program is as high
as possible.

The basis of the whole model is the motor's MATLAB/SIMULINK unit. It exploits all the benefits of
MATLAB (easy to write program lines, advanced graphical visualisations) and of SIMULINK (simple
modular model building, easy to use graphical interface, etc.). The field computations were made using
MagNet 6.0 FEM-based magnetic field analysis program. The obtained results, the static characteristics of
the forces, were integrated in the SIMULINK model by easy-to-use look-up tables. The power converter's
model was made in SIMPLORER, a
widely used simulation program in
the field of power electronics. The
converter units were coupled into
SIMULINK by the Sim2Sim link.
This way all the parts of the model
were implemented in the most
suitable platform for each of them.
All the obtained results are in good
accordance with the theoretical
expectations and with the results of
analytical computations. This means
that the overall performances of the
combined simulation program are
quite good. Therefore the idea of
coupling units built-up in different
simulation platforms into a single
simulation program could be also
used for simulating similar types of
electrical machines.

Fig. 1. The block diagram of the coupled simulation program

Fig. 2. Results of simulating the starting of the motor
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An important model in power system engineering is that of a nonlinear synchronous machine connected to an inifi-
nite bus bar. Very often an idealized model for the machine is used, where all flux densities are assumed to be pro-
portional to the currents. Therefore magnetic saturation or other nonlinear effects can’t be treated. But, which is
well known from practice, saturation has a great influence to the machine’s behavior and much ingenuity has been
used in devising methods of taking it into account; for example, the use of ’Potier reactance’. Such methods do
not, however, introduce the nonlinear property into the basic theory. They are directed mainly to the determination
of appropriate values of constants to suit the particular problem, the constants being defined in relation to a linear
theory.

In this paper a nonlinear model of the machine is used, which allows to study the effects of the nonlinearities in
a very structured manner. The models are in such a shape, that they can be handled mathematically in an efficient
way. It is not the goal to fit all measured points of a e.g. saturation curve in detail, but we are interested in the typical
behavior and the influence of important nonlinear effects on the dynamics of the system.

An analytical solution of those nonlinear systems is reachable for some cases, only. With the help of differential
geometry statements on particular properties can be made. Equilibria and their description on manifolds of equilib-
ria are sophisticated tools for analysis. Critical equilibria, which denotes to a structural change in solvability and
therefore to quite different solutions of the system, can be analyzed. In particular, if one is interested in to know,
if the system can reach such critical points and may be reach different forms of stability or instability, even in a
dynamical case.

The emphasis of this paper is focused on the calcuation of nonlinear resonance phenomena, when a synchronous
machine is interconnected to an infinite bus bar or in a second case for interconnected machines. For different fre-
quency ranges, simulations where performed to show the resonance effects. From an application of catastrophe
theory and analytical analysis on this system it is known, that the system will reach some bifurcational points, espe-
cially a synchronous machine will undergo some hopf bifurcations to reach a cusp bifurcation. In our simulational
studies which were done by the help of the MATLAB package, the effect of the cusp will be shown, the problems
in simulating such nonlinear systems in the presence of a cusp bifurcation by time series analysis is discussed.
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Extended Abstract. Electrical power system are in a global change. Due to liberalization or the need for more
efficiency of the nets, power systems are forced to be operated closer to their stability margins. Nonlinear effects
can be observed much more than in the past, the characteristics of the systems become more and more nonlinear.
From this, there is a need in even more detailed models of the elements in such a form, that nonlinear analysis can
be done efficiently. Importend for this task is, that not some special system elements are analysed for themselves
or some time intervals only, since in this case the structural properties of the complete system will be lost. Ob-
viously, there is a need for models are which preserves the structural properties to describe the nonlinear dynamics
properly.

Unefficient numerical computational methods leads to the lost of structural informations, often. Especially, stabil-
ity analysis will be done in different kinds. Due to the nonlinear character of the power systems, methods based
on linear theory are unsuitable, often. A complete transition of the topological structure of trajectories in phase
space due to a change of some control parameters are knows as bifurcations. The task of bifurcational analysis is
to determine critical parameters which forces the system to a topological change and to determine and to construct
the new solution branches. For this, special homotopy– and continuation methods are a suitable tool, to determine
all structural and dynamical properties of a system under consideration. In this paper the structural properties of
a hysteresis model for a single phase transformer will be discussed. The model is represented in a closed form.
Simplifications of the model are made in the sense, that all stuctural properties are preserved, only.

In this paper it is shown, how a nonlinear differential representation of a transformer model with hysteresis effects
can mathematically deformed to linear one with some additional nonlinear algebraic constraints. Therefore, the
analysis of the new model is much more efficient, the bifurcational properties are preserved. Since the parameter
of the hysteresis depends on magnetical properties of the core only, the influence of the core material on the dynam-
ics of the system can be studied efficiently.

This kind of hysteresis modeling is motivated by practical problems. When power system dynamics must be ana-
lyzed or calculated with partly very old system components, for which no parameters are available, the classical
modelling is no solution, since the approximated parameters are to bad for a use in practice. But material tables,
characteristics  of the core material is still available. Together with the characteric losses of transformers, an
approximation of detailed dynamical properties can be achieved. The proposed model is used for educational tasks,
also.
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The nature of hybrid systems is characterized by a strong coupling of their time driven and discrete event
driven subsystems. For application issues these hybrid systems are often approximated by piecewise affine
characteristic maps. This approach is widespread used in hybrid identification [1, 2].
For the determination of the parameters as well as their range of validity, least squares approaches can
be applied to fit the given hybrid model structure to a set of measured data. Due to the discontinuities
that may appear in hybrid systems, this results in a nonlinear optimization problem. In [3] it was shown
that this optimization problem is even discontinuous. As a consequence, standard numerical gradient
based routines cannot be applied immediately to solve this minimization.
The methods proposed in [1, 2] try to solve this optimization problem approximately by applying clus-
tering techniques to determine the different subdomains. The high computational effort is due to the
extensive number of affine estimates calculated for the determination of these domains.

To overcome these problems and to determine the parameters of hybrid systems with piecewise affine
dynamics, the proposed approach transforms the hybrid identification problem into a continuously dif-
ferentiable optimization problem by using suitable approximations.
It turns out, that the step–functions used to fade in and out the different affine submodels cause the
discontinuities in the optimization problem and hence, these functions are replaced by continuously
differentiable functions. The requirements on the approximations are discussed and the corresponding
necessary and sufficient conditions on the approximations are obtained.
Since standard optimization software can now be applied to solve the resulting optimization problem, it
becomes obvious that the complexity of the hybrid identification problem is reduced significantly. For a
further reduction of the computational burden an approximative algorithmic solution of the optimization
is proposed:

• In the first step, only hypercuboidal domains are permitted for the submodels. By applying opti-
mization tools, the configuration of these partitions is optimized such that a quadratic performance
index is minimized.

• Since the resulting partitions are hypercuboids, the corresponding vertices do not reflect the optimal
positions of the affine models; thus in a second step the positions of the partitions’ vertices are
optimized to achieve higher precision of the identified model.

The reduction of the computational complexity in the first step is based on the reduced number of
parameters compared to the case in which partitions of arbitrary shapes are permitted. Optimizing the
partitions’ vertices in the second step is done by shifting the vertices only in a locally bounded domain
and hence the computational complexity is kept low again.
The different steps of the identification procedure are demonstrated at a multidimensional hybrid char-
acteristic map.
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Most control engineering applications are still based on parametric models, where the functional form
is fully described by a finite number of parameters. The information about uncertainty is usually
expressed as uncertainty of parameters and do not take into account uncertainty about model structure,
or distance of current prediction point from training data used to estimate parameters. This paper
describes modelling based on Gaussian processes which is an example of a non-parametric model that
gives also the information about prediction uncertainties which are difficult to evaluate appropriately
in nonlinear parametric models. Gaussian processes approaches which originated in statistics research
are in many respects related to artificial neural networks, in terms of their application domain. It was
shown that neural networks and Gaussian processes were closely related, even more, in the limit of an
infinite number of neurons in hidden layer the two are equivalent. Nevertheless, majority of work on
Gaussian processes shown up to now considers modelling of static non-linearities. Fragments on the
use of Gaussian processes in modelling dynamic systems have been published recently, e.g. [2,3] and
propagating of variance in dynamic system has just been revealed [1]. Bringing all this contributions
together would show all the aspect of dynamic systems identification by means of Gaussian process
models which is the purpose of this paper. A Gaussian process is an example of the use of a flexible
non-parametric model with uncertainty predictions.
Gaussian process is a collection of random variables which have a joint multivariate Gaussian distri-
bution. Assuming a relationship of the form y = f(x) between the inputs x and outputs y, we have
Cov(yp, yq) = C(xp, xq), where C(., .) is some function with the property that it generates a positive
definite covariance matrix. This means that the covariance between the variables that represent the
outputs for cases number p and q is a function of the inputs corresponding to the same cases p and q.
Given a set of training cases , the hyperparameters of the covariance function should be learned. There
is a hyperparameter correponding to each regressor ‘component’ so that, after the learning, if a hyper-
parameter is zero or near zero it means that the corresponding regressor ‘component’ has little impact
so could be removed. Gaussian processes are, as neural networks, approximators of static nonlinearities
and can therefore be used for modelling of dynamic systems if delayed input and output signals are
fed back and used as regressors. In the framework of Gaussian processes, k-step ahead prediction can
be achieved by simulating the system (repeated one-step ahead predictions up to k - iterative method).
The described approach is illustrated with identification of system that can be described with equation
ẏ = − tanh(y + u3). The output signal was disturbed with white noise. Results on validation signal,
different from the identification one, show that Gaussian process model successfully models the system
based on chosen identification signals. Moreover the information about uncertainty which comes with
the Gaussian process model indicate the level to which results are to be trusted.
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Differential problems are ubiquitous in mathematical modeling of physical and scientific problems. Alge-
braic analysis of differential systems can help in determining qualitative and quantitative properties of
solutions of such systems. We describe several algebraic methods for investigating differential systems.
The idea of an algebraic approach to differential equations has a long history. In the 19th century S. Lie
initiated the investigation of the group of transformations leaving a given differential equation invariant.
This group is used to reduce the order or the number of variables appearing in the equation. Lie discovered
that knowledge of a one-parameter group of symmetries reduces the order of an ODE by one.
At the beginning of the 20th century Riquier and Janet introduced involutive bases of differential poly-
nomials. These are canonical systems of ideal generators which can be found algorithmically similar to
Buchberger’s well known Gröbner basis algorithm. Computing these Janet bases for Lie symmetries of
a differential equation, triangularizes the determining system.
There are several advantages of an algebraic analysis of differential equations:

• sometimes we may actually find a symbolic solution;

• deriving symmetries may help in verifying numerical schemes for approximation of solutions;

• we can decide whether a system of ODEs or PDEs admits a solution,

• if there are solutions, then we can derive equivalent triangulized systems;

• we can get a complete overview of the algebraic relations satisfied by the solutions system of
differential algebraic equations.

An effective symbolic treatment of differential problems depends crucially on algorithms in differential
elimination theory. The algebraic theory of elimination is well developed, and we can answer construc-
tively the main questions like membership, radical membership etc. The methods for solving these prob-
lems are resultants, Gröbner bases, and algebraic involutive bases. For differential ideals there are still
many open problems. For instance, the membership problem or the ideal inclusion problem for finitely
generated differential ideals are still not solved.
There are several approaches to the field of differential elimination. In this paper we concentrate on
differential Gröbner bases, involutive bases, characteristic sets, and symmetry analysis.

1This work has been supported by the Austrian Science Fund (FWF) unde the special research area SFB F013, subproject
F1304.
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Linear Error-models are an integral part of several parameter identification methods for feedforward and feed-
back control systems. The parameters are hereby often subject to specific restrictions, which span convex soluti-
on sets. The reason for these restrictions is for example the demand for invertibility of a static nonlinearity during
a synthesis of an inverse feedforward controller [1] or the demand for stability of a feedback control system du-
ring the synthesis of a respective controller [2]. If the restrictions can be formulated through inequality con-
straints the admissible solution set for the parameters is a convex polyhedron and the corresponding identification
problem to be solved is a convex quadratic program. For solving these well conditioned problems before putting
the control system into operation the optimisation theory provides multiple powerful algorithms. But these algo-
rithms are not suitable for an optimisation during the operation of the control system, because they require too
much computing power. A possibility to avoid these difficulties is to formulate the solution of the bounded qua-
dratic optimisation problem as a stable equilibrium point of a proper system of differential equations. This dyna-
mical system can then be solved through numerical integration very efficiently from time step to time step during
the operation of the control system. In the unbounded case, for instance, the right-hand side of the demanded
differential equation is given by the negative gradient of the quadratic target function. The theory of the projected
dynamical systems [3] offers a starting point for the formulation of a respective differential equation for the bo-
unded case. In this case the vector field of the differential equation is also based on the negative gradient of the
quadratic target function. However, the right-hand side of the differential equation follows in this case from a
projection of the negative gradient which ensures that the trajectory of the system under no circumstances leaves
the admissible solution set. In contrast to parameter projection methods normally used the in the field of adaptive
systems, the applied projection transformation considers also the non-differentiability points of the boundaries of
the convex solution set. As in the case of a convex polyhedron these non-differentiability points often result from
the intersection of smooth convex sets. The projection transformation results in a discontinuous right-hand side of
the differential equation. The consequence are difficulties for the verification of the existence, uniqueness and
stability of a solution trajectory.
The main subject of this paper is the derivation of an alternative formulation of the projected dynamical system,
which exhibits, in contrast to the original formulation, a continuous right-hand side and thus is accessible to con-
ventional analysis methods. For this purpose the multi-dimensional stop operator, well-known from the hysteretic
systems theory, is used [4,5]. Finally the existence and uniqueness of the solution trajectories are verified and the
stability properties of the projected dynamical system are investigated.
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Electro-mechanical brake-by-wire (EMB) actuators are usually made up of a standard disc brake, a
roller or ball screw and a brushless electric machine with optional gear reduction [1]. Due to their
reliability switched reluctance (SR), brushless DC (BLDC), and squirrel cage induction machines (IM)
are considered as the most likely candidates for the electric drive of the EMB actuator.
A crucial point in the design of such EMB actuators is to meet the dynamic requirements w.r.t. position
x of the brake pads or the clamping force Fc of the disc brake, resp., without violating technical input and
state constraints. From a control engineering point of view, the actuator operation represents a nonlinear
tracking problem for the reference variable, i.e., x(t) or Fc(t), resp. Thus, the controller design comprises
two steps: At first, a suitable reference trajectory xd(t) or F d

c (t) has to be specified according to the most
challenging dynamic requirements. Secondly, open or closed loop controllers can be designed that steer
the system along the reference trajectory. Therewith, the fulfillment of system variable constraints has
to be verified in order to estimate the feasibility of a particular actuator w.r.t. dynamic specifications.
A systematic solution of the tracking problem for nonlinear systems is possible using the inverse system
approach based on the differential flatness [2,3,4]. The inverse system is purely algebraic and allows the
examination of the system constraints without performing simulations. Of course, the flatness approach
requires mathematical models for the actuator components. Thus, Section 2 of this contribution is de-
voted to the modeling of the considered family of EMB actuators, which comprise BLDC, SR, and IM
machines for the electric drive and a general representation of the actuator’s mechanics. The modeling
of the mechanics is exemplified in Section 3 by means of a ball screw. Based on the presented model,
the flatness of EMB actuators is shown in Section 4. Finally, trajectory planning and flatness-based
design of an open loop control are performed for a SR machine, in order to illustrate the approach for
the flatness-based feasibility study. In doing so, it turns out that the considered SR machine does not
fulfill the dynamic requirements of an EMB actuator, because input constraints are violated.
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Robots acting in the proximity of humans belong to the most challenging mechatronic systems and 
attract increasing interest in sciences and in commercial applications. The autonomous wheelchair 
EASY (electric wheelchair with driver assistance system) is an example of such a system of high 
autonomy and is developed in the author’s research group. This contribution introduces the 
hierarchical control structure of the system and particularly focuses on two feedback control tasks: (i), 
the problem of trajectory tracking of the non-holonomic system is solved using a flatness based 
feedback design, and (ii), for the camera supported control of path segments an approach of image-
based visual servoing is introduced. Here, the application of a 3D laser supported camera allows for 
precise positioning using a 3D state-feedback algorithm.  

Fig. 2 shows the (simplified) 
hierarchical structure of the 
different control loops: On the 
two lower levels, the trajectory 
generation and trajectory 
tracking are done, which rely 
on measuing by incremental 
encoders installed in the rear 
wheels. The visual control and 
path planning is based on 
evaluating the images of the 3D 
camera. On the one hand, this 
can be supported by artificial 
landmarks; on the other hand, 
obstacles must spontaneously 
be avoided by additional 
measures. On the level of 
strategic travel planning, the 
human keeps the upper hand, 
by giving travel goals and by 
intervening if necessary.  
1) Flatness Based Trajectory 
Tracking Control: If a dynamic 
system is differentially flat, 

then it is possible to calculate the trajectories of the state variables and of the control input variables 
from a given trajectory of the so-called flat output, without numerical integration. The resulting 
relations make a particularly simple feedback control design possible, with the goals of stabilizing the 
system and ensuring trajectory tracking.  
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Trajectory Control

Trajektory Generation

trajectory

pose

velocity 
of drives

wheel
angles

Visual Control and 
Path planning

Strategic Travel
Planning

pose

path

 
Fig. 1: Wheelchair with camera,                   Fig. 2: Hierarchical control 
computer, and user interface 

2) 3D Image-Based Visual Servoing: The block “trajectory generation” frequently requires intermedi-
ate reference goal poses as an input. Such goal poses can be calculated by using image data from a 
camera and by determining the next part path to be followed. In order to do so, the the current images 
from the camera are compared to corresponding images taken during a teaching drive. From this com-

parison, goal poses 
can directly be 
generated and be 
used as the refer-
ence input signals 
to the trajectory 
generation, resul-
ting in an image-
based closed-loop 
(fig. 3). 

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)
 
Fig. 3 Visual Servoing feedback control loop
136

mailto:BL@iat.uni-bremen.de


 
 
 
 
 

 
Proceedings 
4th MATHMOD Vienna 
 
 
 
 
 
 
 
 
 
 

Modelling in Mechatronics 
Multiport Modelling of Physical Systems 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

137

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



 
 
 
 
 
 
 
 
 

138

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



ENERGY BASED MODELLING OF LUMPED-PARAMETER
HYDRAULIC SYSTEMS

A. Kugi and W. Kemmetmüller, Saarland University, Germany
Corresponding Author: A. Kugi

Chair of System Theory and Automatic Control, Saarland University
Building 13, 66123 Saarbrücken, Germany

Phone: +49 681 302-64720, Fax: +49 681 302-64722
email: andreas.kugi@lsr.uni-saarland.de

The energy based modelling of nonlinear systems was mainly stimulated by the demands on the controller
design for dynamical systems where the nonlinear components cannot be neglected. In this context,
modelling turns out to play a central role within the control system design. By modelling, we not only
mean the process of setting up the equations for simulation purposes but also the process of revealing
the structural aspects of the system which, in a further step, can be exploited for the controller design.
The most popular control design strategies based on this philosophy are involved with the fundamental
notions passivity and dissipativity. In the literature, passivity-based control and energy based modelling
can be found in a wide range of applications, see, e.g., [2], [4], [6]. Nevertheless, as far as the authors know,
lumped-parameter hydraulic actuators have not yet been considered within this world. Even though in
e.g., [7], the more complicated infinite-dimensional case of a fluid dynamical system was already modelled
as a Hamiltonian boundary control system.
This is why, in this paper, we concentrate on a systematic derivation of an energy based description of
lumped-parameter hydraulic actuators. In this context, the modelling in the form of a port-controlled
Hamiltonian system with dissipation or PCHD-system for short, see, e.g., [6], offers a pleasing way to
describe the structural aspects of the energy storage mechanism and the energy flows to and off the
system due to external inputs. In a first step, a systematic formulation of the constitutive relations of
a fluid in an isentropic process, e.g., [1], [5], beginning with the fundamental laws of thermodynamics,
is given. We further show that the definition of the bulk modulus, usually used as a constitutive law in
industrial hydraulics, fits this description. As an additional result, we are able to formulate a coenergy
principle for calculating the generalized coupling forces of hydraulic actuators in complete analogy to
electromechanical systems. These results allow us to describe the hydraulic systems under consideration
in the same mathematical framework as we are used to for electromechanical systems. It is worth
mentioning that, in contrast to the equivalent electric circuit models of lumped-parameter hydraulic
systems, see, e.g., [3], the theory presented is not confined to the linearized scenario. Thus, we will also
show that the definition of a “hydraulic capacitance” as a fluid element in which potential energy is
stored may lead to a wrong interpretation, if used in an energy based modelling context.
As a result, we will present the PCHD-model for a general configuration of a translational hydraulic
piston actuator with an isentropic fluid. It turns out that the PCHD-system has two non-trivial dynam-
ical invariants, so called Casimir functions, if the dissipative effects in the hydraulic part (leakage flows)
are neglected. These observations together with the analogy to electromechanical systems give us the
necessary information for the choice of suitable canonical coordinates.

References:

1. Burke W.L., Applied Differential Geometry, Cambridge University Press, Cambridge, 1997.
2. Kugi A., Non-linear Control Based on Physical Models, Springer, London, 2001.
3. McCloy D. and Martin H.R., Control of Fluid Power: Analysis and Design (2nd edn.), John Wiley
& Sons, New York, 1980.

4. Ortega R., Loria A., Nicklasson P.J. and Sira Ramírez H., Passivity-based Control of Euler-Lagrange
Systems, Springer, London, 1998.

5. Sychev V.V., The Differential Equations of Thermodynamics (2nd edn.), Hemisphere Publishing
Corporation, New York, 1992.

6. van der Schaft A.J., L2-Gain and Passivity Techniques in Nonlinear Control, Springer, London, 2000.
7. van der Schaft A.J. and Maschke B.M., Fluid dynamical systems as Hamiltonian boundary control
systems, Memorandum No. 1575, Faculty of Mathematical Sciences, University of Twente, Twente,
March 2001.

139

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



Distributed Port Hamiltonian Formulation of the

Timoshenko Beam: Modeling and Control

Alessandro Macchelli∗, Claudio Melchiorri

DEIS - University of Bologna,
viale Risorgimento 2,
40136, Bologna (Italy)

{amacchelli,cmelchiorri}@deis.unibo.it

Abstract

The purpose of this paper is to show how the Timoshenko beam can be fruitfully treated within
the framework of distributed port Hamiltonian systems (dpH systems), both for modeling and control
purposes. In this manner, rather simple and elegant considerations can be drawn regarding both the
modeling and control of this mechanical system. In particular, it is shown how control approaches
already presented in the literature can be elegantly uni¯ed, and a new control methodology is presented
and discussed.

The paper is organized as follows: ¯rst of all, the dpH model of the Timoshenko beam is presented
and the underling Dirac structure, the core of the Hamiltonian structure of the model itself, is shown.
Then, some considerations about several control strategies of the beam are presented. In particular,
the well-known control by damping injection is extended to distributed parameter systems in order to
stabilize the beam acting through its boundary and/or its distributed port. Moreover, the energy shaping

by interconnection control technique is extended to distributed parameter systems in order to control a
mechanical system made of a °exible beam with a mass connected at an extremity. The ¯nite dimensional
controller, acting on the system through the other extremity, is developed by properly extending the
concept of Casimir functions to the in¯nite dimensional case.

Finally some conclusions and ideas for future work are presented.
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Passivity is a fundamental property of dynamical systems that constitutes a cornerstone for many
major developments in circuit and systems theory, see e.g. [4] and the references therein. It is
well-known that (possibly nonlinear) RLC circuits consisting of arbitrary interconnections of pas-
sive resistors, inductors, capacitors and voltage and/or current sources are also passive with port
variables the external source voltages and currents, and storage function the total stored energy [2].

Our main contribution in this paper is the proof that for all RL or RC circuits, and a class of
RLC circuits (with convex energy function and weak electromagnetic coupling) it is possible to
‘add a differentiation’ to the port variables (either voltage or current) preserving passivity with a
storage function which is directly related to the circuit power. The new passivity property is of
interest in circuit theory, but also has applications in control. To establish our results we exploit
the geometric property that voltages and currents in RLC circuits live in orthogonal spaces, i.e.,
Tellegen’s theorem [2, 3], and heavily rely on the seminal paper of Brayton and Moser [1] published
in the early sixties.
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Linear graph theory, invented by Leonhard Euler in 1736, was applied to the modelling and analysis of one-
dimensional physical systems in the 1950s and 1960s [1]. The basic theory of this modelling approach was
established during this period, and subsystem analysis methods were developed for large electrical networks [2].
Quite recently, graph-theoretic methods for modelling flexible multibody systems were developed [4], an overview
of which is presented in the paper. Graph theory can be used to generate equations in terms of user-selected
coordinates, including absolute or joint coordinates, or some combination of the two. By selecting coordinates
that are well-suited to a given problem, one can reduce the number and complexity of the governing equations.
Given that linear graphs were originally applied to electrical networks, the extension of graph-theoretic methods
to the modelling of mechatronic multibody systems is natural and straightforward. From a single linear graph of
the entire system, the coupled equations for the electrical and mechanical subsystems are systematically derived.
Symbolic programming was used to implement this graph-theoretic formulation; the resulting Maple program
(DynaFlex) for modelling flexible multibody mechatronic systems is briefly described.
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Figure 1: DC motor-driven robot manipulator and linear graph.

To demonstrate, consider the two-link manipulator shown in Figure 1 with its linear graph representation. The
joint angles

���
and

���
are controlled by two DC motors that are powered by voltage sources � � and � � . The

linear graph of the system contains the standard mechanical components, the two voltage sources, and the two
motors ��� and �
	 . Four differential equations, in terms of

���
,
���

, and the two motor currents, are generated for
the two-link manipulator. These system equations can be used to find symbolic inverse solutions for the motor
currents required to drive a particular trajectory, or as the basis of a forward dynamic simulation [3].
The modelling of complex systems is greatly facilitated by the use of subsystem models; a newly-developed
graph-theoretic generalization of the Norton and Thevenin theorems from electrical network theory is used to
generate models of mechanical and electrical subsystems, from which a multibody mechatronic system model is
constructed. The utility of this subsystem modelling approach is demonstrated on a PD-controlled robot arm.
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The paper presents a detailed analytical description of a wide class of surface acoustic wave (SAW) filters built
by cascading two electro-acoustic transducers as shown in the figure. Unlike classical FIR design for SAW filters
the introduction of internal reflections in the transducers offers new and extremely promising possibilities of true
rational transfer function design for SAW filters [1]. Due to the internal absorbers (unit resitances in the figure)
the filters, as viewed between the two external electrical ports, are inherently lossy devices that present themselves
in a natural manner as the Darlington embedding of a lossy two-port into a lossless four-port.
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The most natural parameterization of SAW transducers is in terms of the so-calledP -matrix of the 4-port — a
mixedmatrix representation that relates the 2-vectors of voltagesu and currentsi of the external electrical ports
and the 2-vectorsa andb of the acoustic wave variables at the internal absorbers by�

i

b

�
=

�
C R

L B

� �
u
a

�
; where P (z) =

"
C(z) R(z)

L(z) B(z)

#
is a rational(4� 4) matrix over the unit disk.

In [2] we analysed the general algebraic and analytic properties of theP -matrices of lossless and reciprocal mul-
tiports by establishing their intrinsic connection to the Arov-Dewilde-Dym parametrization ofJ-inner functions
[3]. More in detail, in the present paper we show that the transducer 3-ports are very naturally decribed as a
cascade connection of various sections that serve as network models for theexcitation, reflectionandpropagation
of the acoustic waves, where the structural “backbone” of the SAW-filter is formed by a resistively terminated
transmission line transformer. We establishP (z) formally as a linear fractional transform

P (z) = F�(P0) = A+ BP0(1h+d +DP0)
�1C; where P0 2 R

4�4

and� = �(z) is a rational(8�8)-matrix that results from the Redheffer product of certain elementary matrices.
By application of the reactance extraction approach, finally, we end up with the state space representations ofP (z)
as well as its submatrices, especially the(2 � 2) admittance matrixC(z) of the electrical filter (a Carath´eodory
function) and the Blaschke matrixB(z) of the internal transmission line transformer. Furthermore, we show that
the representation is unique, i.e., the lossless cascade structure pins down the related spectral factorization problem
to a unique solution.

References
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Abstract.

Since around 1913 first nonlinear electrical circuits containing electronic tubes were developed by Meiss-
ner, Armstrong and others (see Mathis [1] for further details) the problem of noise became a main
subject of circuit designers. In 1918 Schottky published a first fundamental paper where he investi-
gated the physical aspects of thermal and shot noise. In 1928 thermal noise was studied in more details
for linear time-invariant circuits by Johnson and Nyquist where the famous Johnson-Nyquist formula
was derived using equilibrium thermodynamical arguments. Basically all these considerations applied
the so-called Langevin approach that was developed by Langevin in 1908 for linear physical systems.
A mathematical reasoning of the concept of Langevin can be given if the mathematical concepts of
stochastic processes and stochastic differential equations are used. Although this approach became very
successful in the analysis of noisy linear electrical circuits and systems it was observed by McDonald
and van Kampen around 1957 that it runs into difficulties if one tries to formulate a noise description
for certain nonlinear physical systems. The main problem behind these difficulties was that it is very
essential to divide external and internal noise in physical systems. In the first case there are no problems
because we have to transform in a nonlinear manner a stochastic process. In the latter case new physical
aspects arise with respect to a physical interpretation of the results since in contrast to the first case the
origin for deterministic behavior and the stochastic disturbance is the same. If e.g. an electrical current
is considered we have a flow of quantized charges that are responsible for the deterministic as well as
the stochastic behavior; the stochastic part cannot suppressed without a breakdown of the deterministic
current. Fortunately internal noise can be described by external noise in the case of linear systems which
is the reason why the Langevin approach is successful. If noisy nonlinear systems are studied it was
pointed out by van Kampen that moments of different orders are coupled. As a consequence we cannot
start with a deterministic description of a system and add the stochastic disturbance - just like in the
linear case.
The paper is organized in the following manner. First we discuss some general aspects of physical dy-
namical systems. In the following section a theory for a large class of noisy nonlinear electrical circuits
is presented. This theory was developed by Weiss and Mathis [3] during the last few years based on
Stratonovich’s concept of nonlinear nonequilibrium statistical thermodynamics [2]. Unfortunately the
theory is restricted to so-called reciprocal circuits and therefore no gain circuit elements (transistors or
tubes) can be included in a circuit under consideration. Especially noisy nonlinear oscillators cannot
analyzed from this point of view. Therefore in the last section we will discuss some recent methods for
analyzing stochastic differential equations published in the literature where e.g. bifurcations occur and
therefore a geometric approach is useful.
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Already the antique scientists studied variational problems to find an optimal solution like the isoperi-
metric problem. Great interest in extremal problems has lead in the last centuries to the development
of different variational problems in mathematics, physics or control. In addition, variational principles,
like e.g. the Hamiltonian principles, open up new possibilities in mathematical physics or mathematical
modelling, since they offer more insight into the structure of a problem. Therefore, it is often meaningful
to study the Euler Lagrange equations even if their solutions do not coincide with the optimal solution
of the variational problem belonging to them. It is well known that the derivation of these differential
equations is often a lengthy and laborious task. Nevertheless one can fomalize this problem such that it
becomes solvable by computer algebra methods.
This contribution presents a computer algebra package for Lagrangian systems, which allows to derive
the differential equations and boundary conditions of the variational problem L with Lagrangian given
by

L =

Z
D
l
³
xi, uα, u(n)

´
dx1 ∧ . . . ∧ dxp.

The Lagrangian density l is a function of p ≥ 1 independent variables
¡
xi
¢
, i = 1, . . . , p and q ≥ 1

dependent variables (uα), α = 1, . . . , q and may also depend on the partial derivatives u(n) up to the
order n > 0 of the dependent variables with respect to the independent ones. A solution, which meets
the first variational formula of this problem, is called an extremal solution and they meet the famous
Euler Lagrange equations. A well known method for the derivation of these equations is based on the
so called Euler Lagrange differential operators δα. Since this approach makes heavy use of the so called
integration by parts technique, it turns out that the derivation of the boundary conditions becomes a
problem more complex than necessary. Therefore, this contribution proposes the use of the so called
Cartan form. Having this form at one’s disposal, one derives not only the Euler Lagrange equations but
also the boundary conditions and certain first integrals in a straightforward manner. Furthermore, we
show that the language of jet manifolds allows us to formulate the required relations and equations in
such a precise and concise way that one can derive algorithms for a computer algebra system easily.
According to the remarks above, we give a short introduction to jet manifolds and summarize the results
necessary for this contribution. Having the first variational formula at ours disposal, we discuss the
construction of the so called Cartan form for three case. The first or ODE case with p = 1 involves one
independent variable, whereas the second and the third case deals with p > 1 independent variables,
where we have to distinguish between n = 1 and n > 1. Whereas in the first two cases the Cartan form
is unambiguous and independent of the choice of the coordinates, one can construct several forms in
the last case, but all of them generate the same set of differential equations and boundary conditions.
Based on this theoretic framework we present the computation methods, provided by the computer
algebra package Varational Calculus. The package is developed for the Maple8 [1] platform and divided
in two modules — the Variables module and the VariationalCalculus module. The Variables module
provides objects and methods concerning jet manifolds and is used by the VariationalCalculus module.
The methods of the VariationalCalculus module allow us to determine the equations of motion and the
corresponding boundary conditions for a given Lagrangian system. The application of this package to a
Timoshenko beam shows, how one uses the proposed methods for engineering problems.

References
[1] Maple R° 8 - Computer Algebra Program. Waterloo Maple Inc., Waterloo, Ontario, 2002.
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5"687:9<;>=@?-ACBD7:EGFIHJ;>KML N>HJEGO�P�O>QSRG?-TVUJQSHWA�X�ECNYUJQSHJKM=@U[Z�X"7�\DTVF>U]H^B_P�`�6
acb]dCegfihkj	b]l-h4mgn_o�bJp&qsr]egt:u8vxw&yiqsr]y)eglCp�z{q mxb]lM|^q lMb]b]fkq lM|C}M~xm^�&hkvCegj	d&hkm^l���b]lMb]fWegt:��m-yidMq hWegt�}

~xm^�&hkvCegj	d&hkm^l:}C�cegj	dCyivMq fkb^�D~C�#�J�[�V��a��c�
u8vMm^lMb^��� �c�^�g�8�@�-�i�g�	�^�3�^�^�g�^�^���8�-�g�^�M}&�CeV���4� �c�^�g�8�@�-�i�g�	�^� �V�g�C�^�V�

b]j3egq t��8a�e<¡xqsp�� ~&rWvMt b]wC¢�yi�Mv-hJ� yi£{bJy¤hJ� lMvCy]� �M¥

¦ �&hkm^fkb]|^�MtseVhkq m^l�qsy[hkvMb�q l-hkfkq lCyiqsr�eg§Mq t q h¤w�mgn�r¨b]fihWegq l©¡^bJykyib]tsy#q l©hkvMb�§MfWegq l�hkm�j3egq l-hWegq l�r¨b]fkb]§MfWegt{§Mt mxm&p�ªCmV£
�¬«{z)�_�)p&bJyidMq hkbyiq |^lMq ®Gr]egl-h�rWvCeglM|^bJy{q l�egfihkb]fkqsegt¯§Mt mxm&p�dMfkbJykyi�Mfkb	� ¦ z)u{�°�M±)vMqsy4q j	dGm^fihWegl-h�p&b¨nSb]lCr¨b�j	bJrWvCeglMqsyij
mgn>hkvMb0§MfWegq l:}&hkvMb0r¨m^l-hkfkm^t�mgn_£4vMqsrWv�qsy�r¨�Mfkfkb]l-hkt w lMmghc£{b]t t:�MlCp&b]fWy¤hkmxm&p�}Mqsy�e^rWvMq b]¡^bJp hkvMfkm^�M|^v�hkvMb#r¨m^lCy¤hkfkqsr°hkq m^l
eglCp p&q tseVhkq m^l3mgnIyij3egt t¯egfihkb]fkq bJy8eglCp egfihkb]fkq m^t bJy]�I²¬h{qsyDq j	dGm^fihWegl-hDhkm0�MlCp&b]fWy¤hWeglCp3vMmV£©hkvMqsyDj	bJrWvCeglMqsyij³m^dGb]fWeVhkbJy
q lm^fWp&b]fchkm�p&bJegt8yi�Cr]r¨bJyky¤nS�Mt t w�£4q hkv�dCeVhkq b]l-hWy�£4vMm-yib	eg�&hkm^fkb]|^�MtseVhkq m^l$vCe^y�n@egq t bJp"m^f�qsy�p&q j	q lMqsyivMbJp�� ¦ t hkvMm^�M|^v
e�tsegfk|^b	lx�Mj#§Gb]fmgn4y¤hk�Cp&q bJyvCe<¡^b	§Gb]b]l r]egfkfkq bJp"m^�&hJ}I§Gmghkv�q l�´Jµ·¶�¸k¹3eglCpq l�´Jµ·´V¹V}IhkvMb]fkb egfkb3r¨t bJegft q j	q hWeVhkq m^lCy
m^l�b¨�&dGb]fkq j	b]l-hWegt_q lx¡^bJy¤hkq |-eVhkq m^lCy]�º~x�Cr]r¨bJyky¤nS�MtDy¤hk�Cp&q bJy0mgn4p&wxlCegj	qsr	fkb]|^�MtseVhkq m^lvCe<¡^b#nSm&r¨�CyibJp�m^lhkvMb rWvCeglM|^bJy
q l$«{z)��r]eg�CyibJp §xwºrWvCeglM|^bJyDq l ¦ z)u��xnSm^f)b¨�Megj	dMt b^}xhkfWeglCykr¨fWeglMqsegt¯p&m^dMdMt b]fWy��@±c«{a�yW�{j3e<w3§Gb��CyibJp hkm	j	bJe^yi�Mfkb
j3eV�&q j#�Mj»§Mt mxm&p$¡^b]t m&r¨q h¤w�q l"hkvMb	j3eV¼¤m^f�egfihkb]fkq bJycyi�MdMdMt wxq lM|ºhkvMb	§MfWegq l:}:yi�CrWv"e^ychkvMb	j	qspMp&t b	r¨b]fkb]§MfWegtYegfihkb]fkw
�@o« ¦ �[�@yib]b#nSm^f�b¨�Megj	dMt b�� �¨�S�°� ¦ t hkvMm^�M|^veºlx�Mj#§Gb]f�mgn{j3eVhkvMb]j3eVhkqsr]egtYj	m&p&b]tsy�vCe<¡^b#§Gb]b]l�p&b]¡^b]t m^dGbJp�}�j	m-y¤h
fkb]dMfkbJyib]l-hchkvMb	eg�&hkm^fkb]|^�MtseVhkm^fkw�j	bJrWvCeglMqsyij½q lm^lMt w$egl"eg§Cy¤hkfWe^r°h�nSm^fkj»eglCp"r¨m^lCr¨b]l-hkfWeVhkb#q lCy¤hkbJe^p$m^lr¨m^j	dMt b¨�
p&bJykr¨fkq d&hkq m^lCymgncr¨b]fkb]§MfWegtDeglCeVhkm^j#w©�Sb^� |C�{� �V�S�°��²¾l�e^pMp&q hkq m^l�hkm"r¨m^l-hWegq lMq lM|$¡Vegfkqseg§Mt bJy0eglCp�dCegfWegj	b¨hkb]fWy£4vMqsrWv
j3e<w�§Gb#q j	dGm-ykyiq §Mt bhkmºj	bJe^yi�Mfkb#eglCp�p&q ¿ r¨�Mt h�hkm bJy¤hkq j3eVhkb^}GhkvMbJyib0j	m&p&b]tsycmgn·hkb]l"p&m lMmgh�p&qsy¤hkq lM|^�Mqsyiv$§Gb¨h¤£{b]b]l
hkvMbdGm-ykyiq §Mt br]eg�CyibJy)mgnYeglxwºp&b¨®Gr¨q b]lCr¨w q l�eg�&hkm^fkb]|^�MtseVhkq m^l:�
¦ j	m&p&b]t)mgn�§Mt mxm&p�ªCmV£Àq l hkvMb�o« ¦ vCe^y0§Gb]b]l©p&b]¡^b]t m^dGbJp�� �<�¬}8egdMdMfkm<�&q j3eVhkq lM|�hkvMb�¡^bJykyib]t{e^y[e$fkq |^qsp�dMq dGb
�·hkvMb	t q j	q hkq lM|�yim^t �&hkq m^l$nSm^f�b]tse^y¤hkqsr0¡^bJykyib]tsy�eVhihWe^rWvMbJp�hkm�yi�Mfkfkm^�MlCp&q lM| hkqsykyi�Mb[j3e^yky[� �g�S�°�#±)vMb#nSm^fkj	b]f�dMfkmV¡xqsp&bJy
e�p&q fkbJr°h0dMvxw&yiq m^t m^|^qsr]egt>q l-hkb]fkdMfkb¨hWeVhkq m^lmgn4r¨t q lMqsr]egt_j	bJe^yi�Mfkb]j	b]l-hWy�hkvMfkm^�M|^v�e�yiq j	dMt b eg§Cy¤hkfWe^r°h0p&bJykr¨fkq d&hkq m^lmgn
hkvMb r¨m^j	dMt b¨hkb eg�&hkm^fkb]|^�MtseVhkm^fkw�dMfkm&r¨bJyky]�	²¾lhkvMqsydCegdGb]fq h0qsy0yivMmV£4l"hkvCeVhnS�Mt t wp&b]¡^b]t m^dGbJp"§Mt mxm&p"ªCmV£Áq lhkvMb
o« ¦ p&�Mb�hkm yij3egt t:egj	dMt q hk�Cp&b0rWvCeglM|^bJy{q l ¦ z)u©j3e<w §Gb0egdMdMfkm<�&q j3eVhkbJp §xwºe[dCegfWeg§Gm^t qsrcdMfkmg®Ct b^�Y²¾l�e^pMp&q hkq m^l
hkm#fkb]dMt qsr]eVhkq lM|0hkvMb�fkbJyi�Mt hWyDmgn{� �J�¬}-hkvMb�j	m&p&b]t�egt t mV£�y8nSm^f)r¨m^lCyiqsp&b]fWeg§Mt b4ªCb¨�&q §Mq t q h¤w3q l j	m&p&b]t t q lM|#hkvMb�eg�&hkm^fkb]|^�MtseVÂ
hkm^fkwºfkbJyidGm^lCyib^�)±)vMb#yiw&y¤hkb]jÃvCe^y4§Gb]b]l$b¨�xhkb]lCp&bJp�hkm j	m&p&b]t:hkvMb#eg�&hkm^fkb]|^�MtseVhkq lM|3¡^bJykyib]tsy{hkvMb]j3yib]t ¡^bJy]}Gegt t mV£4q lM|
nSm^f�hkvMb#q lCr¨t �Cyiq m^l$mgn_fWe^p&q �Cycp&b]dGb]lCp&b]l-h�j	bJrWvCeglMqsyij3y]}Cq l"e^pMp&q hkq m^l�hkm hkvMm-yib#p&b]dGb]lCp&b]l-h�m^l�ªCmV£À�Sm^fc¡^b]t m&r¨q h¤wM�
eglCp�dMfkbJykyi�Mfkb3�Sm^f�dMfkbJykyi�Mfkb�|^fWe^p&q b]l-h°�°�4«Dm^j	dCegfkqsyim^l�£4q hkv$r¨t q lMqsr]egt:fkbJyi�Mt hWy4q lCp&qsr]eVhkbJy)hkvMb#p&b]t b¨hkb]fkq m^�Cy4b¨Ä¯bJr°hcm^l
fkbJyidGm^lCyib�fWeVhkb�mgn_y¤hkfkm^lM|	p&q tseVhkq m^l:�
o��CrWv�dMfkb]¡xq m^�Cy	£{m^fk¥ vCe^y	nSm&r¨�CyibJp©dM�Mfkb]t w�m^l�ªCmV£ÃfWeVhkvMb]f	hkvCegl�¡^b]t m&r¨q h¤w^}{fkb]tseVhkbJp�hkvMfkm^�M|^v1�cvMj�Å y3tse<£Æhkm
dMfkbJykyi�Mfkb�eglCpº¡^bJykyib]t¯fkbJyiqsy¤hWeglCr¨b^�Y±)vMqsy)qsy]}MvMmV£{b]¡^b]fJ}-§Ce^yibJp �MdGm^l�uYm^qsyib]�Mq t t bcªCmV£�£4vMqsrWv�qsy)§Gmghkv�dCegfWeg§Gm^t qsr�eglCp
y¤hkbJe^p&w^�4±)vMb0j	m&p&b]t>dMfkbJyib]l-hkbJp�vMb]fkb#r¨m^l-hkq lx�MbJy)hkmºe^ykyi�Mj	bJy)nS�Mt t w�p&b]¡^b]t m^dGbJp�ªCmV£}C£4vMqsrWv�qsyce r¨fk�Cp&b#egdMdMfkm<�&q Â
j3eVhkq m^l[mgnChkfk�Mb)§Mt mxm&p0ªCmV£�p&wxlCegj	qsr]yY§M�&h_dMfkmV¡xqsp&bJyYe��Cyib¨nS�MtMp&bJykr¨fkq d&hkq m^l[mgn¯egl	e<¡^b]fWeg|^b8¡^bJykyib]t�Å y>fkbJyidGm^lCyib^�>±)vMb
e^p&¡Vegl-hWeg|^b�mgnYhkvMb#yiq j	dMt q ®CbJp�j	m&p&b]tIqsy)hkvCeVh�q hcdMfkmV¡xqsp&bJy4e p&wxlCegj	qsrp&bJykr¨fkq d&hkq m^l�mgnYhkvMb0fkb]tseVhkq m^lCyivMq d�§Gb¨h¤£{b]b]l
ªCmV£}^dMfkbJykyi�Mfkb�eglCp	fWe^p&q �Cy]}^§Ce^yibJp	�MdGm^l	hkvMb]q fD¡Vegt �MbJyDeglCp	fWeVhkbJy_mgn:rWvCeglM|^b^�>²¾l e^pMp&q hkq m^l3q h)r]egl3§Gb�b¨�xhkb]lCp&bJp	hkm
q lCr¨t �Cp&b#j	m^fkb#yim^dMvMqsy¤hkqsr]eVhkbJp$p&bJykr¨fkq d&hkq m^lCy�mgn_hkvMb	eg�&hkm^fkb]|^�MtseVhkm^fkw j	bJrWvCeglMqsyij3y�£4vMq t b	r¨m^l-hkq lx�Mq lM|3hkmºj	bJe^yi�Mfkb
r¨t q lMqsr]egt t w�j	bJe^yi�MfWeg§Mt b0¡Vegfkqseg§Mt bJy]�c±)vMqsy�egdMdMfkm-e^rWv�£4q t t�}¯q l$nS�&hk�Mfkb^}�egt t mV£�nSm^fchkvMb#q lx¡^bJy¤hkq |-eVhkq m^l�mgn8vxwxdGmghkvMbJyibJy
r¨m^lCr¨b]fklMq lM| hkvMbJyib	j	bJrWvCeglMqsyij3y�£4vMqsrWvj	q |^v-hmghkvMb]fk£4qsyib[§Gb	m^§Cykr¨�MfkbJp$§xw�j	m^fkb	r¨m^j	dMt b¨�"j	m&p&b]tsy�mgn)r¨b]fkb]§MfWegt
eglCeVhkm^j#w^�
Ç4b¨nSb]fkb]lCr¨bJy
� �¨�0z{q fWrWv:} ¦ � ¦ � }VÈ�b]q t Â¾ac£4w^b]fJ}V�[�]É©o��Mfkfkq t tsy]} ¦ � ÊC� }<±)vMb8fkb]dGbJeVhWeg§Mq t q h¤w�mgnMr¨b]fkb]§MfWegtgeg�&hkm^fkb]|^�MtseVhkq m^l�e^ykyibJykyij	b]l-h
�Cyiq lM| yiq lx�Cyim^qspMegt¯t mV£{b]f)§Gm&p&wºlMb]|-eVhkq ¡^b�dMfkbJykyi�Mfkb^�GË8ÌxÍ<Î°µ@¹VÏ ¹kÐgµ@ÑWÒVÏ>Ó"ÔWÒ<Î°Õ&¸kÔ¨Ö3Ô¨×C¶@Î4ØCÙ����g�^�-�^�°}G�V�VÂ¾�^�M�

� �<�0��q fk¥xvCegj�}>~¯� �	� }_«DfWegq lMb^}IÇ� Ú��IÉÛz{q fWrWv:} ¦ � ¦ � } ¦ lMb]£Üj3eVhkvMb]j3eVhkqsr]egt_j	m&p&b]t8mgn4p&wxlCegj	qsr	r¨b]fkb]§MfWegt_eg�&Â
hkm^fkb]|^�MtseVhkq m^l0§Ce^yibJp0m^l[e�ªCmV£�p&b]dGb]lCp&b]l-hYnSb]bJp&§Ce^rW¥j	bJrWvCeglMqsyij��^Ë8ÌxÍ<Î°µ@¹VÏ ¹kÐgµ@ÑWÒVÏCÓ"ÔWÒ<Î°Õ&¸kÔ¨Ö3Ô¨×C¶@ÎYØGØº���g�^�M�<�°}
�-�M�¨Â¬�&�V�M�

� �V�0��fWyiq lMmC}&o � }&±Ib]f{o�q lCe^ykyiqsegl:} ¦ � }MÝ:m&p&q�}M«c� ¦ � }Mz{b]w&p&m^l:}xÝ8� }C«Db]fkb]§MfWegtMvMb]j	m&p&wxlCegj	qsr]y{p&�Mfkq lM|[egfihkb]fkqsegtGeglCp
«4��Þ)dMfkbJykyi�Mfkb{rWvCeglM|^bJy>q l	¡xq ¡^m�dMfkbJp&qsr°hkq m^l[§xw#e�j3eVhkvMb]j3eVhkqsr]egtxj	m&p&b]t��xßcÖ3Ô¨¸°µ@ÑWÒV×�à&¹VÕ&¸°×¯ÒVÏC¹¤á{Ë8ÌxÍ<Î°µ@¹VÏ ¹kÐgÍVâ
ã#ÔWÒV¸°¶4ÒV×¯ä�åYµ·¸kÑ¨Õ&Ï ÒV¶¾¹V¸°Í	Ë8ÌxÍ<Î°µ@¹VÏ ¹kÐgÍ	ØGæCç���g�^�^�-�°}M���V�-�^�VÂ¾���V�x�^�&�

� �g�èm^j	b]fWyit b]w^}>ÊC� Ç� }Yo�b¨hkvMm&pnSm^fhkvMbºr]egtsr¨�MtseVhkq m^lmgn)¡^b]t m&r¨q h¤w^}IfWeVhkb3mgn{ªCmV£³eglCp¡xqsykr¨m^�Cy0p&fWeg|�q l egfihkb]fkq bJy
£4vMb]l�hkvMbdMfkbJykyi�Mfkb�|^fWe^p&q b]l-h4qsy)¥xlMmV£4l:�:à&¹VÕ&¸°×¯ÒVÏ>¹¤ácË8ÌxÍ<Î°µ@¹VÏ ¹kÐgÍ éMØGæ�¤�J�-�^�^�°}M�^�g�VÂ¤�g�^�M�
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An endogenous growth model linking a smaller follower country to a larger autarkic leader through
”absorptive capacities” enabling it to tap into the knowledge generated in the leading country was in-
troduced by Hutschenreiter, Kaniovski and Kryazhimskii in [1]. It is built along the lines of the basic
endogenous growth model due to Grossman and Helpman [2] with horizontal product differentiation,
where technical progress is represented by an expanding variety of products. Based on a comprehensive
analysis of the dynamic behaviour of the leader-follower model, a particular class of asymptotics was
singled out. Any trajectory characterised by this asymptotics was shown to be a perfect-foresight equi-
librium trajectory analogous to the one found for the basic Grossman - Helpman model. The evolution of
the economy represented by this model is the result of decentralised maximising behaviour of economic
agents. A perfect-foresight equilibrium trajectory generated by the model can therefore be referred to as
”decentralised” or ”market” solution. However, a market solution is not necessarily an optimal solution.
The present paper is concerned with the model of optimal allocation of labour resouces to R&D intro-
duced by Aseev, Hutschenreiter and Kryazhimskii [3], [4]. An important feature of this problem is that
the goal functional is defined on an infinite time interval. In problems with infinite time horizons the
Pontryagin maximum principle [5], is, in general, less efficient than in problems with finite time horizons.
In particular, for the case of infinite time horizons the natural transversality conditions may not be valid
[6]. In paper [3], using an approximation approach to the investigation of optimal control problems
with infinite time horizons [7], the existence of optimal control was proved and an appropriate version
of the Pontryagin maximum principle was developed. Moreover, a particular case when the amount of
labour allocated to R&D in the leading country exceeds the total labour force in the follower country was
investigated. In the present paper, we give sketches of proofs of general results obtained in [3], and then
we qualitatively analyse the solutions of the Hamiltonian system, arising through the implementation of
the maximum principle in the case when the elasticity of substitution between any two products is equal
to 2 while the other parameters of the model can take all possible values. Namely, we find that in this
case the global optimizers are characterised by specific qualitative behavior; this allows us to select the
unique optimal regime in the pool of all local extremals.
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The ellipsoidal estimation of reachable sets is an efficient technique for the set-membership modelling of
uncertain dynamical systems [1–4]. Denote by E(a,Q) the n-dimensional ellipsoid given by

E(a,Q) = {x :
(
Q−1(x− a), (x− a)

) ≤ 1}, (1)

where a ∈ Rn is its center and Q is a positive definite n× n matrix. Consider a linear dynamic system

ẋ = A(t)x + B(t)u + f(t), t ≥ s, (2)

where x ∈ Rn is the state, and u ∈ Rm is an unknown perturbation bounded by the ellipsoid u(t) ∈
E(0, G(t)). The initial state belongs to the ellipsoid x(s) ∈ M = E(a0, Q0). The reachable set D(t, s,M)
of system (2) is a set of all ends x(t) of trajectories x(·) of the system under the imposed constraints and
conditions. We study optimal outer ellipsoidal bounds on reachable sets: E(a(t), Q(t)) ⊃ D(t, s, M).
Various optimality criteria are considered, the main attention being paid to the criterion J = (Qv, v)
related to the projection of an ellipsoid onto a given direction. Here, v(t) is a given n-vector function.
Differential equations for both locally and globally optimal outer approximating ellipsoids are derived
and analyzed. For locally optimal ellipsoids, the time derivative dJ/dt is minimal, whereas for globally
optimal ones, the criterion (Q(T )vT , vT ), where T is a given time instant, is to be minimized. The center
and the matrix of both locally and globally optimal ellipsoids satisfy the following equations

ȧ = A(t)a + f(t), a(s) = a0, (3)

Q̇ = AQ + QAT + hQ + h−1K, K(t) = B(t)G(t)BT (t), Q(s) = Q0.

For locally optimal ellipsoids, h = [(Kv, v)/(Qv, v)]1/2. For globally optimal ellipsoids,
h = [(Kψ, ψ)/(Qψ, ψ)]1/2, where ψ(t) satisfies the adjoint equation and initial condition

ψ̇ = −AT (t)ψ, ψ(s) = vT . (4)

Locally and globally optimal ellipsoids coincide, if v(t) = ψ(t), where ψ(t) satisfies (4). These ellipsoids
touch reachable sets at all instants t ∈ [s, T ]. The equations of approximating ellipsoids for the criterion
J are simpler than for other criteria. By means of special changes of variables, nonlinear equations (3)
for Q are simplified and reduced to the forms, where either A = 0 or K = I. Here, I is the unit matrix.
Asymptotic behavior of ellipsoids is analyzed in two limiting cases. If the initial set is a point x(s) = a0,
then Q(s) = 0, and equation (3) for Q has a singularity at t = s. The expansion of the solution Q(t) for
small t − s is obtained. This expansion can be used for starting the numerical integration of equation
(3). Also, asymptotic behavior of Q(t) at infinity (as t →∞) is analyzed.
A special control problem for a system subjected to uncertain perturbations is investigated in the frame-
work of optimal ellipsoidal estimation of reachable sets. The obtained results are applicable to various
problems of state estimation and control in the presence of uncertain perturbations and observation
errors.
The work is partially supported by the Russian Foundation for Basic Research (Grant 02-01-00201).
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The paper deals with the state estimation problem for impulsive control system described by differential
inclusions with measures. The problem is studied under uncertainty conditions with set–membership
description of uncertain variables which are taken to be unknown but bounded with given bounds.
Such problems arise from mathematical models of dynamical and physical systems for which we have an
incomplete description of their generalized coordinates (e.g., the model may contain unpredictable errors
without their statistical description). In this setting instead of an isolated trajectory of the dynamical
control system we have a tube of such trajectories and a phase state vector should be replaced by a set
of its possible values. The techniques of construction the trajectory tubes and their cross-sections that
may be considered as set-valued state estimates to differential inclusions with impulses are studied.

We consider a dynamic control system modelled by a differential inclusion

dx ∈ F(t, x)dt + B(t, x)dv(t), x ∈ Rn, (1)

with unknown but bounded initial condition

x(t0) = x0, x0 ∈ X0, (2)

and with certain control variables represented by vector measures dv(t) (generalized or impulsive con-
trols). In such problems the trajectories x(t) are discontinuous and belong to a space of functions with
bounded variation. Among problems related to treatment of dynamic systems of this type let us mention
the results devoted to the precise definition of a solution and publications on optimal control problems.

In the estimation problems the so-called measurement equation is considered also

y(t) = g(t, x, ξ(t)) (3)

with ξ(t) being the unknown but bounded ”noise” or disturbance. The latter equation may be expressed
as the state (”viability”) constraint.
One of the principal points of interest of the theory of control under uncertainty conditions is to study
the set of all solutions x[t] to (1)-(2). The ”guaranteed” estimation problem consists in describing the
set X[t] = ∪{x[t]} that is actually the reachable set (the information domain) of the system at instant t.
The set X[t] may be treated as the unimprovable set-valued estimate of the unknown state x(t) of the
system. The paper is devoted to some approaches to the solution of this estimation problem.
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Abstract.  
    The problem of calculating sets reachable by a controlled system is one of the basic  topics of  modern 
 Control Theory. It is motivated  by many applied issues – from problems in navigation and traffic 
 safety to verification of algorithms for complex transition systems. 
     A more complicated problem, though closer to reality, is the one of reachability under disturbances 
which describes the sets of points, whose neighbourhoods can be reached despite the unknown but  
bounded disturbances.  A description of this problem for the case of linear systems was given in papers 
[1,2]. Here it is important to distinguish reachability under closed-loop (feedback) control from reachability 
under open-loop control.. The latter , in its turn, may be of the anticipative (maxmin ) type or of the 
(nonanticipative) minmax type. 
     An intermediate reachability problem is when the control is selected as piece-wise open-loop, when one 
is allowed to change (correct) the open-loop control at isolated instants of time on the basis of available 
information which are the measurements of the state vector and also, in case of maxmin control,  the values 
of the disturbance for the coming interval of time. In this sense the piece-wise open-loop control is also 
piecewise- feedback, with feedback signal arriving at prespecified points of correction. 
      The relations between all the mentioned types of reach sets decribed above  are discussed in detail in 
paper [2]. The calculation of such sets through the techniques of  “ellipsoidal calculus”  is described in 
papers [3], [4].   
        The present paper discusses a situation which does not seem to be treated before, namely, when the 
information on  the state space vector at points of correction arrives through partial measurements which 
are also corrupted by unknown but bounded noise. This situation requires combination of earlier methods 
of calculating reach sets with the techniques of guaranteed (set-membership) estimation theory [5]. For 
systems with linear structure and ellipsoidal or box-valued hard bounds on the unknown items the present 
report gives the  solution scheme for the problem and indicates routes for effective calculation and 
computer animation.    
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The equations of relative motion of a small satellite with respect to another one, (moving along the
prescribed trajectory), are presented (based on the results given in [1]). The corresponding equations
for relative motion errors caused by the uncertainties in initial conditions and control implementation
imperfections are linearized. The obtained linear equations are analyzed and the evolution equations for
optimal ellipsoidal estimates of these errors are derived. The ellipsoidal bounding of reachable sets is an
efficient approach for the modelling of uncertain linear dynamical systems (see, e.g. [2–5]).
The procedure constructed in the paper allows to take into account the results of discrete observations
and design control aimed to compensate the disturbances between measurements performed with errors.
These measurements are assumed to be performed with small errors. A numerical example is given . It
shows illustrates the fact that the presented control design algorithm is quite efficient, and it allows to
keep the error between the real and desired motion close to zero.
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In the paper the problem of identifying discrete time nonlinear systems in regression form from …nite
and noise-corrupted measurements is considered. According to the speci…cations about identi…cation
accuracy that may be needed, a good exploration of the regressor domain of interest have to be ensured
by the experimental conditions. This problem becomes very signi…cant for growing dimension of the
regressor space, leading very easily to computational complexity problems and to inaccurate identi…ed
models. These di¢culties are signi…cantly reduced if, using information about the physical structure
of the system to be identi…ed, this can be decomposed in interacting subsystems. Using this structural
information, the high-dimensional identi…cation problem may be reduced to the identi…cation of lower
dimensional subsystems and to the estimation of their interactions. Typical cases considered in the
literature are Hammerstein, Wiener and Lur’e systems, but the paper shows that the approach can be
extended to more complex structures composed of many subsystems and with nonlinear dynamic blocks,
using as example the identi…cation of a half-car model for vehicles vertical dynamics, where nonlinear
suspensions and tyres are considered. Assuming that the road pro…le is given and that front and rear
vertical accelerations are measured, an experimental setup easily realizable in actual experiment on real
cars, the half-car model is decomposed as a generalized Lur’e system, consisting of a linear MIMO
system, connected in a feedback form with the two nonlinear dynamic systems through not measured
signals. An iterative identi…cation scheme is proposed, which makes use of a set membership method
for the identi…cation of the nonlinear dynamic blocks. This method does not require assumptions on the
functional form of the involved nonlinearities, thus circumventing the identi…cation accuracy problems
that may be generated by considering approximate functional forms. The numerical results demonstrates
the e¤ectiveness of the the proposed approach.
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Model-based fault detection in rotating machines has been the focus of several scientific and industrial
efforts during the last decade. In practice the measurement of contact forces is difficult. The forces can
only be obtained via the resulting vibration effects (displacement, strain). In this contribution, model-
based observer techniques are used to estimate contact forces between rotor and housing of rotating
machines.

Core of this contribution is the detailed introduction and combination of two model-based Proportional-
Integral-Observer (PIO) approaches used to solve the contact force estimation task. The approaches use
a minimal number of displacement measurements (using one or two sensors). Both observers are based on
mathematical models of the elastic structure. An advantage of the PIO approach is that no model of the
affecting disturbance is necessary. This allows the application to problems, where no model is available
or the known model is not useful because of its complexity. An application to estimate unknown impact
forces acting on a fixed elastic beam structure via PIO was published in (1).

The classical PIO design as used in (1) works with high gains. External disturbances affecting an elastic
structure can then be estimated. But the conventional design is not particularly suitable for handling
measurement noise, because the noise is amplified by the high gains. For state estimation in (3) a PIO
design, which permits to attenuate measurement noise, is proposed. A reformulation of the observer de-
sign is given in such a way that the measurement noise is not affected by the observer gain. In this paper
the classical PIO design as used in (1) is extended by the reformulation that is given in (3). The new
formulated PIO design achieves satisfying results (estimation of unknown inputs) while the measured
signal is affected by measurement noise. Since measurement noise in practical applications cannot be
completely suppressed, this is an important step to get better results with the PIO and to make the
observer technique more suitable for practical applications.

A simulation example, dealing with a rotating shaft and acting contact forces on a blade, is carried out
to analyze the two different PIO approaches. Further experimental results of contact force estimation
between a blade and housing are presented (2).
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Direct dynamic simulation based on fully meshed structures of a Micro Electro Mechanical System (MEMS) is
computationally intensive, making it difficult to use in system level simulators. In order to perform rapid design
prediction and optimization, it is essential to build accurate and easy to use reduced order dynamical models for
these devices. For the reduction of high order systems, Krylov subspace methods are probably the best choice
today, see e.g. [1, 2]. They define a projection from the high dimensional space of the original model to a
lower dimensional space and vice versa and thereby define the reduced order model. Some of the characteristic
parameters of the original model and the reduced model - the so-called moments - equal each others, which is also
referred to as moments matching.
The n-th order single-input-single-output system to be reduced is defined in the general state-space representation{

Eẋ(t) = Ax(t) + bu(t),
y(t) = cT x(t). (1)

By applying the projection x = Vxr where V ∈ R
n×q and q < n, to system (1) and then multiplying the state

equation by transpose of some matrices W ∈ R
n×q , a model with reduced order q can be found,{

WT EVẋr(t) = WT AVxr(t) + WT bu(t),
y = cT Vxr(t).

(2)

It can be proved that, if V and W are bases of the input and output Krylov subspaces, respectively then, the first
2q moments match (two-sided method) and the transfer function of the reduced order models is independent of the
particular choice of the bases [3].
Thus, finding a basis for a given Krylov subspace is necessary to calculate a reduced order model. Computing such
a basis for a large scale system involves numerical problems and there exist some algorithms to avoid numerical
errors. In two-sided methods, Lanczos algorithm [2] is commonly used which finds a bi-orthogonal basis for input
and output Krylov subspaces. In this paper, we introduce a new method called two-sided Arnoldi to find the bases
necessary for projection and calculating the reduced order model. This new method in comparison to Lanczos
is numerically stable and easier to implement while performing the same reduced order system. This method
uses Arnoldi algorithm twice, once for the input Krylov subspace to find the matrix V and then for the output
Krylov subspace to find the matrix W. In this way, each basis is orthogonal instead of bi-orthogonality in Lanczos
algorithm.
A stopping criterion has also been presented that can be used to find a suitable order for a reduced model. This
measure is calculated in each iteration and there is no need to break the loop. In addition, a remark to avoid
computation of inverse of a large matrix is proposed which leads to a faster algorithm.
In particular, we apply this method to a class of high energy MEMS actuators which integrates solid fuel with three
silicon micromachined wafers [1]. The governing equations results in a linear system of 1071 ordinary differential
equations. By comparing the results with the commonly used Arnoldi algorithm, we found that the error in two-
sided method is much less and it is possible to find reduced order models of lower order with approximately the
same error as the one-sided method.
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Many chemical reactors involve two distinct phases. In an automobile catalytic convertor, for example,
the pollutant reactants are carried by the gaseous exhaust whereas the reaction is actually taken place
on the solid ceramic monolith. In a packed bed reactor, being cooled by an external heat exchanger, the
reactant within the reactor is often gaseous whereas the cooling jacket is a liquid. It is known that in
such systems thermal destabilization often occurs which is due to an accumulation of heat released by
the chemical/nuclear reactions within very legalized regions, known as hot-spots. Such a hot spot can
sinter the catalyst, causing a run-away reaction [1], [2], and many more undesirable effects. It is hence
important to design two-phase reactors with maximum heat dispersion capabilities.
It is known empirically that in a long conduit, variation in the heat convection velocity of each phase
can actually produce significant thermal dispersion with an effective diffusivity orders of magnitude
higher than the thermal diffusivity of each phase. However estimation of this convection-enhanched
effective dispersion, known as Taylor dispersion, involves tedious moment or averaging analysis leading
to difficulty in derivation of this effective dispersion.
In this paper, we consider a system in a tube shell configuration having two different phases, where the
outer layer is solid while the inner part is fluid (liquid or gas). For this two-phase reactor, an averaged
equation for the fluid temperature in the inner cylinder together with its effective dispersion coefficient
is derived. This coefficient is in the form of an infinite series. Instead of a direct method to compute
this coefficient, a compact method will be used.
It is shown that the effective thermal dispersion coefficient αeff depends on a parameter β, the ratio of
heat convection velocities of the solid phase and liquid phase, as well as on a parameter γ that represents
either the interphase heat transfer (when the geometry is fixed) or the quotient of the shell thickness
and the inner radius, δ = ∆r/a. For some ranges of the values β there is no local optimum value of
αeff with respect to γ. Outside these ranges, αeff achieves its local optimal value at a unique γ. Hence
an optimal high dispersive reactor can be obtained by optimising either the geometry or the type of
material represented by the parameter γ.
In the case that the convective velocity for the solid phase is zero, the system is an approximate system
for an automobile catalytic convertor. It has been shown in [3] that although the actual geometry of an
automobile catalytic convertor is quite complex, an approximation using a cylindrical channel is very
robust. For this case, in [3] an expression in the form of a series for the effective dispersion coefficient
has been derived, and, after tedious algebra, a closed-form limit of this series. A comparison will show
that the method presented here produces exactly the same result as in [3]. It is further shown that, for
a given type of material, the expression αeff depends only on δ. If δm is the optimal value for αeff
then this value is only sensitive for changes in α̂ = αs/αg, when the quotient Λ = (ρcp)s/(ρcp)g is small;
when Λ is larger, the sensitivity is less. Here α, cp and ρ are thermal diffusivity, heat capacity and mass
density, respectively. The subscript s refers to the solid phase while subscript g refers to the fluid phase.
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The aim of this paper is to present an alternative approach to modelling in chemical engineering using 
port based modelling approach. One of the expected advantages of such an approach is the 
development of reusable models. Our approach is based on generalized bond-graph formalism as 
proposed by P. Breedveld [1]. It combines the axiomatic relation of the thermodynamics with pairs of 
conjugate variables (intensive and extensive) whose the product gives a power term. But secondly it is 
a graphical network language whose the model is composed of  multi-port elements interconnected by 
a power continuous network. This paper is introductory and aims to provide some tentative answers to 
this problem by analysing in what extent, in our particular example, it is true. 
The port based modelling approach implies the use of the basic thermodynamic axioms. So the 
intensive or extensive nature of thermodynamics variables is thoroughly used. It leads to write the 
entropy balance, to formulate the irreversible entropy production term and to rewrite the constitutive 
relations in such a way the intensive variables are expressed as function of the extensive one.  
The intensive variables encountered in thermodynamics are the temperature, the pressure and the 
chemical potentials of components of the systems. The extensive ones are the entropy, the volume and 
the mole number of each specie. The extensive variables are not classically used by chemical 
engineers to describe the process. Instead the measurable variables such as the temperature, the 
pressure and the mole numbers and generally the energy balance are used. These models are in general 
not reusable and a slight modification of hypotheses of  functioning leads to a complete rewriting of 
the model.  
A third consequence of the port based modelling is the rewriting of the kinetics rates in function of its 
conjugate variables, the forward and reverse affinities, instead of concentrations of reactants. 
If bond-graph models are extensively used in mechanical or electrical areas, it is no more true in 
chemical processes and more precisely for chemical reactions. The bibliography is quite reduced in 
this domain. Our work is essentially based on the previous paper of  Oster et al [2] et P. Breedveld [1]. 
 
In this paper, we provide a bond graph model of a complete chemical reactors using systematically the power 
conjugate variables. For chemical engineering this approach is novel in the sense that the elementary 
phenomena are represented as basic multi-port elements which can be locally connected. 
The reaction under consideration is the gas phase balanced hydrogen – iodine reaction H2+I2 2HI. 
The chemical reaction and the jacketed reactor in which the reaction takes place are modelled with the 
following assumptions: 
- the constituent are perfect gas. 
- the kinetics of the forward  and reverse reaction satisfy the hypothesis of  mass action constitutive 
relation .  
- the reactor is continuous and perfectly stirred. 
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Due to stringent effluent norms the design, modeling, optimization and control of biological wastewater
treatment systems (WWTPs), with as most representative example the activated sludge system, has
gained a lot of importance during the last decades. To bring existing WWTPs in compliance with the
present effluent norms, model based retrofitting and control offers a challenging perspective.
On the one hand, several data driven models for wastewater treatment plants have been proposed such
as ARMA (AutoRegressive Moving Average) models, stochastic time series models and neural network
models. They rely on input/output data without taking into account any prior mechanistic knowledge.
The major disadvantage of these black box approaches is their lack of extrapolative power.
On the other hand, model development in the field has focused on knowledge driven, first principles
models (i.e., white box models), such as the well known Activated Sludge Models (ASM) incorporating
the basic biotransformation processes of an activated sludge wastewater treatment plant.
Although the ASM1 model (Henze et al., 1987) is commonly regarded as a state-of-the-art, mechanisti-
cally inspired model, its highly nonlinear and complex nature limits the straightforward implementation
in optimization and control schemes. Since the latter are well developed for linear models, a linearized
version of the ASM1 model would be highly advantageous. However, given the time-varying influent
with respect to flow rate and load, a WWTP can never be regarded in steady-state due to which a
linearization around a single equilibrium point is not realistic.
Therefore, we propose a multi-model approach (Murray-Smith and Johansen, 1997). The global operating
range of the plant is partitioned in subdomains (according to temperature, incoming flow rate and recycle
rate ranges) and for each subdomain a (locally valid) linear model is developed. The globally valid model
is then a (weighted) sum of these local models (Smets et al., 2002).
This paper focuses on the linearization part of this multi-model strategy. A classical Taylor series
expansion based linearization is compared with a newly developed linearization technique.
The here proposed approach retains all linear structural elements present in the original ASM1 model
while the nonlinear (kinetic) expressions are approximated by (a limited number of) constant pa-
rameters. These parameters have to be identified on the basis of realistic input/output data. Such
data sets are in this work generated with the configuration proposed by the COST 682 benchmark
(http://www.ensic.inpl-nancy.fr/COSTWWTP/). The resulting model is a linear grey box state space
model in the original state variables.
While the predictive power of both linear models turns out to be similar, the effort to obtain the lin-
earized equation is not. Since the here considered system has 9 states and 10 inputs to be taken into
account, a 9×9 Jacobian matrix and a 9×10 Jacobian like matrix have to be calculated to obtain the
classical linearized model. Compared to this cumbersome task, the ease of generating the linearized
equations with the new method (based on weighted linear combinations) is remarkable. Disadvantage
of the latter is however that an identification procedure is required to obtain the values of the unknown
parameters.
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Abstract. Dosage regimens based on parametric population models use single values to describe each 
parameter distribution. When a target goal is selected, the regimen is assumed to achieve it exactly. In contrast, 
MM dosage design is based on nonparametric (NP) population models. These have up to one set of parameter 
values for each subject studied in the population, each with an estimated probability. With this more likely 
population model, multiple predictions are possible. Using these NP models, one can compute the MM dosage 
regimen which specifically minimizes the predicted weighted squared error with which a target goal can be 
achieved. 
When feedback from serum concentrations becomes available, each set of parameter values in the NP prior has 
its probability recomputed. Using that revised model, the new regimen to achieve the target with maximum 
precision is again computed. In addition, a new Interacting Multiple Model (IMM) sequential Bayesian method 
now estimates posterior densities when parameter values have been changing during the analysis, as occurs with 
acutely ill and unstable patients. These approaches have now been combined into a new Windows software 
package, the MM-USC*PACK  programs, for clinical use. A three compartment linear model is used. 
The library of population models currently includes Gentamicin, Tobramycin, Netilmicin, Amikacin, Digoxin, 
Vancomycin, and Trimethoprim. Carbamazepine and Carbamazepine Sustained Release are available for adults 
in the steady state, Carbamazepine with Phenytoin, and Carbamazepine with Phenobarbital for adults, in the 
steady state. There are also models for Valproate for both adults and pediatric patients, and Sustained Release 
Valproate for adults. 
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Many antiepileptic drugs (AEDs) have pharmacokinetic (PK) characteristics that increase the risk for 
toxicity: relatively narrow therapeutic index, wide interindividual variability of PK parameter values, 
clinically significant drug-drug interactions. Because of the nonlinear kinetics of phenytoin (PHN) 
metabolism, and the autoinduction of carbamazepine (CBZ) metabolism at the beginning of therapy, 
therapeutic drug monitoring (TDM) and careful individualization of dosage regimens for these AEDs 
are especially important. Nonlinear models were developed to estimate the population 
pharmacokinetics of PHN (concentration-dependent Michaelis-Menten elimination kinetics) and of 
CBZ during its autoinduction period (time-dependent kinetics).  
 
Population modeling was performed using the “Big NPEM” program and accessing the USC-NCRR 
Research Resource on the Cray T3E parallel computer at the San Diego Supercomputer Center. The 
model equations were written in Fortran source code, compiled, were incorporated with the patient 
data files and the appropriate instructions, and sent to the supercomputer, where the analysis was run.  
We have examined TDM data of 79 adult epileptic patients who received chronic PHN – monotherapy. 
Patient data files had only 2 to 3 measured serum levels, but some had 4-6 serum levels related to 
different dosage regimens. Estimated by the Big NPEM median population parameter values of PHN 
model (the rate constant of absorption (Kabs), the apparent volume of distribution (Vd), the maximum 
elimination rate constant (Vmax)) are in good agreement with those reported in the literature. The 
NPEM predictive performance evaluation shows the wide interindividual variability in patient 
response when all patient serum concentrations were predicted based on the population median 
parameter values.  In contrast, the individual serum levels predicted on the basis of the median values 
of each patient’s Bayesian posterior joint density gave good predictions for all subjects in the 
population. This Bayesian approach for PHN concentration prediction based on minimum non-steady-
state TDM samples appears to be preferable to other steady state graphic methods and nomograms.  
 
Although changes in CBZ kinetics during its autoinduction period (elimination rate is increased by a 
factor of approximately 2.5 during about 3-5 weeks of daily intake) are well documented, their 
magnitude varies among patients. We have described CBZ behaviour during the autoinduction period 
with a one-compartmental model with linear absorption. The main feature of this model is an 
asymptotic increase in the metabolic rate of elimination during autoinduction, starting from a 
preinduction value (D) before induction begins (λ), increasing asymptotically to a maximum value 
(D+A) after autoinduction is completed. The estimated (by Big NPEM) PK parameter values of D and 
(D+A) are in good agreement with those estimated in our population studies of pre- (0.018±0.004 1/h) 
and postinduction CBZ metabolism (0.076±0.067 1/h). For our 9 closely monitored patients, the mean 
value of ratio of post- to preinduction rate of CBZ metabolism was 4.5±2.6 (CV=58%). When CBZ is 
started and the patient is titrated to a reasonable target goal, TDM and estimation of the individual 
parameter values may be helpful to determine the next step.  
 
Bayesian feedback adaptive control and the proposed population models can improve AED dosage 
adjustment, can identify how close a patient is to the more saturated part of the PK curve, and can 
improve AED dosage for the individual patient. 

190

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



PHARMACOKINETIC-PHARMACODYNAMIC MODELLING OF SIDE EFFECTS OF 
NITRENDIPINE 

 
I. Locatelli, I. Grabnar, A. Belič, A. Mrhar, R. Karba, University of Ljubljana, Slovenia 

Corresponding Author: I. Grabnar 
Faculty of Pharmacy, University of Ljubljana 

Aškerčeva 7, 1000 Ljubljana, Slovenia 
Phone: +386-1-4258-031, Fax: +386-1-4769-543 

E-mail: iztok.grabnar@ffa.uni-lj.si 
 
 
Pharmacokinetics (PK) describes time courses of drug concentration in body fluids (mainly in plasma or 
blood) resulting from a certain drug dose, and pharmacodynamics (PD) describes the observed effects 
resulting from a certain drug concentration [1]. Mathematical modelling is regularly employed to study PK 
and PD processes. 
The modelling aim in this study was to explore the relationship between plasma concentrations of a 
cardiovascular drug nitrendipine and occurrences of its side effects. The data were taken from a blind, 
randomised, four-way cross over bioequivalence study with a 20 mg single dose of nitrendipine. Forty 
young healthy men participated in the study. This way 160 plasma drug concentration - time profiles from 
160 drug applications were obtained. During the study occurrences of side effects, their severity, onset time 
and duration were recorded. Overall, side effects occurred in 26 applications, headache in 24 applications, 
flush in 4 applications and vertigo in 1 application.  
A time delay between maximum plasma concentration and appearance of headache was observed which 
resulted in a hysteresis in a side effect versus plasma drug concentration plot. PK/PD model for the 
incidence of headache as the main side effect was developed in two stages. For the PK part compartmental 
modelling was applied. A two-compartment model with lag time was determined as the best model to fit the 
observed plasma concentration data. The identified parameters of this PK model were used in the second 
stage to associate PK and PD data. An indirect model based on effect compartment (EC) was used as a link. 
The EC concentrations were directly linked to the incidence of headache by a fixed effect (logistic) model. 
The described PK/PD model was fitted to the side effects data. The estimates of kEO (rate constant for 
distribution to EC), ec50 (effect compartment concentration at which probability of side effect appearance is 
50 %), and n (slope in side effect versus concentration curve) were evaluated for each of the 24 
applications. Nonlinear regression on data from all applications (with and without side effect) was used to 
find population estimates of the parameters. Evaluation of the model parameters revealed that incidence of 
headache is a consequence of increased sensitivity to nitrendipine concentration at the site of action.  
However, it turned up that increased sensitivity to nitrendipine is not the only reason for occurrence of 
headache. Additional non-compartmental PK analysis demonstrated that incidence of the main side effect 
can be also explained by different nitrendipine disposition in the body. Comparison of the group with side 
effects and the group of applications without them confirmed that AUC0→∞ (area under the plasma 
concentration curve), CMAX (maximum plasma concentration), and CMAX /(tMAX - tLAG), were significantly 
higher in the first group (t-test, p<0.05). Therefore it seems reasonable to conclude that appearance of side 
effects is also determined by increased extent and rate of absorption. Since more than thirty demographic, 
pharmacokinetic, haemodynamic, haematologic and biochemical parameters were known for each of the 
160 applications, a multiple conditional logistic regression was performed in order to characterize the most 
influential parameters. AUC0→∞, total concentration of plasma proteins, tMAX, body height, plasma sodium 
and potassium concentration and change in diastolic blood pressure were recognized as significant 
parameters for appearance of side effects.  
The developed methodology could supply useful criteria for the design of optimal drug dosage regimen, 
moreover it offers possibility for selecting individuals with high probability for adverse drug reactions. 
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Abstract.  We analyzed gentamicin pharmacokinetics (PK), and the amount and format of their therapy, in a 
group of eight patients who had developed clearcut vestibular toxicity from the drug.  The results were compared 
with those predicted from a reference dosage regimen of 5 mg/kg once daily for 10 days. A linear PK model with 
both serum and peripheral compartments was used. There was overlap between the reference regimen and the 
toxic patients with regard to the total dose given per kg (but unadjusted for renal function), serum area under the 
curve (AUC), and the AUC in the peripheral compartment (both adjusted for renal function). However, when the 
serum compartment of the model was linked to a Michaelis-Menten saturable effect model, simulated relative 
drug uptake on phospholipids in vestibular, hearing, and renal tissues was used to evaluate the possible relative 
uptake at the vestibular effect site. The model results, using two different possible values of Km, separated all 
the eight toxic patients from the results seen with the reference regimen. This Michaelis-Menten nonlinear effect 
model may be of use in setting constraints upon aminoglycoside dosing regimens to avoid possible vestibular 
toxicity. 
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Viability of the cell depends on integrity of its plasma membrane. The plasma membrane prevents 
exchange of substances between intracellular and extracellular space if they are not necessary for the 
viability of cell. The increase of permeability of the cell plasma membrane can be achieved by 
exposure of the cell to the electric field. In the state of increased permeability, the plasma membrane 
allows small and large molecules to be introduced into the cytoplasm. Phenomenon is transient and 
was termed electropermeabilization, often also named electroporation. 
 
Electropermeabilization is widely used in various medical and biological applications such as 
electrochemotherapy, transdermal drug delivery and gene transfection, etc [1]. Efficiency of all these 
applications depends on parameters of electropermeabilization that influence transmembrane transport 
and thus the quantity of molecules that are introduced into the cells. With respect to this, optimal 
parameters for electropermeabilization have to be found to achieve best efficiency of the method.  
 
In our study we present an upgrade of recently introduced model of diffusion-driven transmembrane 
transport of small molecules caused by electropermeabilization [2]. Our aim was to introduce number 
of delivered pulses as additional input parameter, since the existing model only uses two parameters 
pulse amplitude and pulse duration. Figure 1 shows the results that we obtained using the improved 
model. Nevertheless, the improved model still has certain problems with predicting the uptake at 
different pulses parameters than those shown here. 
 

 
Figure 1. Results of modeling of uptake of Lucifer Yellow (LY) as a function of pulse amplitude U at 
different number and duration of pulses. The symbols represent experimental results (mean ± standard 
deviation) and the lines represents the course of uptake predicted by the model. 
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In pharmaceutical industry new drugs metabolisms and effects are tested according to the given time 
scheme. In the tendency of preserving as highest accuracy and reliability of experimental data as possible, 
there is a standardised doctrine that requires the use of unchanged - raw measurements data.  From the 
measured data (the concentration of drug in the blood, blood pressure, heart rate etc…) in the given time 
scheme, the primary and secondary pharmacokinetic parameters are derived. Such derived parameters are 
the maximum drug concentration (in blood) (Cmax), the time of occurrence of such concentration (tmax), the 
terminal decay slope of the concentration curve (β), and the area under the measured curve (AUC). 
Needless to say that the derived parameters from the measured data of poor accuracy can produce erroneous 
results.  
Three methods for estimation of pharmacokinetic parameters from raw-measured data were tested.  The 
first method (“direct method”) is usually used for establishment of the maximum drug concentration in 
blood samples, for the time of occurrence of the concentration maximum, for the area under the 
concentration curve and some other parameters. At this method the measured data are used unchanged, 
without corrections of any kind. The second method fits the measured data to the analytical curve which is 
then used for further estimation of pharmacokinetic parameters. The originally measured data are replaced 
by the most probable function of pre-defined shape. The third method uses the measured data as the 
training set for the neural network. The time – concentration curve is learned and the relationship among 
the two parameters is then approximated by the neural network. Approximated data are then used for the 
estimation of pharmacokinetic parameters. 
We propose that one of the two methods – curve fitting or approximation by the neural networks should be 
used. Perhaps it is best practice to use the approximation by the neural network. There are several facts that 
speak in favour to this method: 
 
• It is simple to use and does not require a deep mathematical knowledge for end-user. 
• It slightly corrects the coarse errors made by the presumptions that the maximum values for drug 

concentration in blood and the time of it’s occurrence are necessarily among the values measured in 
fixed time points. 

• The currently accepted “direct” method neglects the fact that the natural  processes mainly depart from 
piecewise linear relationships. NNs introduce the smooth and non-linear function that approaches to the 
measured points with the given accuracy. 

• The estimation of AUC (area under the concentration curve) is without doubt more precise then the one 
obtained by the trapezoidal integration of sparsely measured data. The integration uses non-linear 
function produced by the NN. 

• The function approximation by the NN can be made by the relatively simple software solution where 
the number of measured data points are not fixed, nor should they be sampled equidistantly. 

 
It is the matter of discussion, which method should be used as a standard, but as it is shown in our 
experimental work, the relative errors in derived data can be substantial. All three methods would have 
given almost identical results if the measured data would be without errors. The substantial differences 
between the results show that serious errors in measured data exist which can only be corrected partially. 
To use the raw data for further analysis is questionable practice.    
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Discussions with representatives of manufacturing enterprises has shown that there is a severe demand 
of prospective users for Computer Integrated Manufacturing and Management (CIMM) systems. On 
the other hand, large-scale suppliers of integrated management systems are not apt to be involved in 
the problems of manufacturing. Nevertheless, the market pressure will surely force development of 
CIMM systems. Considering that, research workers should anticipate the general structure of CIMM 
systems and investigate them in order to facilitate implementation of future solutions when they 
become available.  
 
The paper presents the architecture of the System Media, being the reasonable initial step when 
developing the management and manufacturing in a big household appliance manufacturing enterprise. 
It is assumed that the feasible architecture of the CIMM system enabling to implement such integrated 
management and manufacturing will consist of a local-area network (of the Intranet type) and of a 
process-control oriented local area-network (e.g. LonWorks delivered by Echelon). 
A question may be raised if individual users of the integrated system will be provided with a high 
enough throughput (especially for managerial users) or low enough round trip delay (especially for 
manufacturing unit users). To answer this question, it is necessary to model the future system since the 
CIMM system  under discussion does not exist till now and no measurements on an actual system may 
be carried out.  
 
The CIMM system under planning should be modelled as a set of users and service stations. On this 
set, there is stretched a net of closed loops (closed routes). This leads to the notion of the Kelly’s 
networks. Unfortunately, there are not known accurate analytical methods for effective performance 
evaluation of the Kelly’s networks [1] while the stochastic network performance evaluation methods 
are not useful for network designers [2]. Therefore, it was decided to use the method developed to 
investigate the first Polish wide-area network, the Inter-University Computer Network MSK.  
 
The method used consists in writing the balance equations for the round-trip delay along individual 
closed loops (routes). This delay includes also the user’s thinking time. The delays experienced by a 
packets at individual service stations passed by the closed loop (route) involved are assessed using 
approximations derived from the analysis of operation of networks with end-to-end acknowledgement 
and partially heuristic. The balance equations in their indirect form are solved by the iterative method.. 
The approximations were tuned and validated with accurate analytical models for configurations 
enabling accurate analytical modelling, with simulation using control system oriented simulation tool 
and by measurements carried out with the internal measuring tool Sitwa. 
  
The approximate method proved to be very useful. The maximum error (determined by simulation and 
measurements) below 5% is better than good for actual system designers. The model may be used, as 
simulation, at each phase of the design process (e.g. when developing the general idea of the system). 
And it needs less than an order of magnitude of computer time than simulation. Application oriented 
models of various networks complete with software needed for for performance evaluation are 
available from the authors. 
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In context with the methods RRS (Realistic Robot Simulation) and VRC (Virtual Robot Controller) 
one objective is to simulate the motion of industrial robots in real time [1]. The main problem is 
actually to establish and to solve the differential equation system of the robot dynamics (direct 
dynamics) in real time. Another application which uses the robot dynamics in real time is the method 
of model based control [2-3]. Here the inverse dynamics must be calculated during the sample time of 
the feedback controller. Direct dynamics (1a) and inverse dynamics (1b) are given in matrix form: 

1* * * *( ) ( , ) (1 ), ( ) ( , ) (1 )S Sa b
−

   = ⋅ − = ⋅ +   q M q U b q q U M q r b q q  

q

M

 is the ( -vector of the time dependent n joint variables,  has the dimension  and 
depends on the mass matrix and parameters of the actuation system, while the ( -vector  is 
caused by gravitational-, centripetal-, Coriolis- and friction influences. U  is the vector of the 
manipulated variables of the feedback control system,  represents a vector given by a control 
algorithm. In both applications it is not possible to use a complete model of the dynamics due to the 
high computational burden which is mainly caused by the calculation of the time variant system matrix 

 and vector  at each time step. This paper presents the software tool AGReMo (Automatic 
Generation of Reduced Models). AGReMo is written in Matlab and generates an approximate efficient 
model with significant reduced computational burden without an essential loss in accuracy (Fig. 1a). 

1)n ⋅ ( )*M q (n n⋅
( ,*b q

)
1)n ⋅
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)q

r

* *b
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a) b)  

Figure 1: a) Matlab program system AGReMo,  b) principle of neglecting terms of a matrix component 
 
Basic idea for the neglect of terms is the consideration of robot motion state as probabilistic event. For 
example for any component y of  or b a dominance value D*M *

y is calculated. Dy is based on the 
expected value and variance of y. Terms having a weak influence to Dy are neglected (Fig. 1b).  
The application of AGReMo leads to reduced models with about 5% of computational burden related 
to the complete model without influencing significantly the model performance.  
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In this paper we present an optimization of a link-drive mechanism for a deep drawing mechanical 
press. The quality of products made with the deep drawing process is mainly influenced by their 
required shape and material. Among other technological parameters, such as friction contact and 
lubrication of the tool, the slide velocity is one of the most important. This velocity depends on press 
design parameters only. Each material has its optimal drawing velocity; therefore maximum drawing 
velocity is one of the deciding factors when selecting appropriate press. During last few years press 
manufacturers have begun to incorporate special link-drives into their presses. Their main advantage is 
much lower slide velocity during working part of the cycle, thus such presses can operate at higher 
operating speeds than conventional versions. The existing design of a link-drive taken into 
consideration has proved unsatisfactory; therefore optimization of the drive is necessary. Our intention 
was to achieve the required velocity characteristics in a defined area of movement. The final objective 
of the optimization process is to find such dimensions of link-drive members that the given 
requirements are satisfied in the best possible manner. 
 
The drive (figure 1) consists of eccentric driving gear (R4), 
connected to a coupler link (R3-R5). One side of coupler link 
is connected to the press frame via an additional link (R2), 
and the other end is connected to an output slider-link 
combination (R6-S). Mechanism is a 6-bar slider-crank 
mechanism and it is a modification of a standard 4-bar 
slider-crank version. A modified velocity characteristic 
(lower velocity in working part of the cycle) is achieved 
through extended coupler link and its connection to the 
press frame. Mathematical model is made and kinematic 
analysis is carried out in two steps: a) analysis of the 4-bar 
mechanism (R1-R2-R3-R4); b) analysis of the 4-bar slider-
crank mechanism (R4-R5-R6-S), where the output results of 
the first analysis are the input data for the second one. 
 
The relationship between input and output link is non-linear, 
therefore non-linear optimization procedure is used. 
Because the whole process is time-dependent it cannot be 
used directly in the standard optimization algorithm but has 
to be transformed into a suitable form instead. For this task 
the method of artificial variable is used. The optimization 
algorithm is based on the method of sequential quadratic 
programming (SQP). We used the NAG FORTRAN library 
of numerical algorithms. Current design of the drive was starting point
function chosen for optimization was maximum absolute acceleration of

this acceleration as possibl
within required constraints. 
Figure 2 represents optimi
problem. The cost function w
of original value, so optim
velocity in the working part 
constant than with original d
velocity is also extended; th
for material to yield and 
process. Proposal for furt
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This work treats the problem of modelling and model validating the mechanical deformation in light-
weight robotic manipulators. The dynamic behavior of a flexible link undergoing large and fast rigid

body rotations is modelled. The modelling problematic is presented starting from common linearizing
approaches found in the related literature. It then evolves leading to a nonlinear dynamics model capable
of capturing the beam stiffening due to the centrifugal forces induced by the fast joint rotations. This
model is founded on two basic assumptions: inextensibility of the neutral fiber, and moderate rotations
of the cross sections in order to account for the foreshortening of the link due to bending. Simulation
and experimental results show that the latter model has the closest dynamic behavior to the real link.
The experimental results are obtained by measuring the tip displacement of the link with a fast image
acquisition system. The contribution of this work is thus twofold; first, the differences between linear
and quadratic models at the partial differential equations level are presented, and then model results are
set against experimental data obtained from a laboratory prototype. The novelty in the contribution
resides in the experimental confrontation between the experimental data and the simulation results at
different joint velocities, which was possible through the use of a high speed image acquisition system
that allows the direct measurement of the tip displacement in real time (1000Hz). Furthermore, the
modelling approach and analysis, provides a framework for modelling flexible manipulators aiming at
control.
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Abstract 
 
More and more safety-relevant applications are being handled within industrial automation. 
The IEC 61508 standard describes requirements of functional safety and according 
development processes. Micro processor based device solutions for safety-relevant 
applications are faced with this standard. This forces the device manufacturer to contact third 
party partners such as TÜV and BIA which verify the development process and the 
development result. This causes a resource overhead by the device manufacturer. 
Therefore, these manufacturers are looking for design tools with round trip opportunities. The 
basis for these design tools is the Unified Modelling Language (UML) that has to be 
specialised by design guidelines to fulfil the requirements of software development of 
functional safety systems.  
This paper shows the necessary steps from a formalised UML specification of a PROFIsafe 
specification to an implementation in a field device. The procedure of deriving software out of 
an UML-CASE tool and its verification and integration into a safety-relevant environment will 
be described.   
 
Keywords: Safety, UML, Embedded Systems 
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This article deals with the semantic aspects of the visual description languagePhase Model of Production
(abbreviated herein as PMP) [3], which is used in the area of Process Control Engineering.

The development, or realization, of process control solutions demands a sufficient detailed knowledge about
the processes to be controlled. The means generally used for the design of such solutions often do not satisfy this
demand. Therefore, a more qualified description means for processes has been sought after since the middle of the
70’s. During this time, according to the phase-oriented model of “Software Life Cycle” [1], M. Wienand initially
named the termPhase Model of Production(one can find references in [3]). The starting point for the Phase Model
of Production as a semantic process description is the basic flowsheet according to [2]. In general, the PMP is a
graphical, partially formalized form of description for – not only, but mainly – production processes. Because of
their plausibility and simple structure, PMPs can be used as a basis for discussions with all people involved in the
planning process, even and especially if they come from different fields of industry.

Previous papers about the PMP (e.g. [3],[4],[6] ), describe, among other things, the application of this de-
scription language for various kinds of processes – nevertheless, they do not handle the different semantics which
result nor the different network structures arising from this in detail. Furthermore, as in most visual languages in a
software-engineering context, there is a lack of a formal basis for the PMP, especially if it should be used as an input
for simulations, or as a source for automatically generating code. For these reasons, the Institut für Softwaretech-
nik (University Koblenz-Landau, Germany) and the Lehrstuhl für Prozessleittechnik (RWTH Aachen University,
Germany) started to set up a strictly formal description of the different possible semantics of the Phase Model of
Production. In this first step, the formalization only applies to the primary structures of the PMP; enhancements
like energies [5] or technical resources are not considered. This article shows some of the basic thoughts on this
work, whereby the formal description of these semantics will be explained in detail in a separate article by Martin
Schulze and Jürgen Ebert [7].

After a description of the basic structure of the Phase Model of Production, a short classification of the pro-
cesses to be considered is given. Based on this, an analysis of the possibilities of the description of pure batch and
pure conti processes with PMP graphs follows, with simple examples given. Additionally, aspects of information
flow, network structures and buffering of product states in the presented ’PMP styles’ are discussed.
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Abstract

In this paper it is shown how a method to formalize the semantics of visual languages in software
engineering can be applied to a visual language in process control engineering, nameley the “Phase
Model of Production” (PMP) [1].
Syntax and semantics of most visual languages are not formally defined. For example the meaning
of PMP diagrams is only described in natural language. But to use diagrams in a contract or in an
instruction or to implement tools, a concrete semantics is necessary to define which diagrams are valid
and what is their meaning.
In this paper, a formalism already successfully applied to visual languages in software engineering [2],
[3] is used to define semantics for PMP diagrams. In this approach class diagrams and constraints in aZ-
like formal notation (EER/GRAL) [4] are used as metamodels to define the syntax of visual languages.
Then, the semantics are defined operationally by abstract automata defined inZ that make use of the
syntax description.
We show how different views on PMP diagrams [5] can be formalized using this approach.
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In the article a metamodel is introduced and shown for the structuring and categorisation of 
CAE planning data, how on the basis of such a model the life-cycle-accompanying exchange 
of planning data between the different systems involved can be generally organised.  
 
The planning process is typically a strongly distributed process, in which a multiplicity of 
different planners and working groups are involved. Depending upon craft, planning phase or 
assigned organisational unit the planners use on their own environment optimised CAE 
systems. Efforts of the users to standardise this tools showed that this is only reasonable and 
possible up to a certain degree. Also the efforts of the manufacturers to solve the total task by 
an integrated proprietary system appears a little promisingly. A cause for it are not only the 
multiplicity of different procedural models, preferences of the involved groups or the 
diversity of the objects which can be specified, but above all the indeterminable complexity of 
the application models and aspects. At that background a comprehensive integrated 
application model seems not to be realisable. Such a model is however a precondition for a 
uniform file or a standardised exchange of planning data. Thus the question arises through 
renouncement of a standardised application model, how the exchange of planning data can be 
organised, in order to ensure universal DP-technical information flow during the engineering 
process and over the entire life cycle of the plant.  
 

CAE-Tool n

PLS x

CAE-Tool …

CAE-Tool x

CAE-Tool 1 

CAE-Tool y

Model-libraries

Metamodel

 
Figure. 1: Data exchange on basis of a generic metamodel  

 
In the article a generic data model is presented, that can be used as a middleware between 
different CAE systems. The presented model does not define concrete plant elements with 
concrete attributes. It describes rather a metamodel for the creation of different plant models.  
 
Characteristic of the metamodels are:  

- A uniform modelling of arbitrarily complex plant elements by the definition of a 
metamodel  

- Object-oriented modelling of plant structures 
- Summary of plant elements in libraries.  

 
The metamodel is developed in co-operation between ABB and the chair of process control. 
With the goal of a direct communication between various CAE systems the metamodel is 
described as XML schema.  
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The investigation of the cyclic transition behavior is considered a major task within the analysis of finite state
automata. Reminiscent of eigenvalues in linear continuous systems, linear state space models using arithmetical
polynomials have been established for deterministic finite state automata in order to ascertain the cyclic structure
of the state space by setting the eigenvalues of the closed loop system dynamics [1]. The main drawback of this
approach is the lack of sufficient and efficient criteria for pointing out the existence of particular cycles. Even
for linear systems this approach provides just necessary criteria such that for some fixed set of eigenvalues virtual
cycles may occur. Another drawback is that the multiplicity of particular cycles cannot be investigated within this
framework. Getting away with the latter problem a new method employing Walsh functions was introduced [4],
so as to determine the cyclic structure of the state space, completely leaving aside the eigenvalues of the system
dynamics and referring to the state equation only. The crucial disadvantage remains: the complexity problem,
since solving for certain cyclic states is NP-complete. This originates from the fact that solving a linear diophan-
tine system of equations for boolean solutions only (e.g. cyclic states) is on the class of NP-complete problems.
There is no polynomial time algorithm that constructs boolean vectors out of a linear combination of integral or
rational vectors. Hence, typical problems in practice, which usually comprise an enormous number of states, have
to be considered intractable within these approaches. A further drawback is the missing implementation of input
variables in the Walsh function framework. Thus neither of the approaches, arithmetical polynomials and Walsh
functions, provides sufficient means of feedback design. A shortcoming, common in both models, is the lacking
describability of non-determinism. In contrast to the latter, the model to be developed in this paper allows of
an efficient cycle analysis for deterministic and non-deterministic automata and is capable of overcoming these
obstacles using an algebraic state space description that is formulated strictly in (modulo 2-) operations on the set
of boolean numbers, the finite field � 2 . Finite field models have already been under consideration in the control
community [2]. However, neither were they utilized for determining the cyclic structure of automata nor were any
analogies drawn to linear continuous systems. On the other hand concerning linear systems much of the theory
was already developed as early as the sixties — for instance the design of linear feedback shift registers [3] — but
has not been adapted for control purposes yet. In this contribution, based on the system invariants of a linear sys-
tem, in particular the elementary divisor polynomials of the system dynamics, the finite field framework is shown
to enable sufficient criteria for determining all cycles of a deterministic automaton (in multiplicity and length).
As a consequence, the feedback design problem specifying the cycle structure of a controlled automaton becomes
feasible2. In the general, multilinear case this can be done using Gröbner-bases3. Specially for linear systems of
equations this kind of modeling admits of solving for cyclic states in polynomial complexity, for example by the
Gauß-algorithm.
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In the first paper of this series we motivate the description of discrete event systems via state space models in the
finite field � 2 . It is shown that in general, multilinear state equations are obtained. Further on, the problem of
determining the cyclic states is solved for the subclass of linear automata. In the paper on hand, linear automata
described as linear discrete systems over the finite field � 2 are under concern. The state equation is as follows [1]:

x � k � 1 ��� Ax � k ��� Bu � k �	�
In this case, the matrix A is the system dynamics, B is the input matrix, x � k � is the current state and x � k � 1 � is
the next state, whereby all vector and matrix entries are binary. The most important property of this class of
systems is the cyclicity of states2, which uniquely corresponds to the elementary divisor polynomials of the sys-
tem dynamics and can be directly related to the smith normal form of A [1], which has been shown in the first
paper of this series. Based on this knowledge the synthesis of linear state feedback for imposing properties on the
controlled system (concerning the cyclicity of states) is performed. By imposing these properties, the elementary
divisor polynomials of the closed loop dynamics are set. In the scope of continuous systems this problem usually
is solved by performing the parametric approach [2]. By means of this approach the synthesis of linear state
feedback for linear multivariate systems can be carried out easily. To this end a closed-loop system with specified
eigenvalues is established and the remaining degrees of freedom are used for adjusting the eigenspaces of the
closed-loop system. Dealing with discrete systems in � 2 this approach would involve specifying the zeros of the
elementary divisor polynomials and determining the desired eigenspaces of the closed-loop system. As this idea
emerges to be inappropriate another method for synthesizing a linear state feedback has to be employed. For linear
continuous systems the polynomial matrix method in the frequency domain is used to compute a state feedback
for achieving specified eigenvalues of the closed loop system by solving a diophantine equation [3]. This method
is adapted to linear discrete systems over � 2 . At first the A-Transform is introduced for generating a frequency
domain-like representation of the given linear automaton [1]. Next a transfer function is defined for the linear
automaton and a right polynomial matrix fraction description of this transfer function is obtained. The denom-
inator matrix of this polynomial matrix fraction contains the similarity invariants and thus the cyclic properties
of the original linear system. Due to this the synthesis problem reduces to specifying similarity invariants of the
denominator matrix in the A-Domain and computing the appropriate state feedback. This can easily be done by
first evaluating an algorithm suggested by Kučera [3] and then utilizing the structure of a special normal form, the
so-called controllability normal form. The latter is a major advantage in contrast to the usual method of solving a
diophantine equation. By means of these results an algorithm is developed for generating a linear state feedback
which fits a given linear automaton with specified cyclicity properties. Additionally the structural constraints for
linear state feedback given by the structure theorem of Rosenbrock [3] are fulfilled automatically by the presented
construction algorithm.
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Efficient vehicular transport of persons and goods is of vital importance to any modern society. In densely
populated areas the capacity of the road network is often to its limits and frequent traffic jams cause a
significant economic damage. Moreover, in these areas, it is usually hardly possible or socially untenable
to build more roads. An intelligent use of the resource ’traffic infrastructure’ is therefore economically
crucial. The German state North Rhine -Westphalia (NRW) is an example of such a densely populated
area where the capacity of the road network is not able to satisfy the traffic demand during the rush-
hours. Every day there are traffic jams on the autobahns in the Rhine-Ruhr region (Dortmund, Duisburg,
Düsseldorf, Essen, etc.) and in the area around Cologne and Leverkusen. To make things even worse,
the traffic demand is still growing. For this reason, new information systems and traffic management
concepts are clearly needed.
In 1992 Nagel and Schreckenberg proposed a stochastic cellular automaton model of vehicular traffic,
which was able to reproduce some empirically observed non-trivial traffic phenomena like spontaneous
traffic jam formation. This publication captured the interest of the physicists community and ever since
there has been a continuous progress in the development of cellular automata models of vehicular traffic.
The most recent models are able to reproduce free flow, spontaneous jam formation, synchronized traffic,
as well as meta-stability. However, these models have one major drawback. They were developed and
tested on topologically simple road networks and the translation to large and topologically complex real
road networks is non-trivial. In our contribution we describe a micro-simulator, which is able to simulate
the traffic flow on the autobahn network in the largest German state, i.e., North Rhine -Westphalia. The
paper is organized as follows.
In Section 1 we discuss the traffic data available for the simulator. They are provided by a central server
from “Landesbetrieb Straßenbau NRW”, which sends date from about 4,000 loop-detectors, installed on
the autobahn, minute by minute.
In Section 2 the cellular automaton model of vehicular traffic we use is described in detail. It is basically
the Nagel-Schreckenberg model with smaller cells (1.5 m instead of 7.5 m), asymmetric lane change rules,
a slow-to-start rule, anticipation, and brake lights. With these extensions the cellular automaton traffic
model is able to reproduce all empirically observed traffic states. Further, we use two classes of different
vehicles, cars and trucks, where the trucks have a lower maximum velocity and different lane changing
rules. A vehicle occupies 2− 5 consequent cells.
In Section 3 we discuss some details of the implementation and the software design. The simulator was
written in the C++ programming language and we use the Glut OpenGL 3D-graphics library for the
visualization of the simulation. Because of the size of the autobahn network and because the simulator has
to perform in at least real-time and preferably in multiple real time the algorithms used by the simulator
have to be efficient. A further important design parameter is, that because there is a continuous process
in the development of traffic models, it has to be reasonably simple to renew the dynamics. We give a
short notice on the data structures and algorithms we used and we explain why we decided to use them.
In Section 4 we present some additions to the dynamics, which are necessary when modeling the traffic
in a large and complex real road network, inclusive the assimilation of the traffic data.
Finally, in Section 5 we present the web-page http://www.autobahn.nrw.de, where the simulated traffic
state on the autobahn in NRW can be viewed by the public and is updated every minute.
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The distributed computational systems and the distribution algorithms are thoroughly studied. In this paper 
we focus on data intensive distributed problems including of task distributions, network delay times, join of 
the part task results, and the effect of non-execution. We make a study on „one box“ systems, dedicated 
multi computer systems, in which the number of computers, and the capacity of computers are almost 
constant and non-dedicated systems, when the number, and the free capacity of computers are frequently 
variable. The solution time of the full task depends on number of complex parameters, the effects of 
different parameters are well observed by modeling the behavior of distributed data intensive 
supercomputing systems. We show a frame for managing of this problem.   
The users of the computers appraise the suitability and goodness of the systems by means of the response 
time, including the correct replays of course. The aim of this paper is to examine the reduction of the 
response time. Correct replays from the systems are assumed.  
The elaborating time of the answer is influenced by the following components: 

• network-times, network-delay times 
• task-distribution times, and integration times of part-task results 
• algorithm-times (processor times, running times) 
• data-access times (local data access) 

We examine the “one-box” systems shortly, and the “multi-box” systems in detail. There are two main 
types of task-distributions for multi-box systems, for the dedicated multi-box systems, and for the non-
dedicated multi-box systems with variable number of computers.  
In the dedicated multi-box systems the number and the capacity of computers does not change during the 
execution of the task essentially.  
In the non-dedicated multi-box systems the number and the free capacity of used computers may change 
during the execution of the task. 
Further important question is the non-execution of part-tasks. We have studied the managing and the effect 
of the redistribution. 
 
Importance of the simulation. The algorithms, the network-situations, the errors appearing are various. 
They depend on very much parameters. Number of these parameters contain random or probability 
elements. Exact description of the elements is a hopeless task, which results very complicated formulas 
which hide the essential components. The simulation of data-intensive distributed systems offers a good 
help to find the quite good distribution strategy. In the paper we give some simulations examples and 
results. The simulation-algorithms give a possibility to use more variables and functions for modeling of 
different problems: the changing of the number of computers, for the manipulations with free capacity of 
computers, modeling the data distributions and use of distributed data. It is true, that the capacity of 
networks keeps growing, but the quantity of data and the size of data-intensive projects will be growing 
too, thus we assume that finding of the good distributions will be important in the future too.  
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The spread of rumours can be regarded as a specific spread of information or disinformation. The mod-
els used to explain the spread of rumours serve as a tool to improve our understanding of this social
phenomenon. Of particular interest is the phenomenon that the proportion of the population who never
hear a rumour is non-zero. This in turn leads to the question of the behaviour of rumours that are
initiated a second time—repeated rumours. To illustrate the implications of this result in an age of mass
communication, it is natural to consider the initiation of a rumour by means of television, radio, or the
Internet (Frost [3]). A typical example occurs with public health warnings through mass media following
a poisoned food scare. Such warnings need to be repeated to maximize awareness of the information
in the population. The stochastic analysis of rumours was introduced by Daley and Kendall [2]. In
earlier work, Rapoport [5] and Rapoport and Rebhun [6] developed several models for the diffusion
of information during the period 1948–54, using a deterministic approach to rumour modelling based
on epidemic modelling. Two rumour models (Daley and Kendall [2] and Maki and Thompson [4]) are
regarded as classical models in the literature. These models considered a single initial spreader intro-
ducing a rumour into a closed population. The Daley–Kendall model is given in continuous time while
the Maki–Thompson model is formulated in discrete time. The effect of varying the initial number of
spreaders from unity has been investigated by Belen and Pearce [1]. The perhaps surprising result was
discovered that even when the proportion of the initial population who are spreaders tends to unity, the
proportion of the initial ignorants who never hear the rumour will never be zero. In this paper we
extend the Maki–Thompson model to allow for the initiation of a rumour by multiple spreaders, and the
repetition of a rumour process. We derive an expression and give a solution for the proportion of the
population who never hear the rumour, for a repeated rumour. We formulate a deterministic model in
continuous time with arbitrary non-zero initial conditions specifying the initial proportions (of the total
population) of three subpopulations—spreaders, ignorants (those who have not heard the rumour) and
stiflers (those who have heard the rumour but do not spread it). It is usually assumed that the rate of
convergence, with increasing population size, to the asymptotic results predicted by the classical models
is slow. By analysing the results of a numerical method for the solution of our model we are able to
determine experimentally the range of population sizes for which the model can reliably be applied. As a
particular example we observe that, when the proportion of initial ignorants is 0.99, the estimated error
for the model is negligible when population size exceeds 258. Thus it appears that asymptotic results
can yield good approximations for quite small population sizes.
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High Throughput Screening (HTS) plants are used for the analysis of chemical or biological substances,
where, for a large number of sample batches, several operations have to be executed in the same specific
time scheme. While progressing through these operations, each single batch may pass the same machine
more than once. More than one batch will be present in the system at the same time. There are no
buffers between the machines. Moreover, a batch may occupy two or more machines simultaneously
when being transferred from one machine to another. Additionally, there will be upper time bounds
(’due dates’) stated by the user.
Determining the time-optimal sequence and event times for all operations of a problem of several hundreds
of batches (’assay’) is therefore a scheduling task which is quite different from known scheduling problems
in other areas of application as, e.g., in chemical engineering [2] or for flexible manufacturing systems.
For several specialized HTS plants, a number of scheduling approaches with a variety of objectives exists,
e.g. [1]. However, as development goes towards large flexible HTS plants, a general scheduling approach
is needed which can be used independently of the specific combination of machines and transport devices.
In many cases, due to the specific nature of the substances to be screened, operating schemes have to be
strictly cyclic: The batches follow upon each other with constant time offset, called cycle time T . An
extract from such a strictly cyclic schedule is pictured as a Gantt chart in Fig. 1.
We show how a timed discrete event model can be formulated for such cyclic sequences and how the
scheduling problem can be cast into a mixed integer linear optimization problem. Its solution leads
to a schedule with maximum throughput, i.e. minimum cycle time, and therefore to minimum overall
processing time (’makespan’). The approach is demonstrated by means of a basic example.
It has been shown that the proposed method is suitable to solve real-world problems as they arise for
a modern, fully automated flexible HTS system. Globally optimal solutions have been found for assays
with up to 150 resource allocations per batch using GAMS/CPLEX.

Resource 3

Resource 2

Resource 1

Time
Fig. 1: Extract from cyclic schedule. Different patterns represent different batches.
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In this paper we extend Markowitz’s  portfolio selection model to multiperiod models which include 
proportional transaction costs in the presence of initial holdings for the investor. Our approach is new 
and is in the line of our previous papers. In order to reduce the amount of data (forecasts) from a series 
of experts a stationarity assumption is made. Our model will work well only if in the considered time 
horizon no great changes will be forecasted by the financial experts. 
The standard portfolio model is one where an investor allocates his initial wealth among n risky assets. 
Assuming the assets returns are stochastic, Harry Markowitz (the 1990 Nobel laureate) in his pioneering 
work described a theory postulating that rational investors should select a portfolio from the set of all 
"feasible" portfolios which offers minimum risk for a given level of expected return and maximum 
expected return for a given level of risk. Since its introduction in the fifties, the model has dominated a 
great deal of the literature in portfolio analysis. 
Pogue, in 1970, had extended Markowitz’s  portfolio selection model to include transaction costs, 
short sales, leverage policies and taxes.  
The mathematical problem of optimally managing a portfolio of securities in the presence of  
transaction costs has received considerable research attention in recent years. 
Practical portfolio investment problems under uncertainty are multiperiod problems. They can be 
modeled well as multiperiod stochastic programs. All the contributions, together with the progress in 
numerical methods, software and computer technologies gave an impulse to the development of large 
scale real life applications.The multiperiod models can handle the difficult problems of asset liability 
management and the strategic decision making under risk. For portfolio optimization problems, it is 
sufficient to deal with discrete  time models since the investments are done at fixed time instants. The 
numerical optimization methods which need to be used to solve such problems seriously limit the 
level of detail in the uncertainty about future asset prices and returns which can be incorporated.  
There exist a large literature devoted to multiperiod portfolio optimization. 
We study the problem of an investor who has some initial holdings and knows in a prescribed horizon of time 
the amount of payments (cash outflows) and the amount of cash inflows and the exact moments when these 
financial flows will take place. The time horizon is divided in m - 1 units which are called periods.  
The investor has initial holdings in n assets. All the transaction are made only at the moments t = 0,1,2,…, 
m - 1. The investor wants to withdraw at the initial moment t = 0 a sum of money equal to W0.   At moment 
t = 1 the investor wants to withdraw a sum of money equal to W1, ...., at moment t = m - 1 the investor 
wants to withdraw a sum of money equal to Wm-1. In the case when  some Wi is a nonnegative number we 
shall consider that the investor sells his assets in order to obtain an amount of cash equal to Wi.  At period t 
= 0 the initial holdings of the investor are described by the vector  b )( 21 nb,...,b,b= , that is the investor 
had purchased before period t = 0 a quantity bi  of asset i, i=1,2.....,n. The aim of the investor is to find a two 
sequences of portfolios:  u0 , u1 , …, um-1 and v0 , v1 , …, vm-1  that minimize or maximize an objective map. 
The sequence u0 , u1 , …, um-1 represent the portfolios purchased by the investor at  the moments  
t = 0,1,2,…, m - 1. The sequence v0 , v1 , …, vm-1  represent the portfolios sold by the investor at  the moments 
t = 0,1,2,…, m - 1. In the portfolio selection  models we study we suppose that the investor is rational, that 
is at the moments t = 0,1,…, m - 1 when the investor is rebalancing his portfolio, he will not purchase assets 
which he will sell at the same moment. 
In the paper are formulated three multiperiod portfolio selection models: The risk minimization model, the 
average return maximization model and the mean-variance model. 
Two numerical examples are discussed for our risk minimization model. 
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Whenever the decision about how to position a new product has to be taken it makes a difference
whether the market is determined by horizontal or vertical differenciation. The first means that different
attributes have different values from the viewpoint of the customers and the preferences are consistent.
The latter means that choices depend on the individual taking the buying decision. [3] formulates
an analytical model to show that in a two–player competition the cost–leader has an advantage in
positioning her product. However, being confronted with data representing the customers wishes and/or
the competitors decisions does not necesssarily mean a competitive advantage but it means the problem
of correctly interpreting these data.
This paper elaborates on an agent–based simulation model featuring customers with equal purchasing
power in a dynamic market of goods that may be substituted for each other. The customers always
choose the product which best approximates their requirements. The price they are willing to pay for
the product is fixed — in opposite to [3]. The supplying agents have only limited capacity to interpret
their information about the competing suppliers or the customers. It is analyzed how adaptive agents,
who use learning classifier systems (see [1]) to take their decisions and learn by using genetic algorithms,
would position their products and how they react to a changing environment. Similar investigations
were done by [2]. Four classes of suppliying agents occur in this market. Two of them consist of
learning agents. The first group observes the positions (= needs) of the customers directly (we call them
superior agents). The second group observes the positions of the suppliers and their profits (first class
agents). The decisions for the next planning period are based on these observations. Additionally, there
is a group of suppliers placing their products according to a ”random walk” (second class agents), and
another supplier who always chooses the position of the most successful seller of the previous period
(imitating agent).
To compare these strategies on the demand side three behaviour patterns are taken into consideration:
i) static, ii) cyclic, and iii) random walk. To allow accurate conclusions about the relation between
customer behaviour and the success of a certain selling strategy, all the customers exhibit the same
behaviour within one simulation. In the static scenario the imitating agent performs best. The suprerior
and first class agents make a lower profit but are both at approximately the same level. The second
class agents make almost no profit. If the demands change periodically, the sales of the imitating agent
decline. This is due to the sudden change of the demands in every single time step. The imitating agent
always moves to a position that was excellent in the previous period and will be excellent again in the
following period. Finally, when the customers follow a random walk, the competitiveness is inverted.
Both types of learning agents loose a big part of their market share and they even fall behind the second
class agents, who were the losers in the other two scenarios. Again the level of superior and first class
agents is nearly the same.

References

[1] John H. Holland, K. J. Holyoak, R.E. Nisbeth, and P.R. Thagard. Induction, Processes of Inference,
Learning, and Discovery. The MIT Press, Cambridge, Massachusetts, London, England, 1997.

[2] E. Kutschinski, D. Polani, and T. Uthmann. A decentralized agent-based platform for automated
trade and its simulation. In Proc. of Sixth International Conference on Computing in Economics
and Finance (CEF) 2000, special track on agent-based computational economics (ACE), volume 276.
Society for Computational Economics, 2000.

[3] Rajeev K. Tyagi. Cost leadership and pricing. economic letters, 72:189–193, 2001.

245

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



A D -
���������
	���������������������	���	����� �������	� 

!�	��
�����!�"#���
$%"#�&���������#	�	��'���
()�
����	�����"��#*�*�!+����,-�����
��.#"����/���	�*+,� ����*+��"

0�1/2�3/465�798�:<;
=>0�1?2A@A46B6BC7D8/:E;F=
8�5
G�HJILK-I
MJNO1/:QP/N
RTS<UWVEXZY<[�V]\?^LV_^a`]bdcfeagf`ihkjleL^6m

noYO[qp<rf^L`_hA\?s_ea`_c<s_`
\'^WeaULUWtTVi^a`_hkuZRdvxwfyfzZwO{fufbT\'|

} XfY<cO`>~
405-744-5668

uZ�>V_�A~_yZz<�
-744-9097

email
~>�lcZY<XfufcZpOV_h�SOu

kmg}@a.cs.okstate.edu

� XZe6j�p�VEp/`Eh�pZh�YZp/YZj�`Ej�VEc
ad-
X�Yfs�h�e6j�S�[qVQc�VQ�Z`O[q`Ec�^%jimfj�^�`Q[���|�����\
���?m�rZj�e6c���V�j�^LVO^Le6j�^�e6s_VQU�[J`Q^�X�Yf�Z� � X/`

j�^6VE^6eLj�^6eLsEVOUF[JY<�Z`OU6uAhk`O�k`Qh�h�`O�%^LY�VQjT��rZUL^6e�p�U�`q�o`Q�fh�`Oj�j�e�Yfc%t�e6^LX%\
sOVEU6`Q����rZ[q[Jm���VQh�e�VQ��UL`q������\
�����oe6j]��`EgZ`EU6YZp�`E�/�
����\
����[�YZ�Z`QUF��YZsEr/j

es
Y<c�^6XZ`���YZh�`OsEVQj�^AVQcZ��[qVOcZVQ�f`Q[J`QcZ^FYZ� sQh�eL^�e6sEVEUFj�e6^LrZVQ^�e�YZc

s
��`E�a�f�As_h�eL^6e�sQVEUCc�`Q^�t�YZh�S�j�`QsQr�h�e�^¡m

breach,
VJ^6`_h¢h�Yfh]`EgZ`OcZ^ VEc��£^6X<`�e6cZgZ`Ej�^ ^6eL[Je�cZ�£eLc�j�^6YfsQS¤[qVQh�SZ`E^

).
|¥cZrZ[�`Eh�e6sEVEU9j�e6[qrZU�VQ^6e�YZc£h�`Ej�r�UL^9e�j�pZh�Y/g<e6�Z`O�¤^6Y

gZ`Eh�e6�¢m%^�X�`�pZh�VQsO^Le�sEVOU�e�^¦m�VQc��£`Q����`OsQ^ae6gf`QcZ`Oj�j�YZ�]^6XZ`�p<h¢Yfp�YZj�`E�#[q`Q^�X/Yf���¨§T©Cª�«¬#®A¯£°²±F³l´Cµ>ª·¶O¶�¸¹¶q¸kºkº¡»o¶¢¼k³¾½?¼¦ª?¿
¸¡À�Á�¸¡ÂA»C³�ªÄÃfÅ � XZ`�^LX/`EYZh�`O^Le�sEVEU���YZrZcZ�/VQ^�e�YZc���Yfh�����\
���Æ[�YZ�Z`QUorZj�e6c���S

-
p?Yfe�c�^�j�sOVQU�e�cZ�#VEjqeL^6j��Zr�[J[�m£gZVEh¢eLVO�ZU6`

sQVEc��Z`T`O�Zp�h�`Oj�j�`Q�ÇVQjo��YfU6U6YZt�j��

= = = ===

+++=
m

i

n

i
ij

k

i
ijiji

t

j
iji

t

j
iji

t

j
ij xxxxy

1 1 1
21

1
2

1
1

1

,εγβα --------------- È¢ÉfÊ
t�X�`Oh�`

ijy
~<h�eLj�SÇ��r�cZsQ^�e6Y<cJ�¢h�`Ej�p�YZc�j�`E�

ijx1
~<Ë�rZVOcZ^6eL^6VE^6e�gZ`�e6cZ��`Ep/`Ec��Z`QcZ^'gZVEh¢e�VQ�ZU6`

ijx2
~<ËZr�VEU6e�^�VQ^Le6gf`�e6cZ��`Qp�`Ec��Z`OcZ^
g�VQh�eLVO�ZUL`

iα ~<sQYf`Q����e�sEe6`Ec�^'YZ�DË�rZVQcZ^6e�^6VE^6eLgZ`�e6cZ��`Ep�`Ec/�Z`QcZ^
gZVEh¢e�VQ�ZU6`

iβ ~<sQYf`Q����e�sEe6`Ec�^'YZ�DË�rZVQU�e6^LVO^6eLgZ`�eLc��Z`OpZ`QcZ��`Qc�^
gfVQh�e�VQ��UL`

iγ ~<sEYZ`E�¢��e�sQeL`Qc�^
Yf�9pZh¢Yf�Zr�sQ^
Yf� ËZr/VEc�^�e�^�VQ^�e6gf`�VQc��qËZr�VQU�e�^6VQ^Le�gf`�gZVEh¢eLVO�ZU6`E�

ijε ~O`Eh�h�YZh9^�`Eh�[

��r�[q[�mÇgfVQh�e�VQ��U�`

Figure É 7D:Q1ZÌQNOG
Í
:QN�1<Î9KxÏ�Ð
Ñ�Ò�Ó�1ZG
NQB .
� XZ`¤SZ`Om�VQ��gfVQc/^LV<�f`�Yf������\A���Ô[JYf��`EUoeLjÇ^6XZVO^Õe�^Õe�jÇpZh�VQsQ^�eLsEVOUÕ^�Y#pZh�`O�Ze�sO^ V%X�e��ZX

-
h�e6j�S�`Qg�`Ec/^Õ�/m¤r/j�e�c/��c�YZ^�YfcZU¡m

X�eLj�^6Y<h�e6sEVQUF�ZVQ^6V��Zr�^AVEU6j�YJ^�X�`�SZc/Yft�U6`Q���f`ÇVEc/��e�cZ^6`QU�U6eL�Z`Ec/sE`ÇYf�Õ`E�/pZ`Qh�^�j�e6c���eL`QU���� � XZ`
modelling

`O����Yfh�^FVEU6j�Y�j�X�YZt�j�u
e��Tt�`�VQs

cumulate
^�X�`�h�`EU6VE^�`Q�£��VQ^�VQuD^6Xf`%p�VEh�VE[q`O^6`_hTYf�T���]\
���Ö[qY/�Z`QUÕsQVQc#�Z`QsEYZ[J`%j�^�VQ�ZU6`E� � X�e�j�e�cZ�/eLsOVE^6`

s
^�X�`

p�h�Yfp?YZj�`Q�J���o\
����[�YZ��`QU
e�j�V�p�Yft�`Qh���r�U
^�YZYfU
^¦YÇpZh¢`E��e�sQ^
rZc���Yfh¢`Ej�`O`Qcq`QgZ`Ec�^�j��

References:
1.

\A^¦`<`OU6u��dY��>`Oh¢^-×������Lu � Y/h�h�e¦`Ou�ØiVO[�`fjÚÙÇ�Lu+�qe�sfS�`fm�u���Vfg�e¡��|��Lu } hle¦c/sOe¡p/U6`fjV<c?� } hlY/s<`<�?r/h¢`<j¥Y��
\A^¦V<^¦e¦j¹^6e¡sOj�uF�Ûs<×�hlVOtÙ�e�UkUFn]Y?U¡U6`<�/`Ç��e¦g��oÜQÝ/Ý?Þ/�

2.
v�Y/^6U¦`<h�u } X/e¦U6e¡p?u
Vfc/�%×�VOh�mJ|�hl[�j¹^�hlY>c>��u } hle¦c�sfe¦p?U¦`Oj�Y����+VOhlS/`<^6e¡c?��uC{?^¦X%`O�?u } h¢`fc/^6e¦sO`

-
Ù�VOU¦U¦u

ß c?^6`<hlc�Vf^�e¦Y?c/VfU·à �/e6^¦e¡Y�c?uoÜEÝ/Ý/Ý?�

Ùdeajl^LYOh�eas_ViU/�<V_^aV áTr<V_Uaea^aV_^ae�gQ`T�OV_^LV

�TV_h¡eaV_�<Ua`�jl`_Ua`_si^�eLY<c
�kjl`_Ua`is_^/X<eL�<XZU�mTs_Yfh¡h¡`_ULV_^W`_�
v
V_h¡eLV_�OUL`]Y<�CsEYOcfs_`ihkc<�

|d�¹â�rfjl^L`_��\'ã�R } [ÇV_p
�¡eL�O`_cf^aeL��mTV_Ua`_h¡^WuZtTV_^as_X
or normal

jl^LV¹^L`_�

��� �T�d\�[ÇYf�<`EU
���O`_s_eL�O`dmO`Ej YOhCcZY
�¡Y<h

high-
h¡eLj¾S�`EgO`_cf^

)

\'^WV_cf�fV_h¡�feWä_`]^aXf`]Yf�fjl`EgQV_^�eaYfc

246

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



Computer-aided design system of simulation business-process model 
 

Authors: 
1. Konstantin Aksyonov, The Ural State Technical University, postgraduate student. Address: 

Russia, 620014, Ekaterinburg, Pr.Lenina 28, “VRK”, e-mail: wiper99@mail.ru 
2. Boris Klebanov, The Ural State Technical University, docent. Address: Russia, 620014, 

Ekaterinburg, Pr.Lenina 28, “VRK”, e-mail: wiper99@mail.ru 
3. Alexey Hrenov, The Ural State Technical University, postgraduate student. Address: Russia, 

620014, Ekaterinburg, Pr.Lenina 28, “VRK”, e-mail: alhr@mail.ru 

 
 

 
In the article the system is described, that allows to design static and the dynamic - simulation models of 

business process.  
The system of simulation is intended for support the design process of complex business model. The 

complex model allows to analyze the qualitative - quantitative parameters of the business process and can be 
used by different categories of users - both managers, and systems analysts (programmers). 

The analysis and reorganization (optimization) are the main purpose of the business processes description 
(simulation). The simulation modeling has recommended itself as the powerful tool of the complex systems 
analysis. The relation between simulation models and models of processes consists in conversion possibility of 
the processes model in the deficient simulation model. The simulation model gives more greater information for 
the systems analysis. The results of such analysis can cause of processes model modification. 

The model of business process should give the answers for the following questions: 
1.  What procedures (function, operation) are necessary for obtaining finite result? 
2.  What sequence of these procedures? 
3.  What mechanisms of control and handle exist in the base of construed business process? 
4.  Who fulfils process procedures? 
5.  What incoming documents / information used by each process procedure? 
6.  What kind of outgoing documents / information are generating by the process procedures? 
7.  What resources are necessary for execution of each process? 
8.  What documentation / conditions are regulates execution of the procedure? 
9.  What parameters are characterize execution of procedures and process as a whole? 

The existing computer-aided design system of business processes simulation have the following lacks: 
1.  Its does not allow integration with the simulation modeling systems, that allows to analyze qualitative - 

quantitative model parameters of business process; 
2.  Its used difficult language for model description, which difficult to use by the managers and analyzers, 

for which these models are created. 
The main concept of the system consists in the description of the technological process as chains of 

operations, and simulation of behavior of firm (workers, equipment, state of material resources) and external 
environment (oscillation of demand on production (orders); oscillations of delivering of material, financial and 
other resources).  

The kernel of modeling system for the technological process simulation is realized on a base discrete-
events simulation method.  

The solution of the task «What if» is carried out by change static and/or dynamic model of business 
process. 

There is a floppy user interface for adding rules to the system, which will be generating messages when 
value of variable using in model is changed. 

The simulation system allows to estimate main efficiency metrics of the technological process: probability 
of technological process failures; valid delays in technological process chain; a brave rating; the cost price of a 
unit of production; a estimate cost-return time of technological process. 
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In a normal Bondgraph (BG), one uses the force-effort or direct analogy, with force as effort and velocity as 
flow. This is for rectilinear mechanics, while for rotary mechanics one has torque and rotation frequency. For the 
so called force-flow or inverse analogy, force is taken as flow and velocity as effort, also called Firestone 
analogy. It simply a permutation of effort and flow. These also and and pseudo BG are discussed and illustrated 
on the example of entropy conduction and heat conduction. 
 
The direct analogy is generally used, but the inverse analogy has theoretical advantages: Force is considered as 
flow of momentum and all efforts become across variable with all flow as through variables. This facilitates 
formulation of mechanical BG and lead directly to another tool of systems analysis, the Linear Graphs. 
Furthermore. In the inverse analogy the flow of momentum is emphasized  
 
Power handling in the oneports, twoports and multiports can be shown on a portality table, with the number of 
ports as X-axis and the properties of power handling on the Y-axis. By changing analogies, only some elements 
change place therein. For mechanical BG, in the inverse analogy all efforts are across variables and all flow 
through variables, which leads to a simplification of writing mechanical BG. Also another tool of Systems 
Engineering, the Linear Graphs can be applied. Here force is considered as flow of momentum. This underlines 
the importance of momentum, which is quantified in quantum mechanics and which simplifies the formulation 
of Newton’s laws. A mechanics with the flow of momentum gives interesting results. 
 
I have discussed these questions with Henry Paynter and we agreed, that mathematically it makes no difference 
which analogy is used. Intuitively, the inverse analogy is  contrary to the feeling of most BG’ers including me, 
but it has theoretical advantages. So it is good to know both analogies  
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Recently Borutzky and Granda proposed to construct a so-calledincrementalbond graph from an initial bond graph with
nominal parameters in order to determine unnormalised frequency domain sensitivities in symbolic form. At the same
time Dauphin-Tanguy and Kam presented a bond graph approach that allows to set up a specific form of state equations
in symbolic form used for robustness study of models with uncertain parameters. Both approaches aiming at different
purposes have been developed independently. Nevertheless, this paper shows that they can be used to obtain each other’s
results under some reasonable weak assumptions. For illustration both approaches are applied to an example, which has
been kept fairly small for didactic reasons.

Keywords: Parameter sensitivities, equations for robustness study, incremental bond graph, uncertainty bond graph.

The design of a control of a system starts from a model that has been deduced either from physical principles under some
assumptions, or obtained by system identification. Such a model may take the form of a matrix of transfer functions or
a set of Differential Algebraic Equations (DAEs) depending on the objectives of the design. In any case one should be
aware of shortcomings due to uncertainties. These may be caused by external hazardous perturbations, or/and may be
due to insufficient, or erroneous parameter identification, or to tolerances in the fabrication process. This paper addresses
parameter uncertainties. Two complementary approaches have been known for a long time. The first one addresses
the determination of sensitivities of state variables or of output variables with regard to parameter variations. The
second one aims at a robust closed loop control that ensures stability and a required system behavior within acceptable
tolerance boundaries in presence of external hazardous perturbations and parameter variations. Models used for these
objectives arelinear in general. For robustness study either thecanonical formor thestandard interconnection formof
state equations is used. For large systems considerable computational effort may be necessary to construct both forms
symbolically even if a software package for symbolic manipulation is used.

The bond graph methodology, particularly suited for physical systems modelling, analysis, and control of multidis-
ciplinary systems enables to represent parameter variations explicitly in a so-calledincrementalbond graph that can be
derived systematically from an initial bond graph with nominal parameters. From the incremental bond graph parameter
sensitivities as well as equations for robustness study can be derived in a systematic manner.

In the bond graph literature several authors use a pseudo bond graph for the determination of parameter sensitivities,
in which the variables associated with the bonds are not power variables but sensitivities of the effort and the flow with
respect to a parameter. Contrary, Borutzky and Granda recently proposed to construct from the initial bond graph with
nominal parameters anincrementalbond graph for thevariationsof power variables caused by small parameter changes.
On the other hand Dauphin-Tanguy and Kam proposed a so-calleduncertaintybond graph for true power variables that
allows to derive a form of state equations used for robustness study. A comparison of both graph approaches reveals
that both do have certain features in common although they have been developed independently for a different purpose.
This paper shows that under some reasonable assumptions posing no essential constraints the incremental bond graph
approach also allows to determine first order approximations of equations for robustness study, while the uncertainty
bond graph approach can also be used to determine parameter sensitivities. Both approaches are applicable to bond
graphs with stores in derivative causality and with algebraic loops. For the sake of brevity and clarity of the presentation
however both cases are excluded in this paper. Moreover, stores and resistors are assumed to be linear 1-port elements.

This paper is organized in the following manner. First both methods are recalled. Subsequently, we show that the
two approaches can lead to each other’s results under some reasonable assumptions. Eventually for illustration the two
methods are applied to a small example for which the results can be checked by hand calculation keeping in mind that
the major benefit of both methods is theautomaticderivation of sensitivities and of state equations for robustness study
in symbolic form forlargesystems.
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Abstract 
Switching devices are very common in several fields (diodes, relays, clutches, valves, …). Their changes of 
states can be either controlled or autonomous. Various researchers investigated this problem using  the bond 
graph tool [Karnopp,83], [Asher, 89], [Dauphin-Tanguy, 93], [Buisson, 93], [Lorenz, 93], [Strömberg, 95], 
[Cellier, 95], [Mosterman, 97], [Cormerais, 98]. Two main approaches, the ideal and the non-ideal one, are 
recalled: 
- In the non-ideal approach [Dauphin-Tanguy, 89], switches are modelled as resistive elements eventually 
associated with modulated transformer. The modulation is done using a boolean variable. The main advantage of 
such an approach is that it leads to a unique causal bond graph model, whatever the position the switches can 
have. 
- In the ideal approach, each switch is modelled as a null source: effort source for a closed switch state, and flow 
source for an open one. The state may be discontinuous at commutation times. This approach is used in this 
work. 
In the other hand, in order to obtain a more realistic model for the analysis of system properties, the concept of 
structural property has been introduced by Lin (1974). It is a property, which is true for almost all the values of 
the parameters. This framework is consistent with physical reality in the sense that system parameter values are 
never exactly known, with an exception for zero values that express the absence of interactions or connections. 
The elements of a structural matrix are fixed either at zero or at indeterminate values that are assumed to be 
independent. Hence it is desirable to investigate system properties that are determined by the system structure 
and not by the parameter numerical values. These systems are called "structured systems". 
The bond graph approach is used for the analysis of structural property of linear multivariable time invariant 
models. In the proposed bond graph approach, the structural property concept has been used. Nevertheless, the 
hypothesis of independence of the structural matrix terms (commonly used in the structural property study for 
structured systems by the digraph approach) is not seated.  
This work is an extension of the structural analysis of generalized systems modelled by bond graph [ Rahmani 
98], [Mouhri 99, 00]. Here we consider switching devices modelled by bond graph as a good special case of 
generalised systems. This paper is organized as follows: first section is devoted to the recall of some useful 
background about bond graph modelling of switching devices. This modelling is done using the structure 
junction equation and leads to an implicit model ( ) ( ) ( )tButAxtxE +=& . In a second section, structural ranks of the 
E-, A-, and B-matrices are proposed using causal manipulations on the bond graph model. It allows the 
determination of the minimum number of input sources necessary for control and the optimisation of their 
positions to simplify state feedback control laws. In section 3, the impulse controllability is defined as the ability 
to control impulse modes that singular systems can exhibit. In a first time a procedure which allows an easy 
determination of impulse modes from a bond graph model is presented. This procedure is based on causal 
manipulations. In the last step of section 4, a graphical method for structural impulse controllability is proposed. 
Finally, section 5 gives a practical example 
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Effective control and monitoring of a process requires reliable and continuous real-time information on the state variables of the 
process. In practice, however, continuous, on-line state measurements are rarely available. State estimators (observers), which are 
deterministic or stochastic, and static or dynamic systems, serve the purpose of reconstructing the inaccessible but important state 
variables from other easily available measurements. The Kalman filter and the Luenberger observer were the first ones to be 
introduced in the 1970s. The present work concerns deterministic linear time invariant systems modelled by bond graphs and 
because of that, the observers are buil t based on the Luenberger’s method. 
From an algebraic point of view, the Luenberger’s method (1966) considers an observable linear time invariant system modelled by 
the following state equation: 

Cxy

BuAxx

=
+=�

      (1) 

with: A ∈ ℜn × n, B ∈ ℜn × p, C ∈ ℜm × n, y regroups the output variables of the system. 
This method for reduced order observers divides the state variables of the model into measurable variables and non-measurable 
variables.  The measurable variables are the state variables that can be directly measured from a sensor or can be calculated directly 
from the measurement of the sensor.  With this classification, the state equation of the system can be written as a function of the 
measurable (xa) and non-measurable (xb) variables:  
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Afterwards, with a linear transformation, the state equation can be written as a function of the output and the non-measurable state: 
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This representation needs to inverse the Ca matrix.  Because of that, after the selection of xa, the condition: rank(Ca) = m must be 
verified to guarantee the existence of Ca

-1. 
The principal advantage of implementing a reduced order observer is that it will estimate only those state variables which cannot be 
directly measured, thus, the order of the model of the observer wil l be lower than the order of a complete order observer, and 
therefore the computational cost to estimate these variables is also lower. 
In this paper, the method proposed is a procedure to build the reduced order observers directly from the bond graph model.  It can be 
used in both cases, when the output depends on all state variables and when the output is related to one state variable; in the second 
case the procedure is simpler. 
The bond graph implementation is based on the Luenberger’s method for reduced order observers in linear system (Luenberger, 
1966).  Because of that, it is necessary for the bond graph model to be equivalent to equation (1).  It means that in the bond graph 
model there are no causal loops between R-elements or derivative causalities that could generate an implicit state equation. 
The use of bond graphs allows employing techniques of structural analysis to determine the observability of a model, which is a 
necessary condition for the construction of Luenberger’s observers.  In this paper, the verification of structural observability of the 
bond graph model is made with the technique proposed by Sueur and Dauphin-Tanguy (1991).   
With respect to the condition of the rank of Ca, it is shown how to determine the invertibil ity of the Ca matrix directly from the bond 
graph model and from a structural point of view. 
Rahmani et al.(1994) proposed a method to calculate the gain of a controller gain for pole placement directly from the bond graph 
model. In the present work an extension of this method is used to calculate the observer gain.  Because of that, it is possible to 
calculate the gain with the knowledge of the causal cycles families in the bond graph of the observer.  In this case the characteristic 
polynomial of the reduced observer ( )s(P )abAKbbA( − ) is selected and then the calculus of K is based on the polynomial coeff icients. 

The main objective of this paper is to give a graphical method that can be applied on a bond graph model directly to build the 
observers without the generation and manipulation of the state and output equations of the system.   
As an application, one example with two outputs is studied here, where one of the measurements depends on all state variables. 
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The use of bondgraphs (BG) or linear graphs (LG) has become standard for constructing 
models of discrete physical systems, i.e. those consisting of components with a finite 
number of localized points through which physical interactions can occur. These two methods 
have developed following distinct historical trajectories and they tend to be applied in 
different contexts and by different groups of modellers. Although it is obvious that BG 
and LG are based on the same basic concept, a generalization of Kirchhoff’s electrical 
network theory and representation of the topology of the interconnection pattern of multi-terminal 
components which may be from any physical domain, it is widely believed that there are some 
significant technical differences between the methods and that certain types of 
applications are more suited for a BG or LG model. This view is incorrect. It has, in fact, 
been shown that physical system models based either method have exact equivalents in 
the other method. Moreover, as a representation of topological information related to 
system structure there is no difference between a BG and a LG. In effect, there are no 
technical differences. The only level in which there are differences, and in this respect these are 
obvious enough, is in the visual representation of the system diagrams themselves, i.e. the 
starting point for model construction which serves as an aid for mathematical 
manipulation and equation generation. It is natural to consider whether these (superficial 
and mathematically irrelevant) differences may lead to some pragmatic advantage of one 
method over the other, particularly from the pedagogical standpoint. This paper examines 
the virtues of bondgraphs and linear graphs as tools for developing and understanding 
physical system models, drawing from extensive experience in undergraduate teaching 
and practical model construction for applications. BG or LG provide a simple means for 
systematic model development which exploits the interconnection structure of the system 
components, clearly separating this from the representation of the physical laws (constitutive 
equations) which define their behaviour (Figure 1). Three pedagogical virtues shared by BG and 
LG are attributable to this explicit use of combinatorial information and its clear separation of this 
from physical behaviour: (i) physical analogy; (ii) causality; and (iii) energy flow.  

 

 

 

 

 

 

 

 

 

 
 
Figure 1. Derivation of physical system model equations using BG or LG methods. The 
sets of topological and component equations derived for the model are identical for 
parallel formulation methods. Alternative formulations common for LG, e.g. those 
which do not require a tree, are also available for BG, but not typically used.  
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T h e  t e c h n o l o g y  a n d  p h y s i c s  o f  d i s c r e t e  n a n o s c a l e  e l e c t r o n i c  c o m p o n e n t s  a r e  r e a s o n a b l y  w e l l 
u n d e r s t o o d ,  b u t  t h e r e  e x i s t s  a  g a p  b e t w e e n  d e v i c e  p h y s i c s  a n d  n a n o e l e c t r o n i c  c i r c u i t  i n t e g r a t i o n .  I n 
t h i s  p a p e r ,  w e  r e v i e w  o u r  a p p r o a c h  t o  t h e  m a t h e m a t i c a l  m o d e l l i n g  o f  i n t e g r a t e d  c i r c u i t s  c o m p o s e d  o f 
C o u l o m b - c o u p l e d  n a n o d e v i c e s  a n d  s u b c i r c u i t s  o f  m e t a l - c o n t a c t e d  d e v i c e s . 1  W e  a s s u m e  t h a t  t h e 
C o u l o m b - c o u p l e d  d e v i c e s  a r e  f a r  e n o u g h  a p a r t  f r o m  e a c h  o t h e r  t h a t  t h e  o v e r l a p  b e t w e e n  t h e i r  w a v e 
f u n c t i o n s  c a n  b e  i g n o r e d .  T h e  i n t e r n a l  e l e c t r o n i c  d y n a m i c s  o f  t h e  d e v i c e s  a r e  d e s c r i b e d  b y  q u a n t u m 
M a r k o v i a n  m a s t e r  e q u a t i o n s ,  d e s c r i b i n g  t h e  d y n a m i c s  o f  t h e  d e v i c e s  a s  i r r e v e r s i b l e  e v o l u t i o n  o f  a n 
o p e n  q u a n t u m  s y s t e m  c o u p l e d  t o  r e s e r v o i r s .  T h e  e l e c t r o n i c  s t a t e  o f  t h e  d e v i c e s  i s  c h a r a c t e r i z e d  b y  a 
f i n i t e - d i m e n s i o n a l  t i m e - v a r y i n g  r e a l  v e c t o r .  T h e  s t a t e  o f  t h e  n u c l e i  i s  c h a r a c t e r i z e d  b y  c l a s s i c a l  s t a t e 
v a r i a b l e s  s u c h  a s  p o s i t i o n  a n d  m o m e n t a .  T h e  C o u l o m b  f i e l d  g e n e r a t e d  b y  t h e  d e v i c e  i s  d e s c r i b e d  b y 
t h e  e x p e c t a t i o n  v a l u e  o f  t h e  c h a r g e  d e n s i t y  a p p r o x i m a t e d  a s  m u l t i p o l e  m o m e n t s .  D e v i c e - d e v i c e 
c o u p l i n g s  a r e  d e t e r m i n e d  b y  m u l t i p o l e  i n t e r a c t i o n s .  I n  t h i s  w a y ,  t h e  i n t e g r a t e d  c i r c u i t  d y n a m i c s  c a n  b e 
d e s c r i b e d  b y  a  s e t  o f  c o u p l e d  n o n l i n e a r  d i f f e r e n t i a l  e q u a t i o n s .  T h i s  s e t  o f  m i x e d  q u a n t u m - c l a s s i c a l 
s t a t e  e q u a t i o n s  l e a d s  u s  t o  t h e  i n t r o d u c t i o n  o f  e q u i v a l e n t  c i r c u i t s .  W e  c o n c l u d e  t h a t  i n t e g r a t e d  c i r c u i t s 
c o m p o s e d  o f  C o u l o m b - c o u p l e d  a n d  m e t a l - c o n t a c t e d  n a n o d e v i c e s  d o  h a v e  c i r c u i t  r e p r e s e n t a t i o n s ,  t h u s 
c i r c u i t  t h e o r y  c a n  b e  a p p l i e d 2  t o  b u i l d  d e v i c e  m o d e l s ,  t o  s i m u l a t e  a n d  t o  d e s i g n  n a n o e l e c t r o n i c 
i n t e g r a t e d  c i r c u i t s . 

R e f e r e n c e s : 
1 .  C s u r g a y ,  A .  I . ,  a n d  P o r o d ,  W . ,  E q u i v a l e n t  C i r c u i t  R e p r e s e n t a t i o n  o f  A r r a y s  C o m p o s e d  o f 

C o u l o m b - C o u p l e d  N a n o s c a l e  D e v i c e s :  M o d e l i n g ,  S i m u l a t i o n ,  a n d  R e a l i z a b i l i t y .  I n t e r n a t i o n a l 
J o u r n a l  o f  C i r c u i t  T h e o r y  a n d  A p p l i c a t i o n s ,  2 9  ( 2 0 0 1 ) ,  3 - 3 5 

2 .  C s u r g a y ,  A .  I . ,  P o r o d ,  W . ,  a n d  L e n t ,  C .  S . ,  S i g n a l  P r o c e s s i n g  w i t h  N e a r - N e i g h b o u r - C o u p l e d 
T i m e - V a r y i n g  Q u a n t u m - D o t  A r r a y s .  I E E E  T r a n s a c t i o n s  o n  C i r c u i t s  a n d  S y s t e m s  I ,  4 7  ( 2 0 0 0 ) , 
1 2 1 2 - 1 2 2 3 

                                                  
* On leave from Departmet of Electromagnetic Theory, TU Budapest, Hungary

270

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



271

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



272

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



273

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



274

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



275

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



276

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



277

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



278

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



 
 
 
 
 

 
Proceedings 
4th MATHMOD Vienna 
 
 
 
 
 
 
 
 
 
 

Combining Software Tools for 
System Engineering 
 
 
 
 
 
 
 
 

279

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



 
 
 
 
 
 
 
 
 

280

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



SEMANTIC INTEGRATION OF MODELLING LANGUAGES 
BASED ON A REFERENCE LANGUAGE  

 
G. Frick and K. D. Müller-Glaser, FZI, Karlsruhe, Germany 

Corresponding Author: G. Frick 
FZI Forschungszentrum Informatik 

Haid-und-Neu-Straße 10 – 14, 76131 Karlsruhe, Germany 
Phone: +49 721 9654-172, Fax: +49 721 9654-159 

email: frick@fzi.de 
 
 

In computer-aided control system engineering, software tools are used to elaborate descriptions of 
dynamic systems for the purpose of simulation (e. g. of the environment) or specification and 
construction (e. g. of the controller). These system descriptions generally are called models . The tools 
therefore embody modelling languages , often with a graphical syntax (i.e. a model is a collection of 
related diagrams). The languages often are proprietary in the sense that they have no definition 
independent of a tool. 
 
Like there is a language behind a modelling tool, there are formalisms behind a language. Several 
formalisms are well-known for the description of dynamic systems in different specializations, such 
as : 

• differential/algebraic equations for continuous variable systems  
• finite state machines for discrete event systems  
• imperative (i. e. state -based) programs  

 
Their semantics are (or can be) defined mathematically. In order to achieve a usefu l language, one or 
more basic formalisms have to be combined with a collection of ‘infrastructure’ mechanisms, e.g. for 
hierarchical decomposition, abstraction and parameterization, or modularization. These additional 
formalisms also can be defined rigorously. 
  
Every system description formalism defines a certain model of systems (also called a system model , 
which should rather be called a meta-model here in order to avoid confusion with the previously 
introduced individual models of individual systems). M any real-world systems are heterogeneous, i.e. 
they fall to components which do not fit very well to a single system meta-model but can be more 
naturally described by a combination of formalisms. Although some modelling languages reflect this, 
cases remain  where a single existing language is not appropriate and a combination of languages (and 
tools) is desired. 
 
In order to establish meaningful tool combinations, integrated meta -models for interfacing formalisms 
and languages are required. In other words, semantic integration is a presupposition of technical tool 
integration, which adds syntactic  integration. On the other hand, semantic integration is preceded by 
methodical considerations providing for pragmatic  integration. 
 
For semantic integration  of modelling languages we propose a reference language approach, 
consisting on the one hand of a reference language covering all relevant system description formalisms 
and a rich, orthogonal set of ’infrastructure‘ mechanisms, and on the other hand of mappings between 
(subsets of) existing modelling languages and (subsets of) the reference language. Thus, the linguistic 
interfaces can be defined on a profound mathematical basis and within a uniform syntactical 
framework. 
 
A prototype of a tool integration based on the reference language concept has been developed to 
establish links based on model transformation between the commercial CASE tools 
MATLAB®/Simulink® , Statemate MAGNUM ® , and Rodon ®. 
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Improving system functionali ty within the automotive domain today is mainly done by increasing the 
portion of software in embedded systems. The way of developing this software is moving from traditional 
development strategies containing informal textual specification and manual coding techniques to a model-
based engineering process beginning with requirements engineering and leading to automatic production 
code generation.  

In order to advance this change of paradigm, the joint project STEP-X, which is a cooperation between the 
Volkswagen AG and the “Zentrum für Verkehr”  at the Technical University of Braunschweig, was 
initiated. It aims to analyze existing methods, notations and tools in order to define a model based 
development process appropriate to automotive applications [1], integrating also testing and diagnostics.  

One major constraint in STEP-X and for industrial applicabili ty in general is to use standard CASE tools to 
ensure that project results can be used further on. It is important that commercial support and training are 
available. At the beginning of the project different CASE tools have been examined. One result has been 
that there is nothing available capable to provide al l  stages of the development process, starting with 
requirements management, finishing with automatic code generation and integrating test and diagnosis 
aspects as close as necessary. As indicated above, i t is sometimes even in one certain stage demanded to 
use more than one CASE tool. Moreover, explicitly tool driven approaches turn out to be less advisable due 
to rapid changes within the tool market. 

A possible solution is to couple different tools within (horizontal coupling) or among different stages of the 
development process (vertical coupling) by co-simulation. Concept and implementation approach of the 
Inter Tool Corporation (ITC) Framework is discussed [2], which has been developed at the Insti tute for 
Traffic Safety and Automation Engineering in Braunschweig (Germany). It is now commercially 
distributed, supported and advanced as the ExITE (Extessy Inter Tool Engineering) Toolbox, which is 
i llustrated in a brief description. Finally, the application of co-simulation within the development process 
of the project STEP-X is described. Examples for the vertical and horizontal coupling are pointed out. 

The application of tool coupling turns out to be a definite improvement, supporting the movement from classical 
manual development methods to a model based and CASE tool supported process. Especially in regard to the 
background of a heterogeneous and fast developing tool market, tool coupling is a possibility to reach a 
methodical tool independent development process instead of a tool driven procedure. 

The main benefit of this approach is to become independent of CASE tool manufacturers by defining interfaces 
instead of tools. Coupling between different stages offers the possibility for meaningful simulation and analytical 
quality assurance in a very early stage. Co-simulation within one stage allows freedom for choosing methods and 
notations of the development process. 

1. References  

[1] Harms, Mirko; Horstmann, Marc; Mutz, Martin; Krömke, Carsten 
STEP-X: Strukturierter Entwicklungsprozess für eingebettete Systeme im Automobilbereich. 
Accepted for journal „Automotive Electronics“ 1/03, GWV Fachverlage, Wiesbaden 2003 

[2] König, S; Bikker, G.  
Developing and Implementing a Framework for CASE Tool  
Coupling - Object Orientation upon Tool Level, European Concurrent Engineering  
Conference 2000, Leicester, 17.-19. April 2000 
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Interval-Based Analysis in Embedded System Design

K. Richter, M. Jersak, R. Ernst
Institute for Computer and Communication Network Engineering

Technical University of Braunschweig, Germany

Today’s complex embedded systems integrate multiple hardware and software components, many of
them re-used or provided as IP from different vendors. As a result of this growing complexity, an increasing
amount of the overall design time is spent on system verification. Function verification is usually carried
out on several levels of detail, starting from detailed model checking of small hardware and software blocks
and ending with the abstract system-level functional analysis. Already verified functions can be added to
the design without major effort.

The situation is different for the verification of non-functional system properties, e. g. timing and per-
formance. There already exists a variety of formal timing analysis techniques for small sub-problems. But
in contrast to the system function verification, they can not be simply composed into a system-level tech-
nique. In effect, timing and performance are currently only verified by performance simulation after system
integration. This is because even functionally independent system parts may influence each others perfor-
mance, since they compete for the shared resources. The known limitations of performance simulation such
as incomplete coverage and corner case identification are aggravated since many of the design errors only
result from system integration requiring detailed knowledge which is often not available to the integrator.
In other words, reliable performance corner cases can be currently found for neither stage of the design
process. This prevents the application of efficient modular techniques as known from function verification.

In summary, system performance verification is an unsolved problem. Many of the critical integration
problems, such as buffer memory analysis and response time analysis could potentially be resolved by a
formal global analysis if the known approaches to function verification could be extended to performance
analysis without running into the problem of state space explosion. However, state space explosion would
almost inevitably emerge when trying to analyze detailed system functionality, e. g. of a car, if this informa-
tion were available at all.

We favor a fundamentally different approach which is based on explicitly introducing uncertainty into
the system whenever we do not require behavioral details. We can do so, since the given performance
constraints mostly allow a certain amount of uncertainty, too. A deadline, for instance, only constrains the
maximum function execution time. Any earlier result delivery does not violate the constraint. Thus, a single
upper bound can safely capture all possible timing behaviors of e. g. a task, even if this task is strongly
input data dependent and has several different functional behaviors. The impact of resource sharing and
task scheduling can be abstracted in a similar way. Only in distributed systems, the integration of several
resources also requires lower bounds to be known due to the so-called scheduling anomalies. However, only
upper and lower performance bounds of system components are sufficient to reliably and efficiently analyze
the performance of todays complex embedded systems.

In this paper, we will analyze existing performance verification approaches and demonstrate the im-
provements of applying the proposed interval-based analysis in terms of efficiency and design compre-
hensibility. Then, we will successively derive a system-level performance analysis procedure. The key
enabler isan interval-based representation at the interfacebetween individual sub-problem techniques
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Abstract. This paper deals with the design of observers of unmeasured states for activated sludge 
processes. The synthesis is evaluated from the plant configuration proposed by the Benchmark of the 
European group COST 624, which is considered as a typical plant, and enables to point out their general 
relevance independently from process specificities. The observers presented in this paper are the most 
commonly used on real processes: an extended asymptotic observer and an extended Kalman filter. They 
are based on an accurate reduce order model from the very complex model proposed in the Benchmark. A 
discussion about the interest of each observer, as for instance the choice of the measured and estimated 
variables, the easiness to implement and their performances, is proposed and will help for the choice of the 
observer technique in a real plant. 
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The accepted model for standard batch operation of Sequencing Batch Reactors (SBR)  used in the 
treatment of toxic wastewaters resulted insufficiently detailed for implementing optimal control 
strategies that require the estimation of substrate by using oxygen based observers.  In such fed batch 
case, the substrate –the main control variable- is assumed to be non measurable, and thus must be 
estimated via oxygen measurements. The performance of such estimation depends in great deal on the 
fitness of the mathematical model used for the bio-reactor. 
 
Three modifications are proposed, such that an 
adequate level of simplicity vs. performance 
compromise is achieved.   
 
The oxygen dynamics is altered to depend on both 
the reactor volume level and its substrate 
concentration.  For the first part, a simplified law 
for explaining the change of the “oxygen mass 
transportation coefficient” Kla as the reactor fills is 
proposed.  This is especially critical when using 
optimal strategies that fill the reactor slowly when 
confronted with peak substrate concentrations in the 
influent. Such law proved to be usable in the 
working volume range for the test reactor, even for 
a non standard conic-cylindrical geometry.  
 
For the second part, a lineal change law is 
proposed, assuming that the more substrate there is 
in the compound, the more effective is the oxygen 
transference from the air bubbles to the liquid 
medium. 
 
The third modification proposed is the inclusion of  
an initial threshold for the “Specific biomass 
growth rate” mu(S). This allows to somehow justify 
the fast changes in oxygen observed after substrate 
depletion when the reaction finishes. 
 
These modifications were tested on simulation and 
also validated with experimental results.  
 
The figure shows the experimental results (circles) 
vs. simulation results using the new model 
(continuous-star) and compared to the simulation 
results using the former model (dotted).  Pay 
special attention to the Oxygen graph, where it can 
be seen that the simulated data using the refined 
model closely resembles the experimental data. 
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Isolability of Multi-leaks in a Pipeline
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Abstract. The automatic detection and location of multi-leaks in pipelines is a chal-
lenge for the process control and supervision engineering. Several schemes of leaks location
based in the mathematical model of the ‡uid have been developed in the last decades by
the safe process community. However all the approaches can produce false location leak
if simultaneous leaks appear in the pipeline. This contribution discusses the detectability
and isolability problem for two simultaneous leaks in a pipeline when only pressure and
‡ow rate are measured at the end of the line. In particular, it is shown that the leaks are
detectable but the isolability problem is not feasible without considering the dynamic of
the ‡uid if the leaks appears simultaneously. The analysis is made using physical relations
of the ‡uid and showing that for any ‡ow rate loss in the pipeline, a unidenti…cable subset
of leaks conditions is generated. Moreover, a new parameter de…ned as zeq which charac-
terizes the subset of undistinguishable subset of leaks is introduced. This new parameter
allows to estimate leak region only in a imprecise way: if only a leak is present its location
is estimated by the value zeq and if two leaks of the subset appears simultaneously one
can say that a leak is located to the left of point zeq and the other to the right of it.
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Electronic devices implanted into the retina of blind people suffering from photoreceptor 
degeneration are intended to restore vision by electrical stimulation of retinal neurons [1]. Currently, 
a subretinal device is under development for implantation between the pigment epithelial layer and 
the outer layer of the retina. It contains an array of micro photodiodes (MPD) and amplifiers to 
convert the local intensity distribution of the retinal image projected onto the array into a 
corresponding pattern of stimulating voltage levels [2]. Via a two-dimensional array of stimulation 
electrodes this encoded visual information is fed into the visual pathway by multisite excitation of the 
partially degenerated retinal network. To approach the question whether this kind of retinal 
stimulation is useful for vision we constructed a very simplified model of the retinal output. The 
model is based on the results of in vitro experiments with explanted retinas [3] and includes the 
functional properties of the 1st generation active subretinal implant. It neglects horizontal interactions 
of retinal neurons. 
For approaching the retinal output produced by subretinally implanted MPD arrays we simulated the 
transformation of retinal images of natural and artificial scenes into static retinal activity patterns. 
Images were sampled into rectangular mosaics with 40 by 40 elements of size 70 x 70 µm². The 
differences between the average intensities of single mosaic elements and the fullfield average 
intensity were converted into discrete voltage levels for multifocal electrical stimulation. Focal 
stimulation produces a spatially confined retinal polarisation, that we described by a Gaussian-like 
spatial function. By linear summation of the activation profiles of all stimulation sites we obtained 2D 
retinal polarisation patterns. According to the tuning curves of single ganglion cells for focal 
electrical stimulation [3], we transformed this pattern into a static 2D activity pattern resembling the 
retinal output. 
The simulated retinal activity pattern reproduces well-ordered distinguishable contrast and form 
features of retinal images that are almost independent from the absolute light intensity. Critical to the 
result is the lateral spreading of the focally injected charge that affects the width of the polarisation 
profile and the sensitivity of retinal columns to electrical stimulation. On the level of the retinal input, 
narrow profiles leads to separated foci whereas wide profiles lead to pixel fusion and local blurring, 
which decreases the content of spatial frequencies in the polarisation pattern.  
Experiments in vivo have shown that activity evoked by subretinal electrical stimulation is projected 
retinotopically correct to the visual cortex. Therefore, we conclude that the well ordered spatial 
activation of degenerated retina is transformed into a coherent cortical activation that will be 
sufficient for useful visual perception in blind humans.  
 

  
Simulation of the retinal output evoked by an subretinal implant (left: retinal image, right: evoked ganglion cell activity) 
 
Supported by BMBF Grants 01IN502C (MPD-Array), 01KP0009 (Retina Implant) 
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Some types of total blindness, and mainly retinitis pigmentosa (RP), are characterized by the loss of
photoreceptor cells of the retina while a significant number of ganglion cells and their axonal processes
survive. This suggests the possibility to develop a visual prosthesis based on the direct electrical stim-
ulation of these cells. A blind RP volunteer has been intra-cranially implanted with a self-sizing spiral
cuff electrode around the optic nerve [3]. Electrical stimuli applied to the nerve allowed the perception
of localized phosphenes in a safe and reproducible way.
Although previously successful, the intra-cranial implantation has several drawbacks, and an attempt
to implant intra-orbitally a cuff electrode around the optic nerve is foreseen. The issue of whether or
not to remove the dura mater at the implantation site is critical. Indeed, placing the cuff around the
highly resistive dura layer could cause excessive activation thresholds and a very low selectivity. Besides,
peeling off a segment of the dura is a technically complex and hazardous surgical operation.

A modelling approach can help to solve this dilemma. Several volume conductor models have been
built, representing respectively : the cuff implanted over the pia mater; the cuff electrode placed directly
around the dura mater; and the cuff over the pia mater after growing of connective tissue at the im-
plantation site. The 3D electrical potential is then computed for these different geometries using a 2D
Finite Elements approach coupled with a semi-analytical Fourier spectral decomposition to approximate
the solution behavior in the azymuthal direction [2]. The resulting solution is then used to calculate the
response of the optic nerve fibres to the stimulation. For this purpose, a classical myelinated membrane
model has been adapted in order to fit optic nerve experimental data [1]. The influence on the simula-
tion results of the conductivity of critical layers, such as the dura and the connective tissue, is carefully
analyzed by comparing excitation thresholds and activation maps.

Simulation results show that optic nerve activation with a cuff electrode around the dura is possible.
Depending on the effective value of the dura resistivity, the corresponding range of thresholds is between
three to twelve times more important, for identical fibres, than the thresholds of the situation where
the dura is removed. Nevertheless all calculated thresholds lie within the safety limits. In the case of
a too highly resistive dura layer, selectivity could become critical. In case of a removed dura, if some
connective tissue grows between the electrode cuff and the optic nerve, thresholds increase but remain
limited, being still lower than when the dura is present.
To conclude, this modelling study tend to show that a visual prosthesis based upon an electrode cuff
intra-orbitally implanted around the dura mater should be feasible. Experimental studies and mostly
impedance measurements still need to be undertaken to confirm these assumptions, give useful data to
refine the model, and ultimately determine the final implantation procedure
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Neural prostheses [1] use the principle of technical excitability of nerves by means of electrical 
stimulation and the feedback of bioelectrical signals to control technical devices in neurological 
rehabilitation to restore body functions. Cardiac and phrenic pacemakers, systems for deep brain 
stimulation in Parkinson’s disease, and cochlea implants are the best known examples for neural 
prostheses. During the last decades, these implants have been fabricated with means of precision 
mechanics to obtain small and robust systems. Since microsystem technology paves the way to 
structure sizes in biological dimensions, new application scenarios for miniaturized neural implants 
that were unapproachable with means of precision mechanics seem to be feasible. The combination of 
microelectronic and micromechanic principles in the design and development of implants enables the 
possibility to integrate a high numbers of electrodes with stimulation circuitry on a single chip or in a 
highly integrated hybrid assembly. Flexible electrodes (Fig.1) and substrates [2] improve the structural 
biocompatibility of the implants from one-channel electrodes up to complex retina implant systems. 
 

 

 
 

 
Fig. 1: Different steps of miniaturization of electrodes: single channel epimysial electrode (left), 

stimulation cuffs with micromachined electrode array (middle), brain microprobe (right). 
 
Since the spatio-temporal interaction of multiple channel stimulation on complex biological tissue, e.g. 
the cochlea or the retina, cannot be foreseen, simulation of potential distribution in neural cell 
ensembles and nerves is mandatory for the design and optimisation of neural prostheses. This work has 
been done in several research groups for decades. Until now, the simulation starts on the level of nerve 
and tissue properties and decisions at which potential gradient or current density a nerve would be 
excited or which potential gradient might lead to refractory states of different nerve fibers. So far, the 
interface properties between the metal surface of the electrodes and the nervous tissue have not been 
taken into account but only point current or simplest geometries have been postulated. 
 
Miniaturization down to the cellular level sounds very interesting but with the known materials from 
today the functionality of the electrodes might limit their size as well as physical limitations do. In 
this paper, models of the electrode-electrolyte interface that correspond to the electrochemical 
mechanism at the phase boundary are introduced. Different models of the phase boundary were 
validated from several electrode sizes. Aspects of electrode geometry and size are discussed as well as 
the influence of the current density and polarization effects at the interface. Ongoing work will focus 
on the modelling of the electrochemical properties of the electrode-electrolyte phase boundary as well 
as the electrode-tissue coupling. Micro- and Nanostructures of the electrode surface, nonlinear, current 
depending impedance of the electrode-electrolyte phase boundary as well as inhomogeneities due to 
protein adsorption or cell adhesion and cell proliferation on active surface. 
 
References: 

1. Agnew, W.F., McCreery, D.B., Neural Prostheses. Prentice Hall, Englewood Cliffs, New 
Jersey, 1990 

2. Stieglitz, T., Beutel, H., Schuettler, M., Meyer, J.-U., Micromachined, Polyimide-based 
Devices for Flexible Neural Interfaces. Biomedical Microdevices, 2 (2000), 283-294 
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A SIMULATION STUDY  

 
S. Resatz and F. Rattay 

Vienna University of Technology 
Wiedner Hauptstraße 8-10, 1040 Wien, Austria 

Phone: +43 1 58801-11453, Fax: +43 1 58801-11499 
email: resatz@osiris.tuwien.ac.at, frank.rattay@tuwien.ac.at  

 
 
 

 
Objectives. Based on a principle and technology already clinical routine with cochlear implants, retinal implants 
are supposed to enable blind people to see. Although patients with diseases like age-related macular 
degeneration or retinitis pigmentosa are blind, they posses functioning bipolar and ganglion cells, which relay 
retinal input to the brain. A combination of experimental work and computational modeling is necessary to 
clarify the complicated retinal functions.  

Methods. In a two step procedure the excitation of electrically stimulated retinal cells is simulated: (i) the 
extracellular potential along the neural structure is computed (ii) the target cells are represented by compartment 
models. Membrane kinetics of the ganglion cells are evaluated with the Fohlmeister-Colman-Miller (FCM) 
model. Transmembrane voltages of the bipolar cells are calculated for constant membrane conductance.  

Results. In retinal ganglion cells the axons are the most excitable structures when stimulated with short cathodic 
pulses from epiretinal electrodes, whereas the axonal endings are the hot spots in bipolar cells. Maximum 
induced membrane voltages strongly depend on neural geometry and orientation relative to the electric field. 
Conclusions. Bipolar cells in the retina are expected to respond with neurotransmitter release, before a spike is 
generated in the ganglion cells, even when bipolar cells are more distant to the electrode. 
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[�n?NXZKH��2L�R,L@l�SCQ,L@R�n�O,H,SCQxZ�H2l'ZC[,L
p�H,RxL@b��*SKZC[�ZC[xJ�L4L#eVH,H,JPR2SCQ�n?ZKL4N�` � [2L�O2JkHx�,bKL@p���H2Y,bKR��,L�N�SMp�O,bCL#S-l'�*L�[2n@i,L#ZC[xL�OxH2N!SCZCSCH,Q�H,lhZK[2n@Z�N�nVp�L�O,H2SKQxZ
SCQ�ZC��H�l6J�nVp�L@N��kn�O,H2SKQxZaSMQ�ZM��H�lkJ�n@p#LVN#O2JkHxi,SCRxL@N�ZK��H<eVH,HxJkR,SCQ,n4ZKL?N#�9����n@QxR�ZC��H�eVHxH2JPR2SCQ�n?ZKL4N���d2� qoZM[2n4Z�SKN�ZCH
N�n.dVq�lkH2Y�J'R,n@Zjn@�'[xH,��L@i,L@JhbCS � L#��L�[2n@i,L�O,JkH,O�H,N^L@R�n�OxH,SCQ,ZaH2lhZC[xL�L@RxU2L�O2JkLVi2SKH,Y,N!bKd�SKZ�H�Q2bKd�n@OxO,L@n?JPN*O2JkHx�,n@�xb�dSCQ�H2Q�bMd�H2QxL�l�J�n@p�L@q�ZC[,L4JkL4lkHxJ�L�ZK[2L�N!ZjL@JkL@H,N!e4H,OxSCe�O,[�H2ZKH,UxJ�n@p�p�LVZjJ�d�e4n@Q,Q�H2Z��2L�N^H,bCi,L@R ZC[2L�O2JPH2�xbCL4p�`�¡�Q
O,JkSCQ2e@SCOxb-L�ZM[2L�H2Y�ZCbCSKQ2LVR"O2JkH2��bKL@p�SCN�p�H2Q�H,N!e@H2OxSCe@`
� [,L�Rxn4ZCn�H2�,ZKn4SKQ,LVR�SCQ"ZC[,L�OxJkLVi2SCH,YxN�O�[2n4N^LVN'nVQ,R"ZC[,n@ZFn@JkL�Q2LVLVR2L@R"ZKH"p�H,R,LVbFZC[xL�H,�f��L4eVZ
n?J�L>]
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� c n@J�n@p�L@ZCL?JPN�H,l�LV�,Z-L@JkQ2nVb'H,JkS-LVQ2ZCn4ZCSMH2Q¢H2l�n4bCb'ZM[2L<SCp#nVU,L@N^qaZC[xn4Z�SCN�ZKH�N^nVd.qhZK[2L�O2JkH���L4e@Z-SKH2Q£e4LVQ,Z-L@J���¤�t,q�¥�t2q
¦ t2�*n4QxR§ZC[,L"JPH,ZCn@Z-SKH,Q§�k�*qolkq � �XH2l*ZC[,L�e4n@p�L4J�n�SCQ�L@n@e4[§Z-n � SCQ�U�OxHxSCQxZanV�,H2Y�Z�ZM[2L�Z-J�n��kL@e@ZKH2JPd<ZC[,nVZ���S-bKba�xL4bCHxQxUZKH2U2LVZC[,L@J¨��S-ZC[�L@n4eV[©H,QxLBH2l£ZC[2LBH,�xZCn4SCQ�L@R�SCp�nVU2L@N0H2l�ZK[2L�i2SKR2L@H�N!L4��Y2LVQ2eVL?`���H2e4n@b�R,SCN!Z-n@Qxe4L�n@Q,R�J�nVR2SCn@b
R,SCN!ZCH2JkZCSCH,Q"e@H2JkJkL?eVZ-SKH2Qxq9��L4N^SCRxL4N�H2ZM[,L?J�R,n@Z-n�ZK[2nVZ
R2LVl�SCQ2L�ZC[2L#U2L@Hxp�L?ZMJPd#HxlIZC[,L�i,SCR,LVH"N^L4�xYxL4Qxe4L4`
u,� � [,L�OxSC�,L@b�e@HxH2JkRxSCQ,n@ZCLVR��k�xqFd.��H2lIZM[,L�H2�?�PLVe?Z
L@RxU2LVN�SKQ�L@n4e@["H2Q�L�H2l�ZC[,L�SCp�nVU2L4N
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ª SKZC[�n@bCb*ZK[2LVN�L�R,n@Zjn£��L¨OxJkL4ZCL@Q,R$ZCH�H2��ZCn4SCQ0SKQ�n@Q�nVY2ZKH2p"n@Z-SCe��*nVd.q�ZM[2L«ZK[2J�L@L
-
R�SCp#L@Q�N�SCH2Q�n@bXp"HxR,L@b�H2l�ZC[,L

ob
�PLVe@Zan@QxR�ZM[2L@S-JXO,J�L@e4SCN^SKH2Qx`aW*bCN!H,qoZM[2L�J�LVN�Y�b-ZKN�n@J6L�N!Y,O�O2bCLVp#L@QxZ-LVR��*SKZC[§ZC[2L�ZC[,J�L4L

-
RxSCp�L@QxN^SCH2Q�n4bhU2JknVO,[,SCe�L@�2SKZ

�xd�p�L@n@Q�N�H2lam�¬�¨®�qFH,lIZC[�L�O2nVZ-ZCL4JkQ"H2��ZCn@SCQ,LVR�N^H�p�Y�e4["SCQ"lkH2Jkp�n4Z�HxlI��S-J�L@N^q>lkn?e@L@N�H2J�Z-L@�,ZKY,J�LVN
¡6Q�S-ZCSCn?bKbMd|�*L0[xn4ixL¯lkH,J�LV�xn@p�OxbCL0{,t,`jtxt,t�N!L@e?ZKH2JkN�H,l�e4HxH,JkRxSCQ,n?ZML?N¨�P°�q�±Xq�²V����[xL?JkL$n0S-Q,SCZCSCn4bKbKd�Z-n � SKQxU�np#nV�,SCp�Y�p³i2n?bKYxL<N�SCp�S-bKn?J�ZCH£ZC[,L�J�n4R�SCY,N�Hxl�ZC[,L�O,bCn@ZClkH2Jkp´�kt2qT�£p���`aW�e4e@H,JkRxSCQ,U£ZCH§ZK[xL<i2SCRxL@H£Zjn � SCQ�U¨�*L<��S-bKb[,n@i2L©µ?`j�xtxtBSCp#nVU2L@N¢n4O�O2JkH2�(SCp�n4ZCL@bKd�J�LVe4Hxi,L?JkSMQ,UBZCHxZCn4bCbKd�ZKH�ZK[2L$N^ZCY�R2SCLVR�H2�f��L4e@Z��ki2SKR2LVHBHxl<sxtBN^LVU2`�nVZ�u,�
SKp#n@U2LVN�OxL4JXN�L@e@H,Q,Rx��`a�9H,JXL4nVe?[§e@HxH,JkR2SKQ,n@ZCLVR<SKp�n4U2L c SC�k�2qhdV����L?bMH2QxUxSCQxU�ZCH§n�L4RxU,L�O�H2SCQxZaSKQ�ZM[2L�SCp�nVU2L�S*¶Pµ�q
µ���t,t2·�ZC[,L�lkH2bKbCHx��SCQ,U"n@bCU,HxJkSjZM[,p �*SCbCb
�,L�nVO,OxbCSCL4R�]
µ���G'n4bCe@Y,bCn4ZKSCH,Q�HxlIZK[xL�O,JkHf�kLVe@ZCL4R"J�n.d�¬'S��k�xq�dV��¶Pµ!·hZ-[,n@Z�YxQ2SCZCL@N�ZC[xL�OxJkH!��L4e@ZCSKH2Q�e4LVQ,ZCL?Jh�*S-ZK[�ZC[2L#OxH,SCQxZ�H2l�L4RxU,L
H,lIOxSK�2LVbFe@H�H2JkR,SKQ2n@ZCLVN'�k�2q9n@Q,R��IHxQ"ZC[2L�SKp�n4UxL4`
u,�IG'n@bCe@Y,bCn@ZCSCH,Q"H,laZK[2L�N!L@e?ZKH2JkN�ZC[,n@Z�n4JkL�SCQ2ZKL4JkN�L@eVZjL@R�lkH,JaZK[2L�OxJkH���L?eVZ-LVR�Jkn@d.`
z,�"G�n4bCe4Y�b-n@Z-SCH,Q�H2l�ZC[xL¢R2SKN^ZCn@Q,e@L£¸¹ZCH$ZC[xL£e@L@Q,ZCL?J�H,l"ZK[2L¢e.dVbKSCQxRxL4J�H2l�L@n?eV[�H2QxL¢H2l�ZC[,L@N�L¢N!L4e@ZKH2J�N!`*¡�l"ZK[2SCN
R,SCN!Z-n@Q,e@L¨SCN�N!p�n?bKb-L@J�ZCH0ZK[2L¨eVH2HxJkR,SCQxn4ZCL¢²ºH,l�ZC[,SMN�N^L4e@ZKH2J���SKQ2SCZCSCn@bCbKdºL@�xYxn?b�ZCH�t,qj�0p���q�ZC[,L@Q0ZC[,L£i2n4bCY�L§¸´SKN
n4N!N�SMU2QxL@R"ZCH�²

.
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boundary
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-
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-
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2j,i[�07=@Nj;<=��@0X=�,Q[];�07=@Nj.i2]*k=
y
Nj.r�s�s;4=m;427,i.i*<5%;4t

u
*k,Q.i0j2]>�0]2�ug27.i��0j=@a�*32]Nl2g072

-
u]2j.i�@07=@a�y7=@.iN�o};3=s;�>H,iu]N].r;4N7J$�

ej=@.i07=s.�;3>D,i.Qa�*3,Q;<>HR�o�[j.ih<[&>D[]0jo�R�,i[7*4,|*3h3h<uj=@*<h4A{07��,?[7;�N7.i�@�s;3=s;<2jh3;�>Hh4[j;<a�;#h<5i0j>O;#,Q0�,?[7;�Nj0]aw*<.Q2{n]07u]2]N]*3=�A�.Q>
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conclusionso};<=s;%[g;k5iNjJ
�}>{*�N7;<9j;<5Q07e]aw;42],80]�z,i[j;�.iNj;<*3>{aw;<27,Q.i0]2j;<N�*3ng0j9j;<R�*�tju7;4>O,r.i0j2�*<=@07>O;�\�Nj0j;<>�,i[j;�*<h3h4u7=s*4h4A�0j�wN7.i�s�@;k=s;427h4;3>
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0t = �� $¡j¢<£m¢�¤i¥]¤r¦i¤i§3¨�©<ª7¥]«]¤i¦i¤iªj¥]¬}§k£�¢w7¤i®]¢3¥{§3¥g«�©k¨?ª7¬O¢�¦Qª¯ ªj°]¥j«g§k£�±�ª7²8©<§4¥jª7¥g¤i©3§<¨P«jª7³�§<¤i¥j�L �¡j¢k£@¢{´$¤i£@¤1©4¡7¨?¢�©<ªj¥]«]¤i¦Q¤iª7¥g¬z§<£m¢{j¤Q®j¢<¥7µ&¶P§4¬H¢�²�ª7£8 $§4¤r¦i¤i¥]�²@ªj£}§3²s²@¤1£@³#§<¦i¤i®j¢
§3¥]¬D $¢<£�²@ª]£�¦?¡7¢�·]°j¢<¬H¦Q¤iªj¥�¸j°g¦� �§k¬}¦i¡7§4¦�¦i¡7¢�¢3£s£@ªj£Pªj²P«7¤i²s²@¢<£@¢k¥g©k¢z¬O©4¡7¢4³w¢3¬+¢4·]°j§<¨Q¬+¹<¢k£@ª� �¡]¢3¥ 0t = §3¥]«�ª7¥{¦i¡j¢
«jªj³#§<¤Q¥7º@¬ ¯ ª7°]¥]«j§<£�±4»�¼E°7©<¡½§k¥¾§3²s²s¤r£�³w§3¦i¤Q®j¢¿§<¥j¬O $¢<£f²@ª7£�¦Q¡7¢¿¨Q¤i¥7¢<§4£�©3§4¬H¢À $§4¬p²@ª]°j¥]«]»�Á|¡]¢Â¬O°j²@²s¤r©4¤r¢<¥]¦
©<ªj¥j«g¤1¦i¤?ª7¥]¬wªj²$¦i¡j¢{¤Q¥7©4ª7³#¤i¥��«j§<¦r§ smoothness Ã@ª7²�¦i¡7¢&¢3·g°7§4¦r¤iªj¥�£s¤Qj¡j¦�¬D¤i«j¢�§4¥]«�¤Q¥7¤Q¦r¤i§<¨P©3ª7¥g«j¤i¦?¤iªj¥j¬OÄs�� �¡7¤r©<¡
¸j£@ªj®j¤Q«j¢%¦i¡]¢z®7§4¨i¤i«j¤i¦c±�ª]²�¦?¡7¢%§z¸]£s¤iªj£@¤Å¢3¬D¦i¤Q³w§3¦i¢<¬8³w¢<¥j¦i¤iªj¥]¢3«�§ ¯ ªj®j¢� $¢3£s¢z«]¢3¦r¢<£@³w¤i¥j¢<«]»EÁ|¡]¤i¬�©4ª7¥j«g¤i¦i¤Qª7¥g¬+§<¸g¸7¢3§3£
¦Qª ¯ ¢�¬D¦r£@ªj¥g7¢4£�¦i¡j§<¥�Æj¥]ª7 z¥�©<ªj¥]«j¤i¦i¤Qª7¥]¬�ªj²%¬D³#ª]ªj¦i¡]¥]¢3¬D¬�Ç@È-É@�� �¡j¤r©4¡�¸]£@ªj®7¤Q«]¢&©<ªgª7£@«7¤Q¥]§<¦r¢4«�¢<¬D¦Q¤i³�§<¦i¢4¬#ª7²�¦i¡]¢
©<ªj¥j®j¢<£@j¢<¥j©<¢f¬O¸7¢3¢<«Êª7²�«j¤i²s²@¢k£s¢4¥7©<¢f¬D©<¡j¢<³#¢3¬�²@ªj£� $¢3§<ÆË¬Oª7¨i°]¦r¤iª]¥j¬O�� $¤i¦Q¡jª7°g¦�¦i§<Æj¤i¥]Ì¤?¥7¦iªË§3©<©4ª7°j¥g¦�¤Q¥7¤i¦i¤i§<¨ -¯ ªj°]¥j«g§k£�±#¢<²s²m¢4©k¦i»�Í�°7£@¦Q¡j¢3£�¦Q¡j¢3¬H¢%£@¢<¬O°7¨Q¦r¬}¡7§3®]¢ ¯ ¢<¢<¥�j¢<¥j¢<£@§3¨r¤i¹<¢<«#ª]¥�§�©k§4¬O¢%ª7² ¯ ¤Q«j¤i³w¢4¥j¦i¤iª7¥g§<¨E§<£@¢k§<»
Î ¨?¬Dªl¢3¬D¦i¤Q³w§3¦i¢<¬�ª7²�¦Q¡]¢�«j¤i²m²@¢<£s¢3¥]©k¢�¬D©3¡]¢4³�¢<¬�§<©3©4°7£s§<©4±�²@ª]£�·j°j§<¬O¤ - ¨Q¤i¥7¢<§3£�¸g§k£s§ ¯ ª]¨i¤1©�¢<·j°]§3¦i¤iª]¥j¬O�$ �¡7¤Q©<¡x¦i§<Æj¢
into §4©k©4ª7°]¥]¦�¤i¥j¤i¦i¤i§<¨ - ¯ ª7°g¥j«]§3£@±�¢<²s²@¢k©4¦ were ©<ª7¥g¬O¤i«7¢3£@¢4«7»�ÍEª7£P¦i¡]¢3¬D¢z¢4·j°j§<¦r¤Qª7¥]¬#Ï1 $¢<¤i7¡g¦iº�§�¸7£s¤iªj£@¤Å¢3¬D¦Q¤i³w§4¦1¢4¬8ª7²
¦i¡j¢w¢k£@£ or �Å �¡j¤i©<¡{·]°]§<¥j¦i¤r¦Q§3¦Q¤i®]¢3¨Q±�¬O¡gªj Êªj¥&¡gªj Ê³#°]©<¡�§3£�¤i¬O¢k¬�¦i¡7¢#ª]£@«j¢<£�ª7²�§k©<©4°7£@§3©4±{ª7²�«7¤i²@²s¢k£s¢4¥j©<¢<¬�¬H©<¡7¢4³#¢3¬
ªj¥�§4¸j¸j£�ª7§k©4¡�¦iª�¦i¡]¢z«]ª7³#§<¤i¥]º@¬ ¯ ªj°j¥]«]§3£�±�§4¥j«�¤i¥�¦i¡g¢%¤i¥]¤i¦i¤i§3¨�³#ª7³#¢4¥j¦�ª7²P¦r¤Q³w¢3�E¦Q¡j§<¥�¤?¥�¦i¡7¢�³w¤Q«]«j¨i¢zªj²�¦i¡j¢z§<£m¢4§
 }¢<£s¢%²@ªj°]¥j«g»�Ðxª7£@Æ�ªj¥�§%¥g°j³#¢k£s¤i©<§3¨Å¢4Ñ7§3³#¸]¨i¢�¤Q¬�©4ª7¥j«g°j©<¦i¢<«]»
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A wide class of chemical process operations, including batch processing, start up and shut down, are 
characterized by discrete process states and operations, therefore they can be modelled as discrete event 
systems. The description of operating procedures, i.e. the operations to be performed to make 
significant changes in operating conditions, is generally very complex; procedures always contain 
sequential and parallel actions, events and sub-processes. Due to their discrete character, chemical 
technological systems can be described with Petri nets [1].  

Large systems modelled by Petri nets, however, can result in very large nets whose analysis and 
simulation are very time consuming. Often, the analysis is difficult to perform due to the combinatorial 
explosion of the state space. Parallel computing technologies can help in speeding up the execution of 
the simulation [2], but the design of a suitable parallel simulation program is a considerable task. 

In this poster we report on our ongoing work that concentrates on modelling chemical technological 
systems with Petri nets and studying their potential and suitability for parallel simulation. We present a 
Petri net model of a given chemical technological system as an example for large complex systems. It 
contains several different kinds of technological units, such as reactors, distillation columns and their 
supplement units. The goal of the model development and the investigation is to identify suitable range 
of system parameter values that guarantees the continuous operation of the central system unit as well as 
the fulfilment of capacity demands. The Petri net model of this system contains about sixty places and 
transitions but if the sub-processes are modelled in detail, then the number of net elements can easily 
reach several hundreds. The example also shows that operating procedures of large processes exhibit a 
hierarchical nature: a typical plant-level or high level operating procedure includes operating 
procedures of unit level (i.e. lower level). The hierarchical Petri net model offers the possibility of 
examining and exploiting this hierarchical nature of the target system, and thus simplifying the analysis 
and verification of the operating procedures.  

We have developed a sequential Petri net simulation program as well as parallelism analyser tool that 
helps in simplifying large Petri net simulations and creating efficient parallel implementations. The 
analyser uses run-time trace information obtained from a sequential run of the simulation, then -by 
analysing this trace- predicts the run-time behaviour and expected execution time of the parallel version 
of the simulation. If such an analysis demonstrates that the parallel execution can lead to a potentially 
more efficient and shorter execution of the simulation, the parallel version is worth developing. The 
mapping facility of the analyser can be used to identify those places and transitions that should be 
merged into spatial regions and then mapped to logical simulation processes. This granularity reduction 
is inevitable in order to achieve increased performance. 

The poster describes the current results of our ongoing project. Our future work involves the modelling 
and analysis of more complex and larger chemical systems. 

References: 
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No. 4, 541-580. 
2. Fujimoto, R. M., Parallel Discrete Event Simulation, Communications of the ACM, Vol 33, No. 10, 

1990. 
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M O D E L L I N G  O F  I N T E N S I T Y  D I S T R I B U T I O N  O F  B I S T A T I C  
P O L Y D I S P E R S E  L I G H T  S C A T T E R I N G  I N  T H E  S E M I C Y L I N D R I C A L  
O P T I C A L  S E N S O R  O F  P O W D E R  M A T E R I A L S ’  C H A R A C T E R I S T I C S  

 
I. Ivasiv1,  Karpenko Physical-Mechanical Institute of NAS,  Ukraine 

Physical-Mechanical Institute of NASU 
vul. Naukova 5,  79601 Lviv,  Ukraine 

Phone:  +380 322 633533,  email: greg@org.lviv.net 
 
 

It is considered the problem of modelling and transformation of diffuse reflectance characteristics for 
polydisperse powder deposited or strewed onto the work surface of the optical sensor with the thick 
transparent substrate (fig.1), which was proposed in the author’s earlier papers instead of sensors with 

preliminary dispersion of powder or passing the par-
ticles through the narrow channel. Since the diffusely 
reflected into substrate rays are registered by photo-
cells on the flat bottom surface of this substrate (see 
fig.1), the diffuse reflectance characteristics must be 
finally transformed into the surface distribution func-
tion (SDF) of intensity of bistatic light scattering. 
 
Unfortunately, the rigorous methods of determination 
of bi-directional reflectance distribution function 
(BRDF) for polydisperse powders, based on the the-
ory of elastic multiple light scattering, is too compli-
cated. For this reason, the methods of Monte Carlo 
simulation are usually applied for solving of similar 

problems, as in [1,2]. But, the majority of known corresponding papers do not take into account the 
particle size distribution. Furthermore, the algorithms, which generates the random polar scattering 
angle by the probability density function, are often obliged to utilise too simplified Henyey-Greenstein 
phase function instead more accurate Mie phase function, as in [2]. Evidently, no papers perform final 
transformation of BRDF into SDF of intensity according to geometry of proposed sensor. 
 
In this paper, the Monte Carlo simulation of SDF of bistatic scattering intensity is performed for 
polydisperse monolayer of powder particles on the work surface of semicylindrical sensor.  The main 
steps of this simulation are: 

1) Generation of random polydisperse monolayer of particles with corresponding binning and map-
ping of sensor’s work surface. 

2) Initialisation of photon packet with weight wj>>1, with random enter point (zj,ψj) into particle 
layer and with initial direction that is determined by angle αij (see fig.1) and corresponds to given 
enter point. 

3) If coordinates (zj,ψj) coincide with filled bins of work surface (the photon packet hits the parti-
cle), the direction of scattering is determined by the random polar and azimuthal scattering angles θsj, 
ϕsj uniformly distributed in (0,π) and (0,2π) respectively. 

4) If given direction corresponds to the photocell with some coordinates (x0,z0) on the bottom sur-
face of substrate or provides propagation within layer of particles, the weight wj of photon packet is 
changed proportionally to Mie phase function for given particle size and scattering angle θsj. 

5) All photon packets reached the photocells are summed respectively for obtaining of intensity 
SDF.  For the packets propagating within layer, the coordinates and bins for nearest particle (in the 
line of propagation) are determined for the 2nd scattering events and steps 3)–5) are repeated. 
 
Data for construction of statistics are collected by repeated generation of the new monolayers of parti-
cles.  The influence of disperse composition of powder is investigated. 
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At the medical faculty of Graz University a new Curriculum has been developed for the studies of human 
medicine. This totally new approach is based on a Module-/Track-model and follows the basic principles of 
interdisciplinary, topic centered and patient oriented instruction. The Virtual Medical Campus general objective 
is the realization of an Information-system to make the curriculum digitally accessible. The learning objects 
used within this campus are developed on accepted standards for “trans-national education” as a basis for 
international networking in the form of Reusable Learning Objects. Reusable Learning objects (RLO) are 
elements of a new type of computer-based instruction grounded in the object-oriented paradigm of computer 
science. Object-orientation highly values the creation of components (called “objects”) that can be reused (Dahl 
& Nygaard, 1966).  The fundamental idea behind learning objects is that instructional designers can build small 
(relative to the size of an entire course) instructional components that can be reused a number of times in 
different contexts. Additionally, learning objects are generally understood to be digital entities deliverable over 
the Internet, meaning that any number of people can access and use them simultaneously (as opposed to 
traditional instructional media, such as an overhead or video tape, which can only exist in one place at a time). 
Moreover, those who incorporate learning objects can collaborate on and benefit immediately from new 
versions. This is a significant difference between learning objects and other types of instructional media that 
have existed previously. 
 

 
Fig. 1: Paperwork 

 
Fig. 2: Online Simulation 

 
As an example we have chosen the field of cytogenetics. Cytogenetic analysis is an essential part of diagnostics 
in dysmorphology, syndromology, prenatal and developmental diagnosis, reproductive medicine, neuro-
pediatrics, hematology, and oncology.  Currently cytogenetic analysis is represented in the curriculum in a 
practical exercises unit. We use photographic material of microscope g-banded metaphases.  Every student gets a 
photograph of a normal as well as a pathological metaphase and has to cut out the chromosomes manually to re-
arrange  them in the form of a karyotype. In routine analysis this manual procedure has been replaced by 
computer based analysis tools. These analysis tools have been designed to fulfill the complex requirements of 
routine analysis and are therefore not practical for educational use. So the idea emerged, to develop an Internet 
enabled simulation tool in the form of a LO, which is reduced to the parts of didactic functionality. In the new 
curriculum we subsequently will keep the manual procedure for the normal karyotype to get in touch with the 
topic, but for the pathological cases we utilize a web based simulator of a cytogenetic analyze tool. 
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km[/\�t� #¯�{gb/k2c9k2{2a=lmcPh � l2�Ma�aVbMl�{2`/cqcql2[Ma�s w Z/j°aVZ
c9l2{2lm]VoMl2cqhEf	b8l¦{g`/c9cPlR[8a±ZMc²o/Z w a=kg^Ml¦p�]L^M[8k w ZH[
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Reference:
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�/�8�H�/| � �M} -96.
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p.39-46
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David E. Goldberg – one of the fathers of Genetic Algorithms – named 1989 in his book “Genetic 
Algorithms in Search, Optimization, and Machine Learning” five reasons why handlers should deal 
with Genetic Algorithms:  

• Genetic Algorithms are new and interesting. They are attracting attention in the academic world. 
• Genetic Algorithms use search algorithms like nature does. 
• Genetic Algorithms can be used for a number of problems. 
• Genetic Algorithms are robust, efficient and they yield always the same solution quality. 
• To use one method for a number of problems is more favourable than to use one single method 

for each class of problems. 
 

Today Genetic Algorithms lost its importance. Nevertheless their characteristics convinced us when 
we searched for an algorithm for optimization for our problem. 
The goal of the work was to generate an optimization module for the discrete simulator ED (Enterprise 
Dynamics), based on cost functions calculated from dynamic simulations. The implementation of the 
algorithm should be very general because the algorithm should be used for several problems. The use 
of the algorithm should also be very simple.  
 
In Genetic Algorithms parameter samples are transformed into binary strings (genotypes) and for each 
of these genotypes a fitness value is computed with simulation. The fittest genotypes will be crossed 
(crossover) and will be fed back into the system again. Generally these children yield to better 
solutions. The solutions may be better solutions but they need not to be the best global solution. 
Maybe the initial population represents only a part of the parameter space. Therefore a mutation rate is 
introduced. With this rate new genotypes are created, so that it is possible to search an even larger 
parameter space. 
 
Because it is very elaborately to generate new genotypes, it seams useful to perform this task in an 
external application, while the simulation itself runs in ED. Because of the comfortable DDE interface 
it was decided to use Excel to implement the Genetic Algorithm. A further advantage is, that this 
Excel-module can be used with every version of ED supporting DDE, and also for other simulators.  
 
To enable a transparent data transfer, a high level module was implemented in ED, based on an 
extension of ED’s experiment-module. On the one hand is should be simple to use and on the other it 
should transfer the fitness values from ED to Excel and the parameter values from Excel to ED. The 
user has only to fill out the basics for the Genetic Algorithm and to run the simulation. The Genetic 
Algorithm will do the rest further on.  
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Abstract: We are intelligent, so we are conscient. We are in evolution, so we construct. We are not alone, so we
have to contribute. Intelligence = (adaptability, conscience, intention) is complementary to faith = (intuition,
inspiration, imagination). Conscience simulation demands transcending the present limits of computability, by an
intensive effort on extensive research to integrate essential physical and mathematical knowledge guided by
philosophical goals. A way to begin is hierarchical reconfigurable hard-soft cosimulation.

1. Introduction
Algorithms, designs, artificial systems can be computer simulated so they represent computability, bottom-up
(construction, design, plan) or top-down (understanding, verification, learning). The algorithmic approach is
equivalent to the formal one. Knowledge and construction hierarchies can cooperate to integrate design and
verification into simulation: structural symbolic object-oriented concepts handle data and operations formally.

2. Hierarchical Approach
Coexistent interdependent hierarchies structure the universe of models for complex systems, e.g., hard-soft ones.
Different hierarchy types are defined by abstraction levels, block structures, class network, symbolization and
knowledge abstractions. Hierarchies of different types correspond to the kind of abstraction they reflect (↑):
• Class hierarchy (↑concepts) ↔ virtual framework to represent any kind of hierarchy.
• Symbolization hierarchy (↑mathematics) ↔ stepwise formalism for all kind of types, including hierarchy types.
• Structure hierarchy (↑managing) ↔ stepwise managing of all (other hierarchy) types on different levels.
• Construction hierarchy (↑simulation) ↔ simulation (=design/ verification) framework of autonomous levels.
• Knowledge hierarchy (↑theories) ↔ reflexive abstraction: each level knows its inferior levels, including itself.
The hierarchy types can be formalized in the theory of categories [1]. Constructive type theory permits formal
simulation by generating an object satisfying the specification. A generic type is the ability to parameterize with
types a hardware/ software element. Recurrence is confined to discrete worlds, while abstraction is not. This
suggests searching for understanding following mathematical structures that order algebra into topology [2].
Reality is beyond nature (IN⊂ IR). We follow the paradigm of intelligent simulation by functionally modeling the
self-aware adaptable behavior for intelligence simulation. The integration between discrete and analog is needed
[3], for a softer adaptability and for conscience simulation as analog reaction. Recurrence of structures and
operations enables approximate self-knowledge, with improved precision on the higher knowledge levels. A
hierarchical formal system is defined by hierarchical universe, functional objects, initial functions and
transformation rules. Integrating algebra, topology and order, functional analysis contains appropriate structures
for self-referent models: contractions and fixed points in metric spaces, reflexive normed vector spaces, inductive
limits of locally convex spaces, self-adjoint operators of Hilbert spaces, inversable operators in Banach algebra.
Simulability is computability using the power of continuum.

3. Conclusions  and plans
We enrich the template concept to structures and create a theoretical kernel, for self-organizing systems, based
on a hierarchical formalism. This permits theoretical development as well as efficient application to different
cosimulation types of reconfigurable systems. Further than modeling conscience to simulate intelligence there
will be search to comprehend inspiration maybe using Lebesgue measure on differentiable manifolds and/or non-
separable Hilbert spaces. Even mathematics will have to develop more philosophy-oriented to approach intuition.

References
1. Ageron, P., Limites inductives point par point dans les categories accessibles. In: Theory and Applications

of Categories 2001, 313-323.
2. Amoroso R., Antunes, R., Coelho, C., Farias, M., Leite, A. and Soares, P. (eds.), Science and the Primacy of

Consciousness, Intimation of a 21st Century Revolution, Noetic Press, 2000.
3. Blum, L., Cucker, F., Shub, M. and Smale, S.: Complexity and Real Computation, Springer Verlag, 1998.

311

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



�����������
	����������������������������
����	����
��������������������� �!��"$#%��&'&'�()"
���*�
	��!�+���������,�
���-#%�
���.�/��0�����*�!��12���������'����.��������������#3��#4#%�!������

5'687:9<;>=?;A@)BDCFE*;A6>;8GIHKJL;>MLNFO4PRQ<S4TUPWVXGIYZV\[%N:]'^LG_GI;>7`4aXbcbcdfehgFaXiFjXk>i:l�mfnXo>pFaZb,q!r'sAmtjXkvuwk8byx'zF{|k8s8k8eIp:}Xk8i~ mfnXu�mZi���aXeh�fa:�U�Lo8mfoAd)��df�tpXi:k8�fmfs���i\kv�XdfbceIk8o��
Nikoloyams

}��'g:dfbAz��
-�F�X� �-a:eh�ta\� ���_�F�X�:�:�:�:� nXeheIk8m ���d,s ���|mf�yqf�<��� �F�X�:�y�y� � -34-02

e-
u�mfk8s�q

pilishkin@hotmail.com� pilishkin@iu1.bmstu.ru

�w ,¡F[�V\@f9|GZ¢ g:p\mfeId£s>k8uwk>oAmfo8k>aXi/�Fm,b¤k8mfo8k8a:i�u�dfo>p:a:j �F¥ n\¦f¦\�'gFpXmteId£s8k>u�k8oAmfovk8a:i/u�dfmfehnXbcd£� ¥ nXi:�,o8kva\i � a ¥ m ¥¤¥ kAi:kAo��
§ ¥c¥ d,�fo8k8�\d��ta:iXo8b¤a:s�s8m,�'e ¥ aZb¨u�k8iFl ¥ a\b��Xm,b¤k>aXn:e�j��ZiFm,u�kA�©aZª!«�dZ�foAe�k8e�a\i:d¬a ¥ oAp:d�u�a\jFd,b¤iWdfi:l:kAi:dfd,b¤k8iFlWu�m�«�a\bg:b¤aXª:sAdtu�eIz�x'nFu�dfb�a\n:e4�'aXb¤}Xemfb¤dDjXdt�Xa:o8dfj�o8a/k>o>e®eha:s>nXo>k8a:iXz���p:nFeu�mfkvi/j:k ¥c¥ kA�fnXs8o8kAdte ¥ aXb��taXiFoAb¤aXs�svmf� ¥ a\b¤u�k>i:l/�fmfiª:d�u�dfo � ��p\dfi ¥ a\b�j��ZiFmfu�kA��a\ª!«¨d!�fo'uwa:�Xk>iFl¬�taXi:o8b¤aXsDk>o£k8e?i\dZ�fd!eIeImfb¨�¬ova¯gXb�aX�:k8j:d-�\mfbckvaXnFe�s8k>u�k>oAmfo8k>aXi:eZqa\iRmuwa:oAkva\i�g:mfo8p � a:iw�Xmfsvn\dfe4mfiXj�eIo>b¤n:�foAn:bcd�a ¥ �taXiXo8b�aXs8z�°±o<kAe4mfsAehawiXdt�fd,eIehm,b���o>a�oAmt}Xd'k8iXova�mf�!�ZaXnXiFo|aXª!«¤df�fo|g:mfbcmtu�dfoAdfb¤eeIg:bcdfmfj � o8p:d¬k>i\�taXuwg:s8dfo>d¬k8i ¥ aZb¨u�mfoAk>aXiUa:i3mf�foAkvi:lUj\k>eIo8n:b¤ª:mfiX�fdteIzD°±o/kAe�mfs8eha3jXk ¥c¥ kA�fn\svo�dfiFa\nFlXp²o>a3gXb�a\�:k>j\d©o8p:dbcdf³:nXk8bcdtu�dfi:o´a ¥ bcdfmfso8k>u�d?�taXiFo8b�a\se��tiFovp\dteIk8ehzµ�*a-aX�Xdfb¤�ta\u�d�ovpXd�e_gXdf�fk ¥ k8dtj�jXk ¥c¥ k>�tn\s>oAk8dZe�k>i���aZb�}:e
¶ ��·¤� ¶¸� · o8pXdu�dfo8pFaXj�a ¥ g:p\mteId¹s8k>u�k>oAmfo8k>aXi:ew�:mfbck>m,o8kva\i-k8e�a ¥c¥ d,b¤dfjXz®°ci-o8p:d�lZkv�Xdfi�g\mfg:d,b'o8p:d�u�dfo8pFa\j�lXdti:d,b¤mfs8k>¦fm,o8k8a:i-m,iFj-o8p:d¥ n:bco>p\dfb�j:dt�Xdfs8a:g:uwdfi:o%kve��ta\iFeIk>j:dfbcdfj � �Dp:kA�Zp¯mfs8s>a:�De?o>a¬dZ�XgXmtiXj©eIdfo'a ¥ g:a:eIeIk8ª:s8dºeha:sAnFoAkva:i:e�mfiXjRo8a¯o8mt}:d�k>i\ovamf�f�faXnXi:o|o8pXd��\mfbck>aXnFe´s8k8uwk>oAmfo8k>aXi:eIz�»'�f�taZb�jXkvi:l/o>a/ovp\dDmfg:gXb�aXmf�fp ¥ aXb�jF�\i:mtu�k>�DaXª�«�d!�fo � j:dfeI�,b¤k8ª:dfjwªF��ovpXd£dZ³\n:mfoAkva\i�q

),,,( tvuxfx =
¼ �

vux ,,
mfbcd�oAp:d/�\d,�tovaZb�e£a ¥ m��fa:i:j:kAo8kva\i � �taXi:oAb�aXs � jXk>eIo>n\b¨ª\mfiX�fdte �c� - o>p\d�e_a - �,mfs>sAdfj?u�dfmfehn\b�d

(¥ n\i:�,o8kva\i � a ¥ m ¥c¥ kvi\k>o�� ),( Qxρ k>ewdtiXo8dfb¤dfjXz´�*p\dºlXk8�:dfi ¥ nFiX�fo8k8a:i¬j:dfoAdfb�u�k>i:d,ewm
m ¥¤¥ kAi:kAo��ºjFdtl\b�d,d
a ¥ g:aFk8iXo xsvaZ�fmfoAkva\i?ova\��mfb¤jXeDehaXu�dwl\k>�Xdti?eIdfo
Q
�Dp:kA�tp?�fp\mfb¤mf�foAdfb¤kA¦fdZe£gFp\mteId�s>kAuwk>o8m,o8kva\iFeDa:i?jF�XiXmfu�k>�waXª!«¨df�fo�o8b¤m¨«¤df�fo8aXb¤k>dfeIz

»DiFj�o8pXdDm ¥c¥ k>i\k>o>� x
o>a

Q
�fmti/ª:d£n:iXj:d,b¤eIo>aFa\j � mtejXk8b¤df�foAs��'mf�f�ta\b¤jFk8i:l�o>a�o8pXdDn:eIk8i:l�u�dfoAb�kA�te®k8i/oAp:dDeIo>mfoAd£ehgXmf�fd nR�ck>z¸d!z´mfewj:kAeIo8mtiX�fd ¥ b�a\u½gFa\k>iXo%o8a�o>p\d�eIdfo �¤� mfi:j-kvi�uwa\b¤d
l:d,iXdfb�mfs´�fmfeId � m,ewe�a\u�d�eI�fmZsAmfb��Xmfs8n:d�e_d!o%ªF�ºdti\o>dfbcdtj

¥ n:iX�fo8k8a:i-��a\b'ªF� ¥ nFiX�fo8k8a:iXmts �¤� jXdfo>d,b¤u�k8i:dfj-a:i�dfs>dtu�dfi:o8e nR
m,iFj

Q
mfiXj-dfehoAmfª:s8k>ehp\k>iFl-ªXd,o>�Ddfdti-oApFd,u¾m,iFj-o8p:deIg:d,�fk ¥ k>dfj��Zmfs>nXd£o8p:d)�taXbcbcdfehgFaXiFj:dfi\�fdfz��p\dºe_�\iXovp\dZeIk8e�oAmteh}©kAe?gXb�a\�:kvj\kvi:l¯a ¥ o>pXd-lXk>�\dfiRgXpXmZeId
s8kvu�kAo>mfo8kvaZiFe�mfo£gXb¤d,eIdZi\�fd-a ¥ �:mfbck>a:nXe�b¤df³Xn:kAb¤dfu�dZiXo8e�ovajF�ZiFmfu�k>�wa:ª_«¨df�!o>zK¿'nXd�o>a�o8p:d ¥ mf�fo*o8pXmfo�oAp:d�À�bck>lXk8j:À�gFp\mfeId�s>k8u�k8ovm,o8kva\i:e£s>dfm!j?ova�o>pXd�n:i:eha:s8�:m,ªFk8s8k8o8�?a ¥ m�e��tiFoAp:dteIkAeo8m,eh}�kAoLk8ea ¥c¥ dfbcdfj�o>a�eIdfo�s>k>u�k>o8mfoAkva:iXe´a\i/m)�taXiFj\k>o8k8a:i/�Xdf�fo>a\byk>i�ovpXd ¥ nX¦,¦\�D�'mt�<q

ερ ≤)),(( Qtx (1)�Dp:dfbcd�iFaXi
-
i:dflXmfo8k>�Xd�eh�,mfs8mfb4�Xm,svn:d ε �fpXmfb¤m,�fo>d!b�kA¦fdfe£mwjXdtlXb¤d,d�a ¥4¥ n:¦,¦fk8iXdteIeD�¤À_o>pXk8�f}:iXdteIeIÀ/a ¥ g:pXmfe_d�sAk8u�k>oAmto8k>a:iXeª:a\b�j:dfb � z¸°±o�kve�gFa:eheIk8ª:sAdUo>a�ehpFa:� � oAp:mfo ¥ aZb ¥ n:¦f¦t��gFp\mfeIdUs>k8uwk8o8mfoAkva:i\e©g\b�aX�Xk>jXkviFl�a ¥ m3�Za\iFehk8jXdfb¤dfj�ov�XgXd²o8p:d¥ a:sAsva:�Dk8i:l�kviXdf³Fn\mfs>k8o��DehpFaXnFsAj/ª:d ¥ nXs ¥ k>sAs8dfjKq

ÁÂ
ÁÃÄ

=Γ∈∀

≤
∂
∂∇+⋅∇⋅∇+∇

),(),(

0),())(,)((

ε

ξρρξρ

sxxtQs
t

f ss
T

xx (2)

Å dfbcd )(tQΓ kAe´ªFaZb¨j\dfb*a ¥ e_d!o Q(t �cÆ ),( βα -
eI�fmfs8mfbyg:b¤a:j:nX�,o|a ¥ �\df�fovaZb�e α mfiXj β � ρρ sx ∇∇ , -

l\b¤m,j:k8dfi:o8e
a ¥£¥ nFi\�fo>k8a:i ρ aXi
m¹�Zmfb�kAmtªXs8dfe x

mfi\j
sÆ �Xdf�fo8a:b )(tQs Γ∈ k>e�nFiXkv³Xn:d,s���j\dZo>d,b¤u�k8iXdZj ¥ a\bDdf�Xdfb�� )(tQx ∉mf�f�faXbcj:k8iFl�ova'o>p:mfo�eIdti:eId)�'p:k8�fp ¥ nXi:�foAkva\i )(⋅ρ p\mfe � k8z¸dfz ),(),( sxQx ρρ =»DiFj

),( txs ξ= -
mfiXm,s��tovk8�,mfs8sv�²jFdfo8dfbcuwk8i:dfj ¥ n:i:�,o8kva\i Æ n:i:jXdfb ),( εsx

o>p\d3n:i\kv³:nFdfs>�²jXdZoAdfbcu�kviXdfj�dfs8dfu�d!i:o
Qx ∉ kAeu�dfmtiXo�k8i/eIdti:eIdDa ¥ o8pXd£dZiXo8dfbcdfj ¥ nXiX�,ovk>aXi )(⋅ρ mfiXj�o8p:kAe´dfsAdtu�dfi:o��ta\b¤bcdteIg:a:i:jFe®o>a�o8pXd'lXkv�\dfi/emfiFj ε z��p\d�a\ª:oAmtk>i\dtj?k>iXdZ³\n:mfs8k>o>���c� � d ¥¨¥ df�foAkv�Zdfs���m!s>s>aX�'e'o8a?o8mt}Xd�kviXo>a?mt�f�fa\n:i:o��\mfbckva:nXe£s>k>u�k>o8mfoAkva:i:e ¥ a\b4o>p\dwl:k>�XdZi�o8mteh}mfiXj�eInXgFg:aXbco>eµo>p\dDe_a\s>nXo8k>aXi�kAi/m£bcdfmfs�o>kAuwd£uwa:jXdfz

References:
1.
{<k8s8k8eIpF}Xk8i+rDz¸x'z��K�Zi:ovp:dfeIk8eRa ¥ �faXmfbceId²e��\eho8dfuwe©a ¥ m,nXovaXuwmfo8k>�²�fa:i\o>b¤a:s�k>i+o8pXd²e_o8mfoAdÇeIgXmf�,dfz ~ aXa:}Èf�ºdfo>p:a:j:e�a ¥ o8p:d��fs>mteIehkA�fmfs´m!iFjºu�aXj:d,b¤iºmfnXo>a:uwmfoAk8�?�taXiFoAb�a\s4o8p:dtaZb¨� � �Xa:s8z¸�yq|�y�\iFo8p:dfeIk8e�a ¥ b¤dflFnXs8mfo>a\b�emfiXj�a\gFo8k>u�kA¦fmfo>k8a:i/o8pXdtaXb¨��a ¥ m,nXo>a:u�mtoAk8�£�fa:iXo8b�aXs�e_�Ze_oAdtuwe � d,j:k8oAdZj�ª��D{Kn:g:}FaX��É�z »'z:��a\e_�faX� � ~ �-�<�*�g:n:ª:sAk>eIp:k>iXl�a ¥¤¥ k8�fd � � �:�:�:� g\g:zF� �X� -414.

2.
{<k8s8k8eIpF}Xk8i?rDz¸xDz � {<n:gX}:a:��É'z »'z � a\ªFnXeIo�`%aXiXo>b¤aXsy�y�te_o8dtu�¿'dfeIkvl:i���eIk8iFl�{|p:m,eId - `4a:iXeIo>bcmfkvi\ove)r'mfb¤k8mfo8k8a:i»DgFgXb¨aZmf�tp � - § n\b¨a\g:d,mfi/`4a:iXo8b�aXsL`4aXi ¥ dfbcdfiX�fd �:Ê dfbcu�mtiF� � �Ldfe_eIk>aXi ~ { - ��ËX� g:mtgXdfbyx'�|Ì �!�\� gXz � -5,1999.

312

Proceedings 4th MATHMOD Vienna, February 2003      (I.Troch, F.Breitenecker, eds.)



ANALYSIS OF MULTILINEAR SYSTEMS USING GRÖBNER-BASES
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Striving for an exact solution of systems of polynomial equations Gröbner-bases are known to be an appropriate
representation for these systems on the field of real numbers [1]. By the use of Buchberger’s algorithm those
systems of polynomial equations are transformed into an other, in a sense simpler, set of polynomials without
changing the variety, that is the solution set of the system. This set of polynomials forms the so-called Gröbner-
base. Gröbner-bases show the following very advantageous properties:

1. Referring to a certain term ordering the underlying polynomials of the Gröbner-base are in triangular form;
very similar to linear systems of equations after execution of the Gaussian Algorithm.

2. Gröbner-bases immediately indicate whether the system of polynomial equations is solvable or not.

3. The calculation of Gröbner-bases takes finitely many steps of algebraic computation.

The first property, the elimination property, guarantees (under minor assumptions) that an n-dimensional system of
polynomial equations over the field of real numbers with n unknowns can be solved by first calculating the roots
of an univariate polynomial (the n-th equation), which then are consequently available for a simple backward
substitution process. Presupposing that this n-th polynomial equation is univariate and of at most fourth degree
the solution set of the system can be evaluated in an exact, analytical manor, without employing any numerics.
In nonlinear control system analysis and design Gröbner-bases have been used for finding equilibria and periodic
solutions, for estimating the domain of attraction and testing for controllability and observability [4]. In the case of
finite fields many of the presented ideas hold almost as they stand for real numbers. Some obstacles even disappear
within the finite field case, for example rounding errors. By modeling finite state automata over the finite field � 2 ,
in general multilinear2, hence polynomial systems are obtained. Thus Gröbner-bases prove to be properly tailored
for analyzing automata in the finite field framework, as shown by [2,3]. In this contribution, first of all Gröbner-
bases over finite fields and their special properties are developed (e.g. zero polynomials, irreducibility, quotient
rings). By adaption of Buchberger’s algorithm to finite fields Gröbner-bases for polynomial systems over finite
fields are derived. Reduced Gröbner-bases are motivated in order to obtain a unique, canonical representation
of the polynomial system, which allows of showing equivalence of systems. Using Gröbner-bases the analysis
problem for cyclic states is solved for general, multilinear autonomous systems. Finally some remarks are cited
as first steps towards a feedback design for these systems.
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1This paper is part three of three contributions dealing with the finite field description of finite state automata.
2The modeling and analyzing of finite state automata in the finite field � 2 is dealt with in the first of three papers on the finite field

description of finite state automata.
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In the course of developing an Simulation of the production plant of Radex Heraclit Industries (RHI) 
two main problems quickly surfaced: There was an extremely high amount of input data needed and 
furthermore the simulation should offer the possibility to simulate different scenarios, i.e. removing or 
adding machines to the system.  
The production plant considered in this project consists of a large amount of machines and a complex 
course of production depending on part number, the availability of preprocessed parts needed, the 
availability of machines needed, temperature of manufacturing. 
Additionally, following points needed to be taken in consideration: 

• A high number of different products each of them taking a different course of manufacture 
• Two different kinds of machines need to be distinguished: working places and furnaces 
• Storages between each step of manufacture 
• Furnaces can switch between different temperatures.  

The input consists of two kinds of products: those who require preprocessed parts and those who do 
not. Products are loaded unto pallets with a maximum weight of 250 kg.  
 
The Simulation 
The simulation was done in Enterprise Dynamics 4.0 due to its open structure and 4d script that offers 
a very high flexibility as well as an ODBC interface.  
According to a production plan the number of raw products to be produced each day is created. This 
may be up to several thousand on one day. Due to this high number of products in the system only 
pallets of products are considered.  
 
Input From Database 
The high amount of data needed for this simulation was stored in an Access database.  
System related Data: Number of working places and furnace, A list of all temperatures at that furnaces 
can go, Changes in the number of tours for single machines, machine up and down times, way of 
manufacture for all products depending on part number 
Machine Related Data: machine name, transport time from and to storage, machine category, capacity, 
capacity of furnace cars, spoilage, clock cycle of furnace cars, waiting time, number of tours per day, 
cycle time depending on part number and machine category 
 
Generation of the Simulation  
As soon as all data is received the final structure of the simulation forms itself automatically. 150 
working places and 50 furnaces basically already exist. According to the imported data the required 
number of furnaces and working places are parameterised and connected to the system. For each 
activated machine a monitor is created to display their status during simulation. 
In front of each furnace a storage is created. Each pallet is assigned a label on creation, containing the 
temperature the products it carries will need. According to this they are stored. 
 
Results 
The main goal of this project was to create a simulation that offers the possibility to change the 
structure of the model by adding machines and furnaces and change system parameters.  The large 
amount of data needed implied the use of a database connected to the simulation. This resulted in a 
simulation that not only imported the needed data for simulating but also data concerning the whole 
model structure. Only a basic structure is implemented and according to the data imported from the 
database the full simulation model is created on resetting. This offers a high flexibility:  machines can 
be added and removed, parameters changed as well as the whole course of manufacture only by editing 
the corresponding data in the database. The data collected during simulation allows a precise analysis 
and comparison of single simulation runs. 
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Parallel Computations Based on the Taylor Series Method
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Brno University of Technology
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A new version of the simulation language TKSL/C for extremely exact, stable, robust
and fast numerical solutions of large systems of ordinary differential equations has been
created. The algorithm of the solution is based on the Taylor series method. Positive
properties of the method and some test examples of the Taylor series method are presented
together with possible applications.
In a natural way, the Taylor series method involves solutions of problems that can be
reduced (transformed) into solving a system of differential equations. That is why large
systems of linear algebraic equations, partial differential equations and roots of algebraic
equations are delt with.

It is characteristic of the Modern Taylor Series Method that the computation accuracy for
a given step length is increased with the number of Taylor series terms used. However this
increase in accuracy is not unlimited. For a given integration step length, there is always
a saturated computation error that depends on the arithmetic unit word length. In some
cases this saturated computation error can be reduced by decreasing the integration step
or increasing the arithmetic unit word length. The effect of increasing the arithmetic
unit word is more significant than that of reducing the integration step length.
It is the aim of the paper to design a special multiprocessor parallel system working with
the arbitrary arithmetic unit word length.

The Modern Taylor Seriers Method also has some properties very favourable for parallel
processing. Many calculation operations are independent making it possible to perform
the calculations independently using separate processors of parallel computing systems.
This parallel approach will be tested in a special gate arrays.

Since the calculations of the transformed system (after the automatic transformation of
the initial problem) use only the basic mathematical operations (+,-,*,/), simple spe-
cialised elementary processors can be designed for their implementation thus creating an
efficient parallel computing system with a relatively simple architecture.

1Brno University of Technology, Brno, Czech Republic, http://www.fit.vutbr.cz
2Ondemand GmBH, Wien, Austria, http://www.ondemand.co.at
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The growing interest in the mathematical modelling of the cardiovascular system leaded to numerous 
works which have appeard in the past, for example [1,2,3,4] and references therein. The application of 
simplified models have been shown to provide useful information for engineers and practitioners at 
reasonable computational cost. This paper deals with the analysis of the modelling of a simplified one-
dimensional model of the cardiovasular system. The modelisation procedure is carried out in two 
different ways: first asymptotic reduction of the Navier-Stokes equations is used and second the 
derivation via the integral formulation of mass and momentum balance. Because some inconsistencies 
occured in the past we point out the details of the derivation of the balance law. Equipped with 
boundary conditions we show the stability of the system of partial differential equations even in the 
case of space varying parameters such as tapering of vessels and varying elasticities. Furthermore we 
give a mathematical analysis of the first occurence of shock waves in the cardiovascular system. 
Additionally we show how the balance law can be treated in a very efficient way by the use of finite 
volume and adopted central differences schemes. 
We analyse disturbances whose wavelength are much greater than the vessel diameter, so that the 
time-dependent internal pressure can be taken to be a function only of longitudinal coordinate x and 
time t. The disturbed corss-sectional area is denoted by A(x,t) and the volume flow Q(x,t). Thus the 
model is one-dimensional. Starting from an axisymmetric tube and the Navier-Stokes equations in 
cylindrical coordinates dimensional analysis and scaling give the following equations 
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where ρ is the density, α a coefficient concerning he non-flat velocity profile, p(x,t) the internal 
pressure and R(Q,A) a term regarding the viscosity of blood. It will be shown that the same equations 
can be derived taking the integral formulation of mass and balance equations under the assumption of 
small vessel area changes compared to the inital tube diameter. An additional state equation for the 
elastic properties of the arterial wall gives the missing third equation. Several elasticity models for the 
vessel wall are discussed. All together we obtain a conservation law which can be expressed in 
conservative form. Because we take tapering and locally stiffed arteries into account the conservation 
law has a sourceterm and a flux function which explicitely depends on the space variable x. 
Furthermore three different types of boundary conditions occur in the arterial tree. The blood flow at 
the left heart valve, bifurcations of arteries and the distal (artificial) ends of the arterial tree are 
modelled by the help of Windkessel terminals.  
By the use of the Energy Method we obtain stability results of the governing boundary value problem. 
First the stability regarding a single tube is discussed. Based on this analysis we obtain the stability of 
the full nonlinear boundary value problem. Thus the stability arguments can be extended to the whole 
arterial tree. A detailed analysis of the structure of the Riemann Invariants of the give balance law we 
obtain estimates about the first occurence of shock waves.  
The contribution presents recent developed finite volume schemes for balance laws, giving same 
results but being more efficient than other schemes used. 
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