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Abstract

Modelling and simulation based on discrete event systems is used routinely in
research and industrial applications e.g. in the design, planning and real time
control of manufacturing systems. An advanced, but now well established,
technique is modelling and simulation with integrated parameter optimisation to
improve system performance. In using these established approaches model
structure is considered to be fixed as the relationships between model elements
are defined during model development. As model performance is optimised it
may be necessary to redesign the model structure, normally carried out manually
by an analyst using previous simulation results, observations or decisions based
on previous experience.

With increasingly complex, flexible and reconfigurable discrete event
systems such as manufacturing systems, modelling and simulation methods are
becoming more challenging. As the number of possible structure variants
increases the potential benefit of automatic model structure optimisation
becomes significant. The research reported in this thesis details a new approach
providing automatic reconfiguration and optimisation of both model structure
and model parameters. This is achieved through a combination of simulation,
optimisation and model management methods. Simulation is used to determine
current model performance and an optimisation method, assisted by model
management, searches for an optimal solution with repeated model parameter
and model structure changes. In contrast to conventional modelling and
simulation methods this approach employs a meta-modelling method. It defines
a set of model structure variants and includes a model base with pre-defined
basic components. With this meta-modelling method the model management can
determine specific model structures and create executable models.

To validate the simulation based optimisation approach a prototype was
implemented. Several variants of a Photofinishing Laboratory part were
modelled. In different experiments the introduced approach and the prototype
were validated.

This research project extends the work of Pawletta et al. [35]...[46], supports
other projects of the Research Group Computational Engineering and
Automation at Hochschule Wismar University of Applied Sciences Technology,
Business and Design, Germany and follows another collaborative LJIMU School
of Engineering / Wismar research project in this field [23] [24].
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Chapter 1
Introduction

1.1 Preamble

Often it is of interest to study a system to understand the relations between its
components or to predict how a system is responsive to changes. Sometimes it is
possible to directly experiment with the system. However, this is not always
possible e.g. due to costs when a manufacturing system has to be stopped,
changed or extended. Often the system even does not yet exit. A model, defined
as a representation of the system in order to investigate it, can solve this
dilemma. Generally, it is sufficiently to abstract the system with a view to the
analysing the issues under investigation. In terms of modelling and simulation
this abstract is named the simulation model.

A system can be classified into discrete or continuous: “Few systems
in practice are wholly discrete or continuous; but since one type of change
predominates for most systems, it will usually be possible to classify a system as
being either discrete or continuous.” [25]. The analysing issue also plays a
decisive role. An analogue printer in a photofinishing lab is a typical example. It
is possible to analyse the machine at a very low level with the continuous
movements of machine components and analogue film material when the
objective is to optimise the component interaction. Another, discrete viewpoint
could be the number of pictures and the length of photographic paper handled in
a specific amount of time when the objective is to plan throughput and the
necessary staff.

Simulation models as a particular type of mathematical system models
can be classified too, e.g. as being static or dynamic, deterministic or stochastic,
and discrete or continuous. A static simulation model represents a system at a
particular time whereas a dynamic simulation model represents system changes
over time. A deterministic simulation model does not contain any random
variables whereas a stochastic simulation model has in minimum one random
variable as an input. Discrete and continuous models can be discrete and
continuous systems as described above. One specific type of discrete systems is
the discrete event system (DES) where state variables change at discrete points
in time during simulation.

One of the most important applications of modelling and simulation
based on discrete event systems are manufacturing systems. These systems have
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Chapter 1 Introduction

been modelled since the origins of manufacturing. From the civilisations of the
ancient world to the first industries through to current high-technology
production, managers and engineers have thought about the complexities of
manufacturing systems [27]. As computers developed they became an increasing
important means of modelling and simulation. The expanding capability of
computing systems and the increasing demands of engineers and managers
planning, implementing and maintaining manufacturing systems have been
pushing the boundaries of modelling and simulation research. With the
decreasing costs of computing systems, modelling and simulation applications
have become an integral part of industrial practice.

Simulation has been used widely and successfully to support the
design of new production facilities and material handling systems and to
evaluate variants of existing systems. Applications for production, warehouse-
management and material handling control can incorporate simulation
techniques to evaluate staffing and operating rules, changes of material handling
and system layout or the effect of capital investment. An important advantage in
using modelling and simulation techniques is the possibility of evaluating
changes before making investment decisions and without disturbing the existing
system.

Recently, with increasing globalisation, the competition conditions for
manufacturing have been changing fundamentally. A key shift is the need to
move from increasing product quantity to a combination of increasing quantity
and a drive for manufacturing flexibility. As the number and the speed of
product innovations increase, the time to market and the marketing life of a
product decreases. As a consequence manufacturers have to extend the general
objective “cost saving” to “time and cost saving” [29]. To support this market
trend manufacturing systems will increase in complexity with increasing
automation, flexibility and degree of computerisation. This also implies
increased requirements for production planning. For many companies modelling
and simulation together with a combined optimisation is a strategy to fulfil these
requirements. Because of the increasing production planning requirements
modelling and simulation environments have to meet these increasing needs.

1.2 Rational for Simulation based Optimisation

Successful systems have been stable over a long time, solved real problems and
demonstrated return-on-investment (ROI). New, identical copies of such systems
are not risky because they are proved. However, it is not possible to guarantee
that innovative system changes will ever generate their ROI. Simulation enables
system analysis with time and space compression, provides a robust validation
mechanism under realistic conditions and can reduce the risk of implementing
new systems. Validation is achieved using a series of qualitative and quantitative
experiments with changes of system variables and structures. Pilot projects using
real systems with reduced size and/or implemented in a low-risk laboratory
environment, can provide analysis results. Such real experiments take time and
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1.2 Rational for Simulation based Optimisation

cost. Hence, a large number of alternatives imply an initial pre-selection.
Modelling and simulation can lower the number of alternatives analysed in real
experiments as the final step [8].

One reason for system changes is the search for a better overall
performance. Under the focus of simulation this means the search for a set of
model specifications e.g. input parameters and/or structural assumptions, that
leads to an optimal model performance. For all possible variants the range of
parameter values and the number of parameter combinations may be too large to
implement and simulate manually. A method to automate this is needed. The
example described in chapter 6 demonstrates this problem. Even though only a
fraction of the complete manufacturing system is modelled the number of
possible variants is overwhelming.

Many real word systems are too complex to be expressed by
mathematical models. But mathematical models are a precondition of
optimisation methods. This leads to a contradiction [2]:

e  Pure optimisation models are not able to handle the complexity of both
system behaviour and structure.
e  Pure simulation cannot find an optimal solution.

= Simulation based optimisation resolves this contradiction through a
combination of both methods.
Research and application of simulation based optimisation has seen a significant
development in recent years. A Google search on ‘Simulation Optimisation’ in
2006 found ca. 4.000 entries [2] in comparison to a search in 2008 with almost
80.000 entries among others articles, conference presentations, books and
software.

Until a relative short time ago, the simulation community was resistant
to the use of optimisation tools. Optimisation models seem to over-simplify the
real problem and it was not always clear why a certain solution was the best [8].
The situation changed at the end of the 90s. An ACM Digital Library [57] search
on ‘Simulation Optimization’ found 16.000 articles between 1960 and 2008. A
significant number (15.500) of articles has been published during the last 20
years and only 500 articles in the 28 years before. Two reasons for this change
may be the advances in modelling and simulation methods and increase of
computing power over the last two decades that has enabled simulation based
optimisation.

Currently there are several algorithms to change simulation model
parameters to establish solutions with good performance and methods to
compare different solutions in terms of quality. Many commercially available
discrete event or Monte Carlo simulation software packages contain
optimisation methods to search for optimal input and system parameter values
[3] e.g. WITNESS with the optional optimisation packages WITNESS
Optimizer, ARENA with the additional package OptQuest for Arena [7],
SIMPROCESS and SIMULS8 with OptQuest optimisation technology [8].



Chapter 1 Introduction

1.2.1 A Context for Simulation in Manufacturing

Systems

The application of manufacturing simulation focuses on modelling the behaviour
and the structure of manufacturing organisations, processes and systems.
Simulation in a manufacturing system can be used at different phases of
manufacturing system lifetime and at different system levels as depicted in
figure 1.1. Traditionally, simulation has been used in the planning and design
phase dating back to the beginning of the 1960’s [26]. Today simulation models
are used in all phases of life cycle and at all system levels (see figure 1.1) [19].
Recent developments indicate approaches that also use simulation as an integral
part of real time machine control [23] [24] [28].

/\ DOMAIN TARGET
2 Value Metwork Management
E  Enterprise: ¥ Value Network Analysis
Plant: “ Scheduling
I.;'E:I "'E:r Logistics
_ Flow Analysis and Optimization
E Line: Throughput, Capacity
@ System WIP, Costs, Yiald,
(73] Line Balancing
E | Flow Analysis and Optimization
5 - Workcells: g Feasibility
= Detailed Process Planning
E Cell Layout Optimization
o Ergonomics, Safety
Individual Operations:  Cycle Time, Assambly Sequence
{  Yield Prediction
% ! Product and Process Analysis
o l Tool and Jig Design
‘g SIUE Loncet Design Rule Checkers
'E Design for Assembly,
& 1""-1 Design for X

Beginning-ofLife Middle-of-Life _ End-of-Life >

Figure 1.1 Modelling and simulation of Manufacturing Systems (source [19])

A broad variety of simulation tools are available for manufacturing systems.
Historically they can be classified into two major types: simulation languages
and application-oriented simulators [26]. Simulation languages are very general.
Models are created by coding their behaviour and structure and are similar to a
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1.2 Rational for Simulation based Optimisation

general computer language. Simulation languages provide very high flexibility
in model creation but are complex in use for non-scientists and non-engineers.
Application-oriented simulators specialise in a given application class. Models
are often developed with a graphical user interface based on components, dialog
boxes, context menus etc. This eases model development for non-technical users
but could lead to reduced flexibility for specific problems [26]. Recent
developments indicate that both types are adapting typical characteristics of the
other e.g. a simulation language can use a graphical modelling user interface to
internally produce code which can be manually altered later.

In summary it is possible to differentiate between general purpose and
application-oriented simulation packages. The first are general packages but may
have special features for certain application. Examples of general-purpose
simulation packages are Arena, AweSim, Extend, GPSS/H, Micro Saint,
MODSIM IIl, SIMPLE++, SIMULS8, SLX and Taylor Enterprise Dynamics
Developer. Examples of application-oriented simulation packages for
manufacturing are Arena Packaging Edition, AutoMod, AutoSched, Extend +
MFG, ProModel, QUEST, Taylor Enterprise Dynamics Logistics Suite and
WITNESS. Short overviews about the above packages and their main feature
can be found e.g. in [7] [25] [26].

Other classifications of simulation packages exist, e.g. the
differentiation between continuous and discrete simulation. Few systems are
completely discrete or continuous but in many systems one is dominant or
analysis objectives require the use of a specific simulation type. Due to the
stochastic nature of systems continuous processes can be approximated by
stochastic distributions with start and stop events. Hence, a continuous system or
sub system can be described by a discrete event system. For example, in an
automobile assembly line simulation discrete events dominate but of course it
would be possible to continuously describe sub systems e.g. work piece
movements. In contrast in a chemical plant continuous state changes prevail but
the switch of a valve could be modelled discretely.

In this research a general, theoretical established, discrete modelling
and simulation approach is used. Hence the research results are general
statements and applicable to generic simulation approaches and application
specific systems respectively. The Discrete Event System Specification (DEVS),
used in this research, is a formalism based on discrete event models. It supports
a modular, hierarchical model construction and claimed to be a general and
powerful approach in the field of discrete event simulation. The formalism can
describe models with a formal specification and simulation model execution
with generic simulation algorithms.

1.2.2 Aims and Objectives

The research addresses a fundamental problem of simulation based optimisation.
The technique is well established but is restricted to the optimisation of system
parameters. In using these established techniques model structure is considered
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to be fixed as the structure of model elements is defined during model
development before an optimisation experiment. As model performance is
optimised it may be necessary to redesign the model structure. This would
conventionally be done manually by an analyst using previous simulation
results, observations or decisions based on previous experience. This manual
process cannot guarantee the global optimal solution. The aim of this research is
to develop an approach to discard the manual changes i.e. to develop a
combined, simulation based parameter and structure optimisation.

The objectives are:

Carry out a literature analysis on simulation based optimisation and search
methods

Carry out a literature analysis on the specification and simulation of
modular, hierarchical discrete events systems, particularly the Discrete
Event System Specification (DEVS) and DEVS extensions

Advance the established approach of a simulation based parameter
optimisation to a simulation based parameter and structure optimisation
Develop a modelling and simulation method based on DEVS and DEVS
extensions to create a merging formalism which combines advantages of
different approaches

Investigate model management and model generation methods

Investigate appropriate optimisation and search algorithms

Validate the research and developed approach using an industrial
application

Publish the results in peer reviewed journals, at conferences or in other
research publications

1.2.3 Cost Reduction with the Aid of Simulation

based Optimisation

The results of this research enable two different possibilities for cost reduction:

1.

With increasingly complex, flexible and reconfigurable manufacturing
systems the number of possible structure variants increases. In using
established approaches it may be necessary to redesign the model structure
between two parameter optimisation runs, normally carried out manually
by an analyst using previous simulation results, observations or decisions
based on previous experience. This is time consuming and potentially error
prone. With this new approach providing automatic reconfiguration and
optimisation of both model structure and model parameters the process
becomes shorter and the ability to find an optimal solution increases.

Many manufacturing systems have the potential to be optimised. Using
existing machines, facilities and processes, optimisation could be used to
find a new layout and system dimension with improved performance.

The application of this research described in the thesis demonstrates both
aspects.
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1.3 Methodology and Structure of the Research

The four main areas investigated in this research are:
1. Introduction of simulation based optimisation approaches with regard to
an extension to a structure optimisation method
2. Modelling and simulation method based on the Discrete Event System
Specification (DEVS)
3. Model management and model generation method using the System Entity
Structure/Model Base (SES/MB) framework
4. Employing the approach with a real life manufacturing problem
A new approach was established based on the methods 1, 2 and 3. Through the
linking of the methods and the definition of appropriate interfaces between them
they constitute a new approach to a combined and automatic simulation based
parameter and structure optimisation. Figure 1.2 depicts the connections
between the investigated areas.

Real System
v
Set of Model
Variants
Simulation based
Optimisation v
Optimisation <> Model
Method Management
v
Model
Generation
ffffffffff Model
Simulator
_ Y,

Optimised
Model

Figure 1.2 Research area structure
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1.3.1 Simulation based Optimisation

Modelling and simulation with integrated parameter optimisation to improve
model performance is an established technique. In using these established
approaches model structure is considered to be fixed as the relationships
between model elements (machines, facilities, conveyors etc.) are defined during
model development before the optimisation experiment. As model performance
is optimised it may be necessary to redesign the model structure after the
optimisation experiment. This is normally carried out manually and repeatedly
by an analyst with subsequent optimisation experiments.

In established parameter optimisation methods the number of
parameters and their domains specify the search space. Depending on the
optimisation method the search space is traversed i.e. the optimisation method
needs a specific knowledge about the search space bounds. Certain points of the
search space are analysed. Each point defines a certain parameter value set. The
model is initialised with this parameter value set and subsequently simulated.

The extension using a structure changing facility means broadening
the technique to a parameter and structure optimisation. Additional variables
with their associated domains are describing possible model structure variants.
The combination with the set of parameters defines the new search space of the
extended optimisation problem. Methods to transform the set of parameters and
structures to a search space definition and vice versa a search space point to a
model structure and model parameter values are an integral part of the
broadened technique.

1.3.2 Modelling and Simulation

Many different concepts and methods of modelling and simulation exist. This
research is restricted to the discrete event system specification formalism,
characterised by continuous time and discrete state changes and modular,
hierarchical modelling and simulation. The investigated und further developed
discrete event system approach is based on DEVS introduced by Zeigler [66]
[67] [68]. This approach is one of the most developed, theoretical well-founded
discrete event approaches. DEVS supports the definition of modular,
hierarchical systems and incorporates well-defined simulator algorithms.

A crucial part of the research is the analysis of the discrete event
system specification and the existing extensions with regard to simulation based
parameter and structure optimisation and its application in a prototype
implementation. Based on the Classic DEVS formalism [66] a broad range of
publications with several extending approaches are available. For the application
of this research within the manufacturing systems domain certain Classic DEVS
extensions were incorporated to establish the Extended Dynamic Structure
Discrete Event System specification formalism (EDSDEVS). Consequently a
formal concept for this unified specification was developed. The formalism was
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verified with examples from [66], a benchmark application [18] and industrial
applications [16] [17].

This research is a key element of a major search project of the
Research Group of Computational Engineering (RG CEA), Hochschule Wismar
University of Applied Sciences Technology, Business and Design®.

1.3.3 Model Management and Model Generation

In a further crucial area of the research the following key features of a model
management as part of a simulation based structure optimisation were
developed:

e Declarative specification of different model structures

e  Definition of a method for external controlled model structure selection

e  Definition of an interface between model selection and model generation
To specify a set of modular, hierarchical models an approach has to be able to
describe three relationships: (i) decomposition, (ii) taxonomy and (iii) coupling
[52] [66] [69].

(i) Decomposition means the approach has to be able to decompose a system
called entity into sub-entities.

(i) Taxonomy means the ability to represent several, possible variants of an
entity called specialisations.

(iii) To compose an entity from sub-entities these have to be connected. This is
the meaning of a coupling relationship.

The System Entity Structure/Model Base (SES/MB) approach is able to describe
these three relationships [52], [66], [69]. The original SES/MB approach was
developed to assist a manual model design process for modular, hierarchical
models using a tree like definition with different node and edge types and a
model base containing basic components. An essential demand for an
appropriate model management method is the external controllability. The
SES/MB approach has to be changed to comply with this demand.

Based on the adapted SES/MB approach three interfaces around the
model management method were designed. The first interface is a model set
definition based on a XML file structure. This interface is deployed to create a
specific SES/MB structure. In future extensions the development of a graphical
SES/MB modeller based on this interface would be possible. The second
interface delivers model generation information to a model generator. It is based
on a XML file structure definition. This interface represents the connector to the
modelling and simulation method. The third interface communicates with the
optimisation methods during the initialisation and the optimisation phases:

! Research Group Computational Engineering and Automation,

http://www.mb.hs-wismar.de/cea/



Chapter 1 Introduction

In the initialisation phase it delivers information about the search space
defined by the set of all possible model structure and model parameter
variants to the optimisation method.

During the optimisation phase it receives information from the
optimisation method about the currently investigated search space point.
This information is used to select the corresponding model structure and
initialises the model parameters. A subsequent model structure validation
is a crucial part of the model structure selection.

1.3.4 Implementation and Employment

In this research methods and algorithms were implemented using the MATLAB
Scientific Computing Environment [58].

1.

The modelling and simulation toolbox was not started from scratch. A pre-
release of the modeller and simulator published in [41] was the starting
point. These sources were adapted to the current MATLAB version with a
new object-oriented programming principle and were extended step-by-
step. Each extension was validated with test models for example those
introduced in [66]. Each important stage of the research was published and
subject to peer review [16] [17] [18] [34].

A simulation model was implemented as a basis for later
optimisation. This model uses results, observations, structures, parameter
etc. gathered by the author of this thesis during several projects which
were realised by the supporting company Syntax Software?. The company
Is a leading production and machine control software developer for the
photofinishing industry. The final model was validated with original
production data taken from photofinishing applications implemented by
the author.

The model management toolbox was developed and tested using
conventional software engineering techniques.
The optimisation method used the commercial available Genetic
Algorithm Toolbox [59].
The research application is based on industrial experience of the author.
The germ of the idea to optimise structure comes from a project enquiry
made by the Kodak Photofinishing Department to Syntax Software 6 years
ago. The project was not realised because Kodak closed their European
photofinishing business.

To validate the new approach all possible model variants were

simulated. The simulation results are compared with the result of the automatic

2 SyntaX Software Inh. Jérn Satow formerly SyntaX Software
O.Hagendorf J.Satow GbR, Schweinsbriicke 9, 23966 Wismar,
www.syntaxsoft.de
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structure and parameter optimisation. This procedure and its results are
described and discussed in chapter 6.

1.4 Research Outcomes

The outcomes of this research can be divided into four parts:

1.

Development of an approach for a combined, simulation based model
parameter and model structure optimisation

The extension of the established simulation based parameter optimisation
by a controllable model management is the fundamental idea behind this
research. Through this inclusion of a model management the optimisation
method can simultaneously control parameter changes as well as model
structure changes to find an optimal system configuration.

Development of an Extended Dynamic Structure DEVS Formalism
Classic DEVS and DEVS extensions has been a research topic since more
than 30 years. The extensions have one joint attribute: they are based on
the Classic DEVS formalism. Hence, the decision on one DEVS extension
inhibits the use of advantages of another one. In this research selected
extensions are combined to create to a merging formalism to combine the
advantages of different approaches.

Validation of the new approach

The approach was successfully validated with a simulation based
optimisation experiment using an industrial application. All variants of the
application were calculated and the results compared with the optimisation
experiment. The global optimal result was found with a probability of
47%. With an error of 3% of the system performance an optimal result was
found with a probability of 68%. To find an optimal result, on an average
70% of the search space were analysed. With a second experiment the
dependency of optimisation results on search method configuration was
shown. However, the finding of an optimal search method configuration
was not within the scope of this research.

Publication of results

Results and intermediate steps have been published in a peer-reviewed
journal and as a book chapter and have been presented at international
conferences.

1.5 Contribution to Knowledge

This research has resulted in two novel formalisms:

1.

an approach to extend the established simulation based parameter

optimisation to a combined simulation based parameter and structure

optimisation which automatically change system structure and parameter

values to improve the overall system performance

an Extended Dynamic Structure Discrete Event System Specification

(EDSDEVS) as an enhancement and combination of the Discrete Event
11
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System Specification and some of its different extensions. The EDSDEVS
formalism is used as one component of the simulation based parameter and
structure optimisation approach.

The contribution and the advantages of this approach are:

e  The approach establishes a structure and parameter optimised model based
on the definition of a set of model variants. The previous manual steps of
changing structure to find an optimal system model are now incorporated
into an optimisation algorithm and thus are automated.

e  Through automation the probability of finding the optimal solution grows
significantly in comparison to a manual search.

The contribution and the advantages of the EDSDEVS approach are summarised
as follows:

e fusion of different extensions of the Classic Discrete Event System
Specification

e implementation of modelling and simulation environment for research and
teaching

1.6 Contents of this Thesis

The thesis is organised into three main sections as depicted in figure 1.3. In
chapter 2 the simulation based optimisation is introduced, limitations are
outlined and the idea of an extension of the established technique is developed.
Based on this new concept of a simulation based parameter and structure
optimisation the requirements of several algorithms, methods and interfaces are
brought out. Essential components of the optimisation concept are appropriate
model management and modelling and simulation methods.

Chapter 3 starts with a short presentation of simulation and simulation
model taxonomy. The Classic DEVS formalism with the associated formal
modelling concept and simulation algorithms is introduced. Concepts of selected
extensions of the DEVS formalism are subsequently shown. The last part of
chapter 3 introduces the EDSDEVS formalism as it was developed in the scope
of this research. The formal concept of EDSDEVS, the dynamic behaviour of its
components in different situation and simulation algorithms are shown.

Chapter 4 introduces the System Entity Structure/Model Base
framework as an approach to organise a set of model structure variants based on
meta-modelling. In chapter 5 all aspects of this approach for a simulation based
parameter and structure optimisation are described in detail.

12



1.6 Contents of this Thesis

1. Introduction

2. Simulation based 3. Discrete Event
Optimisation System Specification

4. Model Management

)
5. Framework for
Modelling, Simulation
and Optimization

4

6. Application of the
Research

7. Conclusion

Figure 1.3 Structure of the main sections of the thesis

Chapter 6 demonstrates application of the approach with an
optimisation example. The problem is taken from the industrial experience of the
author. The general structure of a photofinishing lab i.e. a company for industrial
production of photos and related products is described together with a daily
problem and how this could be solved with the new approach of a simulation

based optimisation.

The thesis concludes with a summary and suggestions for further

work.
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Chapter 2
Simulation based Optimisation

Optimisation is an important research topic and has the potential for significant
commercial application. At the ACM Digital Library [57] the first publications
on optimisation were published in the early 1950s, ca. 118.000 to date. They
cover a very broad range of optimisation methods and optimisation applications.
In general, the aim of an optimisation method is to find an optimal problem
solution in a given search space whereas the often multidimensional search
space defines the complete set of possible problem solutions.

Research and application of simulation based optimisation has seen a
significant development in recent years. A Google search on ‘Simulation
Optimisation’ in 2006 found over 4.000 entries [2] in comparison a search in
2008 found almost 80.000 entries among others articles, conference
presentations, books and software.

The integration of optimisation techniques into simulation packages
has been an important requirement for commercial modelling and simulation
tools, shown for example in comparing two popular simulation textbooks [7] and
[25] with previous editions. The third edition of Law and Kelton [25], published
in 2000, lists five commercial available simulation based optimisation tools
which did not exist at the time of the second edition of the book, published 1991
[15].

The following chapter introduces the ideas of combining modelling
and simulation with optimisation methods. It concludes with the introduction of
the new simulation based parameter and structure optimisation approach
developed in this research.

2.1 Introduction

In retrospect a disadvantage of modelling and simulation is the missing
optimisation capability. For many years, simulation experiments as shown in
figure 2.1 have been state of the art. An analyst creates a model e.g. based on a
real system, transforms the model to an executable model and executes a
simulation with it. After a review of simulation results the model configuration,
I.e. model parameters and/or model structures has to be manually changed by an
analyst, when necessary. Using a manual procedure only a relative small number
of system configurations can be examined until a suitable solution is chosen. It is

15
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not possible to guarantee the detection of an optimal or near optimal system
configuration and the manual effort to find a solution can be considerable.

Components Steps
[ Real System ]
} Modelling
[ Model )
A Programming
[Executable Model]

]

4 Simulation —

manuel Changes of
Model Configuration

[ Solution ]

\ manual step \ \nonmanual step\

Figure 2.1 An example of an conventional simulation experiment

Through the combination of modelling and simulation with optimisation
methods to a simulation based optimisation method this manual procedure can
be partly automated. Mathematical optimisation generally means establishing a
function minima or maxima. Simulation based optimisation means finding the
best model configuration by minimising a function of output variables estimated
with a simulation method [56]. Important prerequisites are the availability of:

suitable modelling and simulation methods

Modelling and simulation as well as model and model parameter have to
be strictly separated. With the combination of optimisation and simulation
an optimisation method needs capabilities to influence the model
configuration.

suitable optimisation methods

Figure 2.2 shows a classification of optimisation methods, identified
during this research, many others and more completed classifications
exists in the optimisation literature. Enumerating or calculus based
optimisation methods are suitable when the search space is small enough
and the problem is analytically solvable respectively. If the problem
complexity is large, often search based algorithms are more appropriate.
Problem descriptions with a stochastic component are another crucial
reason to use a search based optimisation method. Because of the typical

16
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stochastic character of a simulation calculus based optimisation methods
are not appropriate for a simulation based optimisation.
e sufficient computing power
Simulation based optimisation is typically used when the number of
different model configurations is large. This is often accompanied with
complex model structures. Both results in considerable quantity of
computing time while searching for the optimal model configuration.
Descriptions of established and new simulation based optimisation approaches
follow in sections 2.2 and 2.3.

optimisation method

—— [T

enumerating calculus search based
based

gradient search nature analogue

stochastic /\

chemical / physical biological

¢ Simulated Annealing e Genetic Algorithm (GA)
* Evolutionary Strategy
e Particle Swarm Optimisation

Figure 2.2 Classification of optimisation methods

2.2 Parameter Optimisation

An established approach to simulation based optimisation is simulation based
parameter optimisation. The overall goal of this optimisation approach is the
identification of improved settings of user selected model parameters under
control of performance measures. There is a extensive and varied body of
literature on this topic that includes several tutorials, reviews and summaries of
the current state of the art (e.g. [4], [6], [14], [32], [55], [56]). Law and Kelton
describe in [25] commercial available simulation tools with integrated
optimisation techniques using this approach of simulation based parameter
optimisation. Figure 2.3 shows a principle example of a simulation based
parameter optimisation experiment. The procedure to create an executable model
follows the procedure described in figure 2.1. A crucial difference is the
detachment of model and model parameters. Based on this detachment the
optimisation method is able to alter the model parameter set to improve the
result of an objective function. The objective function measures the model
performance with current model parameters i.e. improving the objective function
result means improving the model performance. Model parameter adjustments
are carried out in a loop until a stop criteria is fulfilled. Examples of stop criteria
are (i) going below a minimum alteration rate or (ii) exceeding the maximum
number of optimisation cycles. The result of a successful optimisation
experiment (example criterion (i) fulfilled) is a parameter optimised model.
17
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Components

Steps

[ Real System ]

manuel Changes of Model Structure

2 Modelling <
( Model j
Eé Programming
[Executable Model]
V Simulation =
‘ S
T|a
! 219
Simulation £l
Results S
Optimisation }
Method [ Objective |
Function | Parameter
Changes
Performance
Measurement
Result No
Yes
y
[ Parameter Optimised Model )

Result No

OK?

Yes

[ Solution ]

\ manual step \ \nonmanual step\

Figure 2.3 An example of a simulation based parameter optimisation experiment

According to [56], a simulation based parameter optimisation problem O with a
set of m deterministic model parameters X = {Xy, ... X} can be formally

described as follows:

e A parameter set X = {Xy, ... X} has the domainsetD ={d, ...d}

e  The multidimensional (one for each parameter) search space S is defined

by S={s={vi...vp}|V; €d;}

e AsetYisthe output set defined by Y = {y; . .. vy} = Y(X) and estimated by

18
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simulation. Simulation experiments are often based on stochastic model
properties. Hence the output set Y is stochastic.

e The objective function F establishes a single stochastic value from
stochastic output set Y : F = F(Y(X)) — %/+. The result of the objective
function is a measure of the current model performance.

e Because of the stochastic nature of Y and consequently of F, an estimation
function R, the simulation response function defined by R(X)=E(F(Y(X))),
IS optimised, i.e. in the scope of this approach it is minimised.

e  Depending on optimisation problem and analysis required the exchange of
the last two steps, evaluation of objective function F and simulation
response function R, can save computational effort. Hence, the simulation
response function is defined by R(X) = E(Y(X)) and subsequently the
objective function by F(X) = F(R(X)).

Each parameter set X; € S can be seen as a possible solution of O. The
optimisation method has to search the search space S to find the parameter set
Xopt € S with E(F(Y(Xop)) < E(F(Y(X))) V' X; € S. The resulting parameter set
Xopt I considered the global optimum of O.

This approach is restricted to automated parameter optimisation. It is
Important to note that automatic structure changes during optimisation are not
possible with this approach. Instead, structure changes are carried out manually
by an analyst and each manual structure change requires a repetition of the
automated parameter optimisation.

2.3 Parameter and Structure Optimisation

The extension of the optimisation approach with the ability to also change model
structures to improve system performance is a development of the idea
introduced in section 2.2. This extension is mainly directed towards a simulation
based structure and parameter optimisation as presented in figure 2.4. The
approach of a simulation based parameter and structure optimisation differs in
the following extensions or modifications from the simulation based parameter
optimisation depicted in figure 2.3:

e Ananalyst does not generate a single model of the real system. In this case
he has to organise a set of models. One way of achieving this is to define a
model that describes a set of model variants instead of one single model of
the system under analysis. Models that define the creation and
interpretation of a set of models are named meta-models. If a model is the
abstraction of an aspect of the real world, a meta-model is yet another,
super-ordinate abstraction of the model itself. That is when a model
describes the behaviour and structure of a real system then a meta-model
describes the behaviour and structure of different models that all describe
the behaviour and structure of the same real system in a slightly different
way.
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e  The model management organises the set of model structures and provides
a model selection method.

e  The model selection is controlled by a superior optimisation. The selection
method delivers the selected model structure information to a model
generator which generates an executable model. The parameter transfer
and the simulation match the simulation based parameter optimisation
depicted in figure 2.4.

e The objective function receives simulation results to estimate the
performance of current model structure and parameters similar to the
approach depicted in figure 2.4. Information generated by the model
selection method can be additionally used to establish the model
performance.

e The optimisation method investigates the search space with simultaneous
model parameter and model structure changes without a manual
involvement. The intention of the optimisation method is the finding of a
model structure and model parameter set where the objective function
delivers the global optimum value, in most instances the global minimum.

20
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Figure 2.4 Components and steps of a simulation based parameter and structure
optimisation experiment

A prerequisite for an optimisation is the definition of a search space. In the
approach presented here, the search space is multi-dimensional as a result of the
combination of model structure and model parameter variants. During the
optimisation loop several points of the search space are examined. Each point
defines a model structure with an appropriate parameter set. The extension of the
formal description of a simulation based parameter optimisation problem O,
defined in section 2.2, to a combined simulation based structure and parameter
optimisation leads to O™
e  The model parameter set Xp and its domain set Dp, in section 2.2 defined
as X and D, are extended by structure parameter set Xs and its domain set
Ds. The extended set definitions are:
X* = Xp UXS = {XF’l .o Xpmy Xs1 - - - XSn} and
21
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D =Dp UDg={dp; ... dpm d; . . . ds,} with m model parameters in set
Xp and n structure parameters in set Xs. The sets Xp and Dp are defined by
the current model. The model management has to provide the sets Xs and
Ds by analysing the meta-model.

e  The multi-dimensional (one for each parameter) search space S = Sp « Sg
Is spanned by sets of model parameter and structure variants.

e  The objective function F is defined by F"(Y(X"),P(Xs)) with simulation
results Y(X)=Y(Xs U Xp) and results based on structure related variables
P(Xs) which are established during the model selection. Because of the
stochastic nature of the simulation results Y(X") an estimation function R,
the simulation response function, is calculated. The results based on
structure related variables P(Xs) are not stochastic. Hence, the simulation
response function is defined by R(Y(X")) and subsequently the objective
function by F (R(Y(X))), P(Xs)).

Figure 2.5 depicts the above formal description of a simulation based parameter
and structure optimisation framework O in a schematic diagram.

Meta-Model and Model
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\ 4
X Ds Xp Dp Model Management Module
Model Structure & :
: - Ba?aﬁe_ter_sl_nfsrn_wemo_n - — { Meta-Model AnaIyS|s ‘
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< Simulation Results
Objective R(Yi (Xsi,Xri))
Function < Model Selection Results
Pi(Xsi)

— — -Initialisation Phase Optimisation Phase

Figure 2.5 Schematic diagram of a simulation based parameter and structure
optimisation framework

Further prerequisites of the introduced approach are:
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e The modelling and simulation method with support of modular or
modular, hierarchical models and a flexible simulation engine are essential
parts of the framework. A powerful modelling and simulation method is
fundamental in two different aspects: (i) A strict separation between model
and simulator are necessary due to the crucial management of a model
structure set with a downstream model generator and a model parameter
transfer. (ii) A flexible and modular, hierarchical modelling and simulation
method can incredible enlarge the application field and ease its use.

e  The cooperation between optimisation, model management, and modelling
and simulation modules has to be comprehensive. The aim of the
cooperation is to establish control of both model parameters and model
structures by an optimisation method. The objective function evaluates
simulation results but can also incorporate further information, generated
by model management, into the evaluation. The additional parameters can
be provided by optional variables, summarised during model selection as
described in section 4.2. The search space definition used by the
optimisation module is established by the model management module.
These information exchanges require comprehensive cooperation between
the above modules.

e Using combined simulation based structure and parameter optimisation the
number of variants of different system configurations can be considerable
higher than in a pure simulation based parameter optimisation and will
need more computing power than the approach described in section 2.2.

Through the inclusion of a model management method, the optimisation method
can simultaneously control parameter changes as well as model structure
changes to find an optimal system configuration. This new approach
significantly enhances the application of simulation based optimisation. The
extension of the simulation based parameter optimisation by a controllable
model management and subsequent automatic model generation is a
fundamental idea behind this research.

The modelling and simulation and model management methods take a
crucial role in this approach. The description of a discrete event modelling and
simulation method, and a model management method based on meta-modelling
follow in the next two chapters.

23



24



Chapter 3
Discrete Event System Specification and
Simulation

After a short, general introduction to modelling and simulation this chapter
explains the DEVS formalism. The Classic DEVS formalism will be introduced
together with several extensions which are combined to form an Extended
Dynamic Structure DEVS (EDSDEVS) approach. The chapter concludes with
the introduction of the EDSDEVS formalism. The EDSDEVS modelling and
simulation approach with its advanced, modular, hierarchical model definitions
and flexible simulation algorithms plays a major role in the new simulation
based optimisation approach.

3.1 Introduction

A simulation is the imitation of the behaviour and the structure of a real-world
system. The behaviour and the structure of the system are studied by developing
a simulation model and performing experiments with it. During an experiment
the model is executed within a simulation environment by a simulator. The
model is usually created by taking assumptions concerning the function of the
system, its attributes and structures. The complete system is split into several
entities with relationships defining connections between them. A more complex
system can be split in a hierarchical manner i.e. an entity can be segmented into
sub-entities which themselves can be again segmented into sub-entities. The
entities are expressed in a mathematical, logical or symbolic form. Once
developed and validated a model can be used to perform a variety of analysis
concerning the real-world process or system. Analysing experiments can change
the behaviour or the attributes of a certain entity, the relationship between
entities or sending changed inputs to the model.

It is possible to summarise as follows and as shown in figure 3.1:

e  Modelling and simulation is the imitation of a real-world system.

e The model tries to describe real-world behaviour through states, state-
transitions and attributes.

e  The model tries to describe the real-world structure throughout partitioning
into sub-entities. Subject to the modelling formalism, the structure can be
defined hierarchically.

e  The model interacts with its environment based on inputs and outputs.

25



Chapter 3 Discrete Event System Specification and Simulation
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Figure 3.1 A real-world process or system and its model (source [1])

Under some circumstances, a model can be developed based on
mathematical methods only e.g. by the use of differential equations, algebraic
methods or other mathematical techniques. However, many real world systems
are to complex to be modelled using mathematical expressions. In these cases,
numerical, computer based modelling and simulation can be used to analyse the
behaviour and the structure of real word systems [7].

Many different concepts and methods for modelling and simulation
exist. Oren [33] classifies different types of simulation models with several
criteria. One of the various possible classifications is to use the two criteria -
time change and state change [48]. Discrete event models are a combination of
continuous time and discrete state changes as shown in figure 3.2. The choice of
whether to use discrete state changes, continuous state changes or a combination
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of both depends on the characteristics of the system under investigation and the
objectives of the study.
simulation models

time base @ state change

continuous discrete continuous discrete
— 2 -~ - — - e
— — —__
| L===2=2"—— -~
— _— — — —
differential difference discrete event finite state
equations equations models machines

Figure 3.2 Simulation model taxonomy (source [48])

The Discrete Event System Specification (DEVS) is a formalism based on
discrete event models. It supports a modular, hierarchical model construction
and claimed to be a general and powerful approach in the field of discrete event
simulation [66] [67].

For modelling and simulation and particularly with DEVS the term
formalism is used with a specific meaning. A modelling formalism can be
described by two parts: (i) formal model specification and (ii) simulation
algorithms to execute the model [53]. The formal mathematical specification
describes model structure and behaviour. The simulation algorithms specify
methods to execute any model that is described in accordance with the formal
model specification.

3.2 Discrete Event System Specification

The DEVS formalism was first introduced by Zeigler [68] in the 1970s. In [66]
the authors classify this formalism, position and compare it with other, more
established modelling and simulation formalisms. Several international research
groups are working on the DEVS formalism and are regularly publishing results
at the annual DEVS Symposium at Spring Simulation Conferences. Wainer [62]
maintains a list of available DEVS tools. The DEVS formalism is, in contrast to
other modelling and simulation formalisms, not very widely used in industrial
practice. This situation exists despite the fact that the theory is a well-founded,
general formalism. It can only be assumed that one reason of the marginal
acceptance is the type of available software tools [34].
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Since its first publications, in [68] the formalism has been enhanced
and many extensions have been introduced. To differentiate among them the
original formalism is termed Classic DEVS.

3.2.1 Classic DEVS Modelling

DEVS is a modular, hierarchical modelling and simulation formalism. Every
DEVS model can be described by using two different model types, atomic and
coupled. Both model types have an identical, clearly defined input and output
interface. An atomic model describes the behaviour of a non-decomposable
entity via input/output events and event driven state transition functions. A
coupled model describes the structure of a more complex model through the
aggregation of several entities and their couplings. These entities can be atomic
models as well as coupled models. Due to the identical interfaces and the
complete encapsulation of a model, a coupled model cannot differentiate
between the different model types of its sub components. A coupled model does
not need and does not even have any information about the type of its sub-
entities. The internal structure of each sub model is completely encapsulated and
separated from its parent. Due the possibility that several entities together create
a new entity which itself can be again part of another super-ordinate entity the
formalism is termed ‘closed under coupling’. Thus, the construction of modular,
hierarchical models is possible [66].

input output
CM1
aml )
'(Sext A
ta 5int
CMl'CMZ
output am2 am3 input
<QUipUl A Oext 4—11 Soit— NP
CM2 ta Oint ta Oint
am atomic model

CM COUPLED MODEL
Figure 3.3 DEVS model example
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Figure 3.3 shows a DEVS model example:

Structure description:
The structure of the real-world system is depicted by the structure of the
DEVS model i.e. the aggregation of entities and sub-entities and their
directed coupling relations. The top most model i.e. the root model depicts
the real-world system with an interface to its environment. This external
interface is defined by the input and output ports of the root model. The
environment is modelled in an Experimental Frame as described in [11]
[66]. An Experimental Frame makes the analysis of the modular,
hierarchical model possible, generates input events and analyses the output
events. The sub-entities input and output ports are connected over directed
couplings with other sub-entities input and output ports and with the
output port of the super-ordinate coupled model, respectively. Each atomic
and coupled model has one input and one output port. Depending on
source and destination port the coupling relations are named:
o external input coupling (EIC) with the input port of a super-ordinate
coupled model as source and one or more sub-entities as destination
o external output coupling (EOC) with the output port of a sub-entity
as source and the output port of a super-ordinate coupled model as
destination
o internal coupling (IC) with output and input port of sub-entities as
source and destination
Example:
The coupled model CM1 in figure 3.3 is the top most model i.e. the
root model. The root model has an external interface with input and
output ports to handle or create external input and output events
received by or sent to the experimental frame. It contains one atomic
model am1 and one coupled model CM2. The coupled model CM2
consists of two atomic models am2 and am3. As an EIC the input port
of CML1 is connected to the input port of aml. As an EOC the output
port of CM1 forwards events sent from the output port of am1. ICs are
the connections between the output port of am1 and the input port of
CM2, output port of CM2 and the input port of am1 and output port of
am3 and the input port of am2.
Behaviour description:
The behaviour of a real-world system and sub system, respectively, is
depicted by an atomic model and its internal states, input/output events
and event driven state transition functions. At its input port it can receive
external input events. An input event is handled by an external state
transition function. This function can immediately but indirectly induce an
internal event and subsequently an internal transition. With time controlled
internal transitions an atomic model can react to time events. Internal
events are scheduled by a time advance function and their state transitions
are handled by an internal state transition function. After each external and
internal event the time advance function is called to schedule the next
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internal event. With output events send from an output port the atomic
model can influence other entities connected to this port or create the
output event of the super-ordinate coupled model. Output events are
created by an output function which is firstly executed during internal
event handling before calling the internal state transition function.
Example:
The atomic model aml in figure 3.3 executes the external state
transition function Je When it receives an input event. After
initialisation and after each event handling the next internal event is
scheduled with the time advance function ta. During the internal event
handling by model aml the internal state transition function d;, is
called. Before the function d;, is called an output event can be created
by executing the output function 4.
e Event handling:
All input events are received over the input port regardless of event source
and type. All output events are sent over the output port regardless of
event type. An event received at an input port of a coupled model is
forwarded to the connected sub-entity(s). An event send to an output port
of a coupled model by a sub-entity is received and handled by the super-
ordinate coupled model. An event send by a sub-entity to one or more sub-
entities of the same coupled model is routed by this coupled model from
sending output to receiving input port.
Example:
When CM1 in figure 3.3 receives an event at its input port it is
forwarded over the EIC to am1. When CM2 forwards an output event
to its output port, the event is forwarded to the input port of am1 over
the IC. When aml generates an output event at its output port this
event is forwarded to CM2 due to an IC and simultaneously it
represents an output event of CM1 due to an EOC.

3.2.2 Formal Concept of Classic DEVS Modelling

The Classic DEVS formal description defines coupled and atomic models as a
combination of sets and functions. The description of an atomic model is a 7-
tuple [66]:

AM = (Xl Y’ S’ é‘exta 5|nta /11 ta)

e X, Y and S specify the sets of discrete inputs, outputs and internal states.

¢ O Qx X— Swhere Q ={(s,e) | s €S, 0<e<t,e ,elapsed timee =1t -
tIast}
The external state transition function o, handles external input event at
time t. It can induce an internal transition with a rescheduling of the time
of the next internal event. The time of the external input event is stored in

Gast-
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® Ont: S— S
The internal state transition function &, can establish a new internal state.
The execution of output function A and internal state transition function
Oint 1S induced by a time driven internal event. The time of an internal
event is established by the time advance function ta. The time of the
internal event is stored in t),.

e AS->Y
The output function A can generate an output event. If and which output
event is generated depends on the internal state S.

e ta:S—> R, L
The time advance function ta schedules the time of the next internal event
after each state transition.

Figure 3.4 shows the dynamic behaviour of an atomic model. Listing B.1 in

appendix B shows a pseudo code skeleton of an atomic model.

atomic model
X={X1,...Xm} Y={y1,...Yo}
> S — Y

Si,Sk Es={51,...5n}

X ,—> Yi+1
| Yie1 = A(Si+1)
_J— /dlﬁEtIiA Si+1=0ext(Xi,Si,€) and

Xi external “Induces™ with e=(titas) Siv2 = Oint(Sis1,ti)

| event can induces
X; €X at M
]

_|' """ | >
tast ti t
time of
last event ] Emsmme— ) [} Y

directly. v, = A(s)
internal induces - and
event at t Sk1 = Oint(Skolk)
]
| >
ti t

Figure 3.4 Dynamic behaviour of an atomic model

The description of a coupled model is a 9-tuple [66]:
CM=(d, X,Y,D,{ My}, EIC, EOC, IC, SELECT)

d, specifies the name of the coupled model.

X and Y specify the sets of discrete inputs and outputs.
D specifies the set of sub component names.

Mdl d eD
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My is the model of the sub component d
e EIC, EOC and IC are the sets of external input, external output and
internal couplings.
e The SELECT function prioritises concurrent internal events of sub
components.
The figure 3.5 depicts the relations of the elements of a Classic DEVS coupled
model. Listing B.2 in appendix B shows a pseudo code skeleton of a coupled
model.

COUPLED MODEL CM

EIC IC EOC
X={X4,... Xm} > —» Compl P Comp3 Y={y1,...Yn}

——P» Comp2 | —p» Comp4

EIC = {{CM.X,Comp1.X} {CM.X,Comp2.X}}

IC = {{Compl.Y,Comp3.X} {Comp1l.Y,Comp4.X}}
EOC = {{Comp3.Y,CM.Y} {Comp4.Y,CM.Y}}

D = {"Comp1®, “Comp2“, “Comp3*, “Comp4“}
{Md | de D} = {MCOmplv IVICompZa MComp31 IVIComp4}

SELECT : priority_order(Mcomp1, Mcomp2, Mcompa, Mcompa)

Figure 3.5 Coupled model elements

The Classic DEVS approach supports the specification of behavioural system
dynamics in atomic systems and the specification of static component
aggregations in coupled systems. It is not possible to describe structural system
dynamics at the coupled model level, i.e. the deletion or creation of components
and couplings or changes of interfaces, although all necessary structural
information is also available during simulation time as is described in section
3.2.3. The only possibility to realise a structural system dynamic is to specify it
with logical constructs at the atomic model level. However, this removes the
advantages of reusability and model clarity and increases modelling complexity.

3.2.3 Classic DEVS Simulation

Beside the formal definition the second part of the Classic DEVS formalism is
the description of abstract simulator algorithms for the execution of DEVS
models. The algorithms are named abstract because they are implemented as a
general pseudo code. The abstract simulator has a modular, hierarchical structure
matching exactly the modular, hierarchical structure of a DEVS model. A DEVS
model can be directly transformed into an executable simulator model using
abstract simulator elements e.g. as in [48] [66] [67] shown. The abstract
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simulator approach consists of three different elements namely root coordinator,
coordinator and simulator. The structure corresponds to the hierarchical DEVS
model structure except the root coordinator added as the topmost entity. Each
atomic model is associated with a simulator element and each coupled model is
associated with a coordinator element.

Figure 3.6 shows the transformation of a DEVS model to an
executable simulation model using associated abstract simulator elements. The
two coupled models CM1 and CM2 are mapped to two coordinator elements.
The three atomic models am1...am3 are mapped to simulator elements.

Example Classic DEVS model

inpu am1 output

OUtpULly | am2 l¢—| am3 ¢ LeNPUL

.

Executable simulation model
\ root coordinator \

CM2

CM1

simulator

atomic model
COUPLED MODEL E abstract simulator element

Figure 3.6 An example of a Classic DEVS model with associated abstract
simulator elements

The communication between root coordinator, coordinator and simulator
instances is message based. On top of the hierarchy the root coordinator
initiates, controls and ends a simulation cycle with different messages. It holds
the simulation clock. Each coupled model is associated to a coordinator
instance. The coordinator instance forwards messages to its subordinated
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coordinator and/or simulator instances. It holds the minimum time of the next
internal transition event of its sub components in t,.,. Each atomic model is
associated with a simulator instance. It holds the time of its own next internal
events in t,. It is important to note that both coordinator and simulator
instances have the same interfaces and receive the same messages. Hence, a
super-ordinate coordinator does not have to distinguish the type of subordinate
instances.

With this concept one prerequisite of a parameter and structure
optimisation approach as introduced in section 2.3 is fulfilled. The modular
modelling and flexible simulation play a crucial role in model management and
subsequent model generation.

Furthermore this concept enables that the modular hierarchical
structure of a model remains an unchanged part of the computational model
during simulation runtime. The preservation of the model structure is an
essential prerequisite to the dynamic structure modelling and simulation concept
introduced later in this chapter. This dynamic structure modelling and simulation
concept fulfils another prerequisite of parameter and structure optimisation
approach.

Figure 3.7 depicts the structure of a Classic DEVS model with the
corresponding abstract simulator instances. Moreover, the figure presents the
different messages types passed between the several instances of abstract
simulator elements and the subsequent DEVS model function calls. Because of
complexity and clarity selected situations are shown in sections:

I. (Figure 3.7a) initialisation phase with i-message handling:

During the initialisation phase model component’sinit functions are called
because of an i-message handling.

ii. (Figure 3.7b) *-message handling created due to internal event of model
am3 with a subsequent x-message within the same coupled model:
The root coordinator advances the simulation clock and a *-message is
firstly created. The message is sent to the successor coordinator instance of
coupled model CM1. This coordinator instance determines that the sub
component CM2 is responsible for handling this event. Hence, the event is
forwarded to the successor coordinator instance of CM2. The coordinator
instance determines that one of its sub components scheduled the event.
The simulator instance of model am3 initiates the internal message
handling. Due to the current internal state of am3 an output message is
generated. With the internal coupling am2-am3 the message is received as
an x-message by simulator instance/model am2.

iii. (Figure 3.7c) *-message handling created due to an internal event of model
aml with a subsequent x-message at different model levels:
The beginning of the message handling is similar to ii except the generated
output message is forwarded to another model level over internal and
external input couplings.

Iv. (Figure 3.7d) *-message handling created due to concurrent internal events
of models am2 and am3:
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The root coordinator advances the simulation clock and a *-message is
firstly created. The message is sent to the successor coordinator instance of
coupled model CM1. This coordinator instance determines that the sub
component CM2 is responsible for handling this event. Hence, the event is
forwarded to the successor coordinator instance of CM2. The coordinator
instance determines that two sub components scheduled the event. The
coordinator instance will then call the select() function to decide which sub
components has a higher priority and forward the message to the
appropriate simulator instance. The simulator instance calls the model
functions 4 and 8. A result of calling A could be a y-message sent back to
the subordinate coodinator instance of CM2.
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Figure 3.7 An example of a Classic DEVS model with associated abstract
simulator elements, messages and model function calls during initialisation and
simulation phases
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The execution of the simulation model can be subdivided into two phases:
initialisation phase and simulation phase. Each phase is started and proceeded by
several messages passed between root coordinator, coordinator and simulator
instances:

The initialisation phase starts with an initialisation message (i-msg)
generated by the root coordinator. This message is redirected and handled
by each coordinator instance and handled by each simulator instance,
respectively. Each simulator instance initialises the internal states S of the
associated atomic model and estimates the time of the first next internal
event t,.. Each coordinator estimates the minimum time of the first next
internal events of all sub components. Due to the hierarchical structure of
the simulation model the root coordinator instance gets the minimum time
of the first internal event of all model components from its direct successor
coordinator after a complete i-msg handling.

The simulation phase is started with the first *- message (*-msg) at the
minimum time of next internal event t,, estimated by the root coordinator
as described above. The consequence of a *-message are subsequent input
and output messages (x and y-msg). All simulator instances which
received a *- or x-message can change the time of their next internal event
thext- All coordinator instances redirecting a *-, X- or y-message estimates
the minimum time of next internal events of their sub components. Due to
the hierarchical structure of the simulation model the root coordinator
instance gets the minimum time of next internal events after a complete *-
message handling. The root coordinator instance advances the simulation
clock to that time and repeats the complete process by sending the next *-
message. Advancing the simulation clock and message handling is
repeated in a loop until the simulation end time tg.q is reached or exceeded.

The different message types created and handled during initialisation and
simulation phase have the following characteristics:

start-msg(tend)

The start-message is created and sent only once. It starts the simulation
model execution with the generation of an i-message.
I-msg()
The i-message starts the model component initialisation at time t=0. The
root coordinator instance sends one i-message to its direct successor
coordinator instance to initialise all model and simulation components.
Each coordinator instance sends further i-messages to its sub components.
*-msg(t)
A *-message received by a simulator instance starts the processing of an
internal event by calling the output function A, internal state transition
function &, and time advance function ta of the corresponding atomic
model. The time of the *-message is stored in t,s of the simulator
instance. The output of function A is sent up to the parent coordinator
instance as a y-message. The final execution of function ta can cause a
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new time of the next internal event depending on the internal state S of the
atomic model and stored in t,. Of the simulator instance.
A *-message received by a coordinator instance is sent to the successor
simulator or coordinator instance with the appropriate time t... For this
purpose the coordinator instance compares the actual simulation time with
a list of t.-instance pairs. The time-instance-pairs of all next internal
events of all sub components are stored in an event chain of the
coordinator instance. Concurrent internal events i.e. different sub
components have the same t.., are resolved by the select function of the
parent coupled model. After a complete handling of the *-message the
coordinator instance estimates the minimum time of next internal events of
all sub components and stores it in t,ey:.

o XxX-msg(t, X)
An x-message received by a simulator instance calls the external state
transition function &, and time advance function ta of the corresponding
atomic model. The time of the x-message is stored in t, of the simulator
instance. The final execution of function ta can cause a new time of next
internal event stored in t,. Of the simulator instance.
An x-message received by a coordinator instance is redirected to all sub
components with an appropriate EIC. After a complete Xx-message
handling the coordinator instance estimates the minimum time of next
internal events of all sub components and stores it in t,ey.

o y-msg(ty)
The y-message is created by an atomic model/simulator instance. It is
routed by the super-ordinate coordinator instance according the coupling
relations to other successor simulator and/or coordinator instances or to the
parent of the super-ordinate coordinator instance. Receiving simulator or
coordinator instances get this message as an x-message.

Listings B.3, B.4 and B.5 in appendix B show pseudo codes of Classic DEVS

root coordinator, coordinator and simulator.

3.3 DEVS Extensions

Extensions of the Classic DEVS formalism expand the classes of system models
that can be represented by DEVS. Several DEVS extension are introduced e.g.
in [9] [38] [48] [60] [62] and [66]. At the regular DEVS symposium held at the
annual Spring Simulation Multi Conferences the current development of DEVS,
DEVS extensions and DEVS related developments are published. An incomplete
list of DEVS extensions recently presented are:
e DEVS with Ports
The port extension adds additional input and output ports to atomic and
coupled models. The approach is introduced later in more detail.
e Parallel DEVS
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Parallel DEVS (PDEVS) considers concurrent transition events. The
approach is introduced later in more detail.

e  Dynamic Structure DEVS
Dynamic Structure DEVS (DSDEVS) enables model structure changes
during a simulation run. Several partial very different approaches exist.
Dynamic structure extensions introduced by Barros [9] and Pawletta et.al.
[38] preserve the general structure of Classic DEVS modelling and
simulation with additions to coupled model definitions but unchanged
atomic model definitions. Other dynamic structure extensions e.g.
Uhrmacher with an agent based DEVS [60] introduce more extensive
modifications. The approach of Pawletta et.al. is introduced in more detail
in section 3.3.3.

e Symbolic DEVS
It represents occurring events in a symbolic definition [12]. In
conventional DEVS, the time base, its operations and relations are
performed with real numbers. In Symbolic DEVS, the objective is to
explore multiple model behaviours simultaneously e.g. with a symbolic
result of the time advance function [66].

e Real Time DEVS
The DEVS model is developed in a conventional simulation environment.
But it is executed in real time rather than in model time. The time advance
function delivers time intervals rather than single values. The interval
allows uncertainty when an internal event has to take place.

e Fuzzy DEVS
Provides another possibility to enable uncertainty into the model set and
model function definitions.

The next sections introduce three DEVS extensions in more detail. The chosen

extensions are used as a basis of the subsequent unifying DEVS formalism

introduced as a key element of this research.

3.3.1 DEVS with Ports

The introduction of ports into the Classic DEVS formalism makes modelling
easier and the representation of information flow more clearly [66]. In Classic
DEVS each model has only a single input and a single output port. All events are
received and sent over these ports. With the port extension, a model has several
input and output ports each dedicated for a specific employment i.e. event type.
A model can have several output ports which can be connected to input ports of
other models as shown in figure 3.8. Hence, each event can use a dedicated, well
defined routing path. The modelling becomes more structured; a model can
become clearer and better understandable through differentiated interfaces.
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Figure 3.8 Models with multiple input and output ports

The formal description of Classic DEVS with Ports largely remains the same
except the extended definitions of X, Y for atomic and coupled models [66]:

X={(p,v) | p € InputPorts, v e X,}
Y ={(p,v) | p € OutputPorts, v e Yp}

e pisthe input or output port of the model

e visadiscrete value

e  X,and Y, specify the sets of discrete inputs and outputs at port p
Whereas in Classic DEVS the coupling definitions consist of a sub model name
as destination and source, respectively, for EIC and EOC and a pair of sub
model names for IC the port extension necessitate a coupling definition
extension, too:

e EIC = { (input_port, d.input_port) | input_port & InputPorts d € D,

d.input_port & InputPorts of Mg }

The external input coupling definition of a coupled model is a set of pairs
of an input port name of the coupled model itself and an input port name
of the destination sub model.

e IC ={(d;.output_port, dy.input_port) | d;,d, € D, d;.output_port &
OutputPorts of M, di.input_port & InputPorts of M, , i<>k }
The internal coupling definition is a set of pairs of an output port name and
an input port name of sub models.

e EOC = {(d.output_port, output_port) | d.output_port & OutputPorts of

My, d € D, output_port & OutputPorts}
The external output coupling definition of a coupled model is a set of pairs
of an output port name of source sub component and an output port name
of the coupled model itself.
Listings B.6, B.7 and B.8 in appendix B show pseudo codes of an example
Classic DEVS with Ports atomic model and pseudo codes of simulator and
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coordinator. Differences to the Classic DEVS pendants are marked in bold face
type.

3.3.2 Parallel DEVS

Parallel DEVS (PDEVS) was introduced by Chow and Zeigler [13]. It adds new
elements and functions to the Classic DEVS formalism. It allows all imminent
components to be activated and enables sending their output to other
components at the same time concurrently. Multiple outputs are combined in a
bag which is sent as a whole to a model’s external state transition function. A
bag is similar to a set, containing an unordered set of elements, but allows
multiple occurrences of an element. In Classic DEVS by contrast events are
handled individually. In PDEVS during the *-message handling firstly all
outputs are established before calling external and internal state transition
functions. Each receiving component is responsible for examining and
interpreting its combined inputs in the correct order. PDEVS gives the atomic
model more control over the handling order of concurrent external and internal
events. In Classic DEVS a super-ordinate component, the coupled model, is
responsible for the execution order of concurrent internal events of different sub
components using the select function. In PDEVS the order of simultaneous
events is locally controllable at atomic model level with an additional, third state
transition function, the confluent transition function &, Hence, it merges the
decision logic of execution order of concurrent events with the event handling
functions at same level. Apart from that, there is no difference in the principle of
event handling to that described in section 3.2.

According to the extensions of PDEVS an atomic model is defined by the
following 8- tuple [13]:

AM = (X1 Yl S! é;?Xh §|nt; 500[’11 /11 ta)

e X, Y and S specify the sets of discrete input events, output events and
sequential states.
e Sy Qx X — Swhere X” is a bag covering elements of X and Q = { (s,e)

| s €S, 0<e<t,e, elapsed timee =t -t }
The external state transition function &, handles a bag covering external
inputs X°= {x; | x; € X}.

b Ont: S— S
The internal state transition function &, establishes a new internal state.
The execution of output function A and internal transition function &y, is
induced by a time driven internal event. The time of an internal event is
established by the time advance function ta.

e S SxX'—>S
The confluent transition function 6., handles the execution sequence of
Ot aNd Gy fuNctions in case of concurrent external and internal events.
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o  The definition Swn (5, X?) = Sue(Snt(S), 0, XP) with Sue(s, €, X°) of the
confluent transition function is equivalent to the Classic DEVS
behaviour with a higher prioritised internal event handling.

o The alternative defintion Son(S, X°) = Snt(Gux(S, ta(s), X°)) with &(s)
of the confluent function firstly handles external events.

o  The execution of the confluent function with an empty bag Jon(s, null)
calls directly the internal transition function &.

e 1 S— Y’ where Y’ is a bag covering elements of Y

The output function A can generate a bag covering outputs Y’ = {y; | yi €
Y }. The generated output depends on the internal state S.
e ta:S—> R, L
The time advance function ta schedules the time of the next internal event
after each state transition.
The figure 3.9 shows the dynamic behaviour of an atomic PDEVS model in a
situation with concurrent external and internal events. Due to the concurrent
events the confluent transition function o, is called. Depending on the specific
implementation of function &, Sequence a) or sequence b) is executed.

XP={xi| xi €X} atomic model Y={y|y; €Y}
X={Xo,...Xm} Y={yo,...Yo}
— > —

AL 4 Su,Su+1,Su+2 € S={so,--Sn} MY L

example input bag:

XS :{Xa Xb Xc} example output bag:
H ) b
_ ‘ Yu :{yd ’ ye}
thext=ty ————— 1
_|.. ..... 'tu t [
concurrlent . a) Su+j!. — 5ext(xb, S, e)
_externa an Susn = 5con(5u, Xb, e) withe = (tu - tlast)
internal _
event at t, calling a) or b) depends on Su+2 = Oint(Su+1, 1)

specific implementation of 8¢ b)
\ Su+1— 5int(SUa tu)

Su+2 = 5ext(Xb,5u+1,e)

Figure 3.9 Dynamic behaviour of an atomic PDEVS model

The definition of a coupled model for PDEVS is the same as for Classic DEVS
except for the absence of the select function [13]:

CM = (d, X, Y, D, { Mg}, EIC, EOC, IC)

The generation of an executable PDEVS model is carried out similarly to Classic
DEVS i.e. the same coupling of atomic models with simulator instances and
coupled models with coordinator instances and the perpetuation of the original
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hierarchical model structure. Listings B.9 and B.10 in appendix B show pseudo
codes of an example PDEVS atomic model and a PDEVS simulator. Differences
to the Classic DEVS pendants are marked in bold face type.

3.3.3 Dynamic Structure DEVS

Several approaches extend the Classic DEVS to Dynamic Structure DEVS
(DSDEVS). Barros [9] [10] and Pawletta et.al. [42] introduce two DSDEVS
variants with an extension of the coupled model definition while the atomic
model definition remains unchanged. With theses extensions the coupled model
Is able to change its structure during simulation time. Uhrmacher et.al. [60]
introduce an agent based approach. It defines extensions for both atomic and
coupled systems. Another approach is Cell-DEVS, a combination of cellular
automata with the DEV'S formalism where each cell consists of a single DEVS
model [63].

The different types of extensions are carried out due to different
application fields or problem definitions e.g. a typical Cell-DEVS application
field is social and environmental modelling and simulation. The approaches of
Barros and Pawletta are extending the classic formalism without changing its
overall principle and thus the general application field of Classic DEVS. This
research is restricted to and continues the research of Pawletta. This DSDEVS
approach is introduced in detail in the following.

DSDEVS by Pawletta enables several types of structural dynamics:

e  creation, destruction, cloning and replacement of sub components

e exchange of a sub component between two coupled models

e changing coupling definitions of a coupled system
Figure 3.10 shows an example of structure changes, the creation of a sub model
with an additional extension of the coupling definition.

CM1 CM1 am?2
p p aml p am2 >y | » p aml < >*
am3
| >
am atomic model CM coupled model ¢, t

Figure 3.10 Examples of structure changes at coupled model level

Pawletta et.al. have introduced an extension of Classic DEVS to enable structure
variability during simulation time [38] ... [45] firstly named Variable Structure
DEVS. To avoid name and abbreviation confusions the name of this approach
was changed to Dynamic Structure DEVS (DSDEVS) in later publications [34]
et seqq. The approach extends the coupled model definition but the atomic
model definition stays unchanged. During the simulation time a coupled model
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can change its structures. Each structure can be seen as a structure state s; with
So, S1, --»Sn € Sps. A single structure state s; describes the structure relevant
elements of a coupled model i.e. it defines sub components with their couplings,
the sets of input and output events together with the concurrent internal event
handling function select. A structural change of a coupled model means the
modification of the current structure state. Additionally a structural state set Hpg
can store further structure information e.g. the number of structure changes at
the present time or the current structure number. External or internal events,
handled by the additional state transition functions d,¢s and d;,; at coupled model
level, induce structure state changes and as a result model structure changes.
This dynamic structure extension of Classic DEVS was developed with a regard
to hybrid systems, i.e. systems with continuous and discrete event dynamics. In
the following only the relevant aspects for discrete event systems are taken into
account.

A DSDEVS coupled model is defined by the following 6-tuple [38]:

CMDS - (dd51 SDS1 @(&S’ 5|nt; ﬂ’ ’ ta)

e g Specifies the name of the coupled model.

e According to the above definition of a coupled model, its structure consists
of sets of sub components and coupling relations. Structure changes means
modifications of these sets. Obviously, the sets of sub systems and
coupling relations could be interpreted as a structure state. The set of
sequential structure states {So, Si, ...,Sn} = Sps defines all structure variants
of the variable structure coupled model CMps. Structure state changes can
be induced by handling external or internal events of the coupled model
itself or by state events i.e. output events of subordinated components. A
structure state is defined by a 9-tuple:

si= (X, Y, Hps D, { My}, EIC, EOC, IC, select)

e Xand Y specify the sets of discrete input and output events. The sets
exactly match the sets X and Y in Classic DEVS.

e The set Hps represents additional structure related state variables.
They are equivalent to the state set S of an atomic model.

e D specifies the set of sub component names.

e My|deD
My is the model of the sub component d of the coupled model CMpg.
The set { My } defines all sub components of CMpg.

e EIC, EOC and IC are the external input, external output and internal
couplings.

e The function select prioritises concurrent internal events of the
coupled model itself and its sub components.

i Oxas: Qps X X — Hps where Qps = {(h’e) | h € Hbs, 0<e<tpey,
elapsed time e= t-tj5t}
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The external and state transition function d,gs handles external input
events and state events i.e. output events of sub components. However it is
unreasonable to make changes in the set of sub components or the
coupling relations by this function directly. This could lead to ambiguous
event handling because external events could simultaneously influence the
dynamic of sub components and the structure state. Consequently the &,
function is only allowed to modify structure related state variables in the
set Hps. However, it can induce a structure state change i.e. a change of
the model structure by scheduling an immediate internal event.
®  Ointt Sps — s
The internal transition function &, can change the structure state s; to Sj41
and as a result induce a structure change of CMps. The execution of output
function A and internal transition function & is induced by a time driven
internal event. The time of an internal event is established by the time
advance function ta.
® A SDS —-Y
The output function A can generate output events.
° ta: SDS — SREI)- /oo
As with the dynamic of atomic models, internal events are scheduled by
the time advance function ta. After each state transition the next internal
event is established by the time advance function.
The dynamic behaviour of an atomic model is identical to the behaviour in
Classic DEVS. Figure 3.11 shows the dynamic behaviour of a variable structure
coupled model. The figure depicts two external input events and one internal
event. Reasons for an input event handling can be an external input event at the
input port of the coupled model itself or an external output event at the output
port of a sub component My of the coupled model. The handling of both events
by the coupled model is identically. As a result of an event the structure related
state variable set Hpg can be changed and with the concluding call of the time
advance function an immediate internal event can be induced. An internal event
is handled by a coupled model similar to the internal event handling of an atomic
model, i.e. the event handling can induce a change of the structure state set Spg,
and in this case a change in the set of sub components {My} and/or the coupling
sets EIC, IC and EOC.,
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Coupled Model after internal Coupled Model
| ‘ event at t,
X= Y= X= o~ Y=
. > > —>
{Xoy- .. Xm} o Yo} {Xo.. Xm} {Yo,--- Yo}
S, € Sps ={Sg,--S, } Sy.1 € Sps ={Sg.--S,}
directly
induces
> X, € X external input Ny+1 = Oxes(Xu, Su, €)
event ):u at t, With & =(t, - te)
1
or liast W directly t
induces
> Mgy, €Mqg.Y output event hy+1 = dves(Ma-Yu, Su, €)
4 MaYu "f b with e = (tu - tias)
|
tIast l:u t
directly

internal “induces

= A(s,) and
event at t, Yo =A(s)
|

Sy+1= Oine(Su, 1)
|

ty t

Figure 3.11 Dynamic behaviour of a coupled DSDEVS model

Examples of sequential model structure changes are shown in figure 3.12 a-d.
The following definitions of the structure state set describe the insert and change
of sub components and couplings as a result of internal events and changes of
the sequential structure state set s; € Spg by the function & The subsets X, Y
and Hpg and the select function of a structure state s; € Sps will not be detailed.

a) b)
Input Output Input Output
— > P am; >
CM CM
c)
Output
Input| EIC am, EOC  |Outpu
CM
d)
Input | EIC IC EOC |Output
> am; > am; > >
CM

Figure 3.12 Examples of sequential structure changes of a coupled model

a) Figure 3.12a depicts a coupled model CM without sub components.

46



3.4 Extended Dynamic Structure DEVS

D, { My }, EIC, EOC and IC are empty sets.

b) In figure 3.12b the coupled model contains one sub component, the atomic
model am,, created as a result of the handling of an internal structure event
i.e. the execution of function &.

D={am;}
I\/Id = { I\/Iaml}
EIC, EOC and IC are empty sets

c) Figure 3.12c depicts external input and output couplings created as a result
of the handling of an internal structure event i.e. the execution of function

Oint-
D={am;}
I\/Id = { I\/Iaml}

EIC = { (CM.Input,am;.Input) }
EOC = { (am;.Output,CM.Output) }

IC is an empty set

d) Figure 3.12d depicts the insert of sub component am, and the
change/creation of several couplings as a result of the handling of an
internal structure event i.e. the execution of function &.

D={am;, am,}

Mg = { Mam, , Mam, }

EIC = { (CM.Input,am,.Input) }
EOC = { (am,.Output,CM.Output) }
IC = { (am,.Output, am,.Input)}

3.4 Extended Dynamic Structure DEVS

Sections 3.2 and 3.3 introduced the Classic DEVS formalism and several DEVS
extensions. Every extension has its advantages and widens the application field
of DEVS in a different direction, PDEVS generalises the specification and
handling of concurrent events, DEVS with Ports enables a more structured
modelling and DSDEVS introduces dynamic structure changes at coupled model
level during simulation time and significantly eases the modelling of larger real
systems. The extensions have one joint attribute: they are based on the Classic
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DEVS formalism. Hence, the decision on one DEVS extension inhibits the use
of advantages of another one. This principle leads to the idea of a merging
formalism to combine the advantages of different approaches and widen the
application field of the resulting formalism. In [66] a first step into this direction
is undertaken, the introduced PDEVS formalism is a combination of the original
PDEVS and DEVS with Ports. Further steps into this direction are not known.
The Extended Dynamic Structure DEVS (EDSDEVS) combines Classic DEVS
with the extensions: PDEVS, DSDEVS and DEVS with Ports. The fusion results
in a DEVS formalism with the following main characteristics:

e  Formal model description by sets and functions

e Exact definition of simulation algorithms

e  Modular, hierarchical and dynamic structure modelling and simulation
formalism

Dynamic behaviour description at atomic model level

Dynamic structure description at coupled model level

Exact behaviour definition at critical situations with concurrent events
Substantial similarity between real system and model
The next section introduces the formal concept of EDSDEVS modelling with
formal descriptions and dynamic behaviour of atomic and coupled models.
Section 3.4.2 goes into detail of the EDSDEVS simulation concept with abstract
simulator algorithms, message handling and model function calls.

3.4.1 Formal Concept of EDSDEVS Modelling

The EDSDEVS formal descriptions of coupled and atomic models as a
combination of sets and functions are similar structured as the Classic DEVS
formal description as introduced in section 3.2.2.

An atomic EDSDEVS model is a fusion of PDEVS with DEVS with Port atomic
model definitions. The atomic EDSDEVS model AMgps is defined as an 8-
tuple:

AMEDS = (x1 Yl Sa 5ext1 §|nt1 500[1! ﬂ/; ta)
e X={(p,v)|p € InputPorts, v e X,}
Y ={(p,v) | p € OutputPorts, v € Y}

The definitions of both sets are identical to the definitions in DEVS with
Ports as introduced in section 3.3.1.

e S specifies the set of internal states and is identical to internal state set S of
an atomic Classic DEVS model.

o O Qx X2 S with X°={x | x;=(p,v), p € InputPorts, v & X, } and

Q={(se)|s €S,0<e <ty ,elapsedtimee =1t -t}
The external state transition function &, handles a bag covering external
inputs. Each input consists of a pair of a discrete input v e X, and an input
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port p e InputPorts. The set Xp is the set of discrete inputs at port p and
InputPorts is the set of input ports of model AM. The function &, can
induce an internal event with a rescheduling of the time of the next internal
event.
This extended definition of &, is a fusion of the & definitions of PDEVS
and DEVS with Port.
o Ont: S— S
The internal state transition function &, can establish a new internal state.
The execution of output function A and internal state transition function
Oint 1S Induced by a time driven internal event. The time of an internal
event is established by the time advance function ta.
The definition is identical to definition in Classic DEVS.
e o SxXP S
The confluent transition function o, handles the execution order of &
and J.y functions during concurrent external and internal events. In spite
of the same function signature J,n(s, X°) the parameter X is different to
that in the PDEVS definition as described in section 3.3.2. Anyhow the
three &, definitions also apply here.
This extended definition of o, is based on the PDEVS &, function
definition. Unlike in PDEVS the function has to handle a bag covering
inputs. Each input consists of a pair of discrete input and input port.
o A:S—Y°with Y ={y;|yi=(p, V), p € OutputPorts, v € Y,}
The output function A can generate a bag covering outputs Y®. In spite of
the same function signature Y® = 4 (s) the function result Y® is different to
that in the PDEVS definition as described in section 3.3.2. The function
result is a bag covering outputs Y°={y; | yi = (p, V) } each consisting of a
pair of discrete output v e Y, and output port p e OutputPorts. The set Yp
Is the set of discrete outputs at port p and OutputPorts is the set of output
ports of model AM. If and which outputs are generated depends on the
internal state S.
This extended definition of A is based on the PDEVS A function definition.
Unlike in PDEVS the function generates a bag covering outputs each
consisting of pairs of discrete output and output port as introduced in
DEVS with Ports.
e ta:S—>R, L
The time advance function ta schedules the time of the next internal event
after each state transition. The definition is identical to the definition in
Classic DEVS as introduced in section 3.2.2.
The figure 3.13 shows the dynamic behaviour of an atomic EDSDEVS model
amgps. At time t, the confluent transition function &, handles two concurrent
events. The first event contains a bag covering external inputs received by the
atomic model amgps. The figure depicts an example bag covering three external
inputs received at two different input ports. A concurrent internal event at t, was
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scheduled by the previous execution of the time advance function ta. Depending
on the specific implementation of function &, sequence a) or sequence b) is
executed. The execution of the output function A creates a bag covering outputs.
The depicted example bag Y, covers two outputs at two different output ports.

Xinporto ={X;,-- X, } AMeps YOutporto :{yo,...yp}
. .
inporty outportg
inport; outport;
P> 5, Su1Su2 € S = {So, ...S1} >

Xinporti :{XO""Xn} Youtportj :{yO""yq}

b_ — b_ —
X'={X| %= (v,p), Y ={yi| Yk = (v,p),

V EXp, vV EY),

p € InputPorts} p € OutputPorts}
ij number of input and output ports
m,n,p,q number of different X and Y events per port e[ v
r number of internal states
X° bag of input events ex%mple output bag:

b —

Y bag of output events Yu = {(yd ,outport, ),

example input bag:

X2 ={(x,,inport,), (x,,inport,), (x,, inport,)} (y,outport,)}

thext=tu |
..... i -
tlast ty t '
concurrent ———» Sy2 = Jeon(Sus X, €) a) SME Oext(X°y, Su, €)
withe = (- t
eXter_nal andl calling a) or b) depends on ( u IaSt)
Interna specific implementation of .o,
Su+2 = Oint(Sy+1, T
event at t, ) u+ int(Su+1, 1)
X2 bag of input messages at t, Su+r1 = dint(Su )
ty time of concurrent external and internal message b
s, state at time t, Su+2 = Jext(X'u, Su+1, €)

Figure 3.13 Dynamic behaviour of an atomic EDSDEVS model

Listings B.11 in appendix B shows pseudo code of an atomic EDSDEVS model.

A coupled EDSDEVS model is defined by the following 7-tuple:
CMeps = (deps, Seps, Ses: Fints Scons 4, 1)

e  dgps specifies the name of the coupled model.

e Inthe EDSDEVS formalism the coupled model structure consists not only
of sets of sub components and coupling relations as in DSDEVS,
introduced in section 3.3.3, but also of additional interface definitions i.e.
input and output port definitions. The set of sequential structure states
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{So, S1, ---xSn} = Sgps has to define all structure variants of the coupled
model CMgps. Two model structure variants can vary in different interface
definitions, in contrast to DSDEVS where each model has a non-variable
interface with a single input and a single output port. Hence, a structure
state has to incorporate interface definitions with sets of input and output
ports additionally to the structure state definition as introduced in section
3.3.3. An EDSDEVS structure state is defined by a 10-tuple:

si= (X, Y, Heps, D, { My}, InputPorts, OutputPorts, EIC, EOC, IC)

e X and Y specify the sets of discrete input and outputs. The sets exactly
match the extended definitions of X and Y as introduced in section
3.3.1 with the introduction of DEVS with Ports.

e  The sets Hgps, D and My exactly match the sets Hps, D and My of the
DSDEVS formalism introduced in section 3.3.3.

e InputPorts and OutputPorts specify the sets of input and output port
names of the coupled model CMgps. These two elements of the
structure state s; are introduced by the EDSDEVS formalism.

e EIC, EOC and IC are the external input, external output and internal
couplings of CMgps. The definition of the coupling relations exactly
match the definition as introduced with the DEVS with Ports extension
in section 3.3.1.

o s Q x XP - Hgps where X® is a bag covering input, input port pairs

and Q = {(h,e) | h € Heps, 0<e<t,e, elapsed time e =1t - tj5q }

The external and state transition function &, handles a bag covering

inputs. Each input consists of a pair of:

o adiscrete input v e X, and an input port p e InputPorts. The set
Xp is the set of discrete inputs at port p and InputPorts is the set
of input ports of model CMgps.

o a discrete output v e MqyY, and an output port p e
Mg.OutputPorts where My is the model of the sub component d
of the coupled model CMgps. The set My.Yp is the set of discrete
outputs at port p and My.OutputPorts is the set of output ports of
model My.

o adiscrete input v e My.X; and an input port p € Mg.InputPorts
where My is the model of the sub component d of the coupled
model CMgps. The set My.Xp is the set of discrete inputs at port p
and Mg.InputPorts is the set of input ports of model My.

This extended definition of &, Is a fusion and extension of the .
definitions of DSDEVS, PDEVS and DEVS with Ports. In DSDEVS only
state events induced by output events of sub components are handled.
However, an output port can have coupling relations to multiple input
ports. In this case there is a difference in the handling of a single output
event of a single source sub model or multiple input events of different
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destination sub models. Hence, the external and state transition function of
EDSDEVS can handle both output and input events. However, the
functionality is in accordance with the description of the DSDEVS
external and state transition function & introduced in section 3.3.3.
® Ot Seps — Seps
ta: Sy — Ry v
The internal state transition function &, and the time advance function ta
exactly match the functions of the DSDEVS formalism introduced in
section 3.3.3.
° Ocon: Seps X Xb— Seos
The confluent transition function &, handles the execution sequence of
oint and Sy functions during concurrent external and internal events.
The EDSDEVS formalism introduces the confluent transition function also
at coupled model level due to the fusion of PDEVS and DSDEVS. A
coupled EDSDEVS model handles external, state and internal events itself
instead of only forwarding them as in PDEVS. Hence and in contrast to
PDEVS, in EDSDEVS concurrent external and internal events can occur
also at coupled model level. Consequently, a confluent transition function
to handle concurrent events is also necessary at this level. The
functionality is in accordance with the description of the confluent
transition function &, for atomic model in this section.
° A: Sgps — Yb
The output function A can generate a bag covering outputs Y® = {y;}. An
output y; consists of a pair of discrete output v e Y, and output port p e
OutputPorts. The set Yp is the set of discrete outputs at port p and
OutputPorts is the set of output ports of model CMgps. If and which
output event is generated depends on the internal state Sgps.
The output function A in the EDSDEVS formalism merges three sources:
0 The output function A at coupled model level is introduced by
DSDEVS.
0 The definition of the function creating a bag covering outputs is
based on PDEVS.
0 The output event structure with pairs of output/output port is
introduced by DEVS with Ports.
The figure 3.14 shows the dynamic behaviour of a coupled EDSDEVS model
CMgps. At time t, the confluent transition function &, handles concurrent
external and internal events. The first event is a bag covering inputs received at
input ports by the coupled model CMgps. The figure depicts an example bag
covering three external inputs received at two different input ports. A concurrent
internal event at t, was scheduled by the last execution of the time advance
function. Depending on the specific implementation of function &, sequence a)
or sequence b) is executed. The execution of the internal state transition function
Oint Can change the structure state s, to S,+1 Or Sy+1 t0 Sy+» and therefore the model
structure of CMgps to CMgps. The execution of the output function A creates a
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bag covering outputs Y,?. The depicted example bag Y,? covers two outputs at
two different output ports.

Listings B.12 in appendix B shows pseudo code of a coupled
EDSDEVS model.

CMeps
Xinpofto :{XO""Xm} Youtport0 :{yO""yP}
——- >
Inporty outporty -
inport; outport; .
» Sy €S >
XinPOFti :{XO""XH} v EDs Youtportj :{yo’"'yq}

X0={x | X = (Vp), Y={yic| i = (v,p),

v EXpUMd.Xp UMd.Yp, v EYp,
p € InputPorts v Mg.InputPorts p € OutputPorts }
Mgy.OutputPorts } )
example output bag:
b
Yu = {(yd ,outport, ),
(Y., outport,)}
Xinporto :{XO""X£ Youtport0 = {yo A YV}>
- inportp outporty
inport outport,
p k> o -
. = Su+1 € OEDS —
X inport {XO ""XS} " Youtport, - {yo " yw}
att, | aftert,
examole inout bag: i kil number of input and output ports
b pie P . g . . mnp,g | r,sv,w | number of different X and Y events per port
X, ={(x,,inporty), (x,,inport,), (x.,inport)} bag of input events
Y bag of output events
— b
1 D |y = doc(Xy, i ©)
t=t eyt > withe = (tu - t|a5t)
I |
_|_t| . Itu t > SU+2 = 5int(5u+l1 tu)
as
b) —
_ b Su+1 = Oint(Su,
conculrrendt —» 5,,=0,,(5,,X.€) u+1= Oint(Suy 1)
external an calling a) or b) depends on _ b
internal event at t, specific implementation of 8¢, uvo = 56Xto(“ Nuvs, €)
XP bag of input messages at t,
ty time of concurrent external and internal message
Sy structure state at time t,
Sysl structure state after time t,
hy structure related state variables at time t,

Nyst structure related state variables after time t,

Figure 3.14 Dynamic behaviour of a coupled EDSDEVS model
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3.4.2 EDSDEV Simulation

The simulation engine for EDSDEVS models is a combination and extension of
the simulation algorithms of Classic DEVS, PDEVS and DSDEVS. The
message handling of coordinators are largely similar to simulators. Each
coordinator holds its own time of next internal event in t,; . and searches the
minimum time of next internal event in t., of sub components and in its own
tnext c
B Figures 3.15 and 16 depict an EDSDEVS model example with the
associated simulation model components i.e. root coordinator, coordinator and
simulator instances and the message handling. The figure is based on and
extends figure 3.7 depicting a Classic DEVS model example with associated
simulation model components and message handling. The overall structure is
very similar to the Classic DEVS simulation model execution except for
additions at the levels of coordinator and associated coupled model. Because of
complexity and clarity selected situations are shown in sections:
I. (Figure 3.15a) initialisation phase with i-message handling:
During the initialisation phase model component’sinit functions are called
because of an i-message handling similar to Classic DEVS. Additionally,
after structure changes i.e. modification of the sub component set during
the simulation phase the init function is called too.
ii. (Figure 3.16b) *-message handling created due to an internal event of
model am2:
The root coordinator advances the simulation clock and a *-message is
firstly created. The message is sent to the successor coordinator instance of
coupled model CM1 (not depicted). This coordinator instance compares
the actual simulation time t with its own next internal event time stored in
thext ¢ @nd determines that it is not responsible for handling this event.
Hence, the event is forwarded to the successor coordinator instance of
CM2. The coordinator instance is again not responsible for handling the
message itself but knows that a sub component scheduled the event. The
coordinator instance will then forward the message to the appropriate
simulator instance associated with am2. The simulator instance of am2
calls the model functions A and &, A result of calling A could be a
y-message sent back to the subordinate coodinator instance of CM2. This
coordinator instance reacts with the call of the model function &g, of CM2
and a messge forward to the simulator instance of am3 due to an
appropriate 1C coupling.
. (Figure 3.16¢) *-message handling created due to an internal event of
model CM2:
The depicted situation is similar to 3.16b except that the coordinator
instance of CM2 determines that simulation time t and its t, . are equal.
Hence, it has to handle the *-message itself with calling A and &, model
functions of CM2 with the possibility of generating a y-message sent to a
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sub component and/or superordinated coordinator instance and of

changing its sequential structure state Sgps.

(Figure 3.16d) concurrent event handling with the confluent transition

function oS-

The figure depicts the handling of concurrent external and internal

messages by the coodinator instance of CM2. The confluent function of

CM2 is called to handle the concurrent messages. Depending on the

specific implementation of &, the external transition function &gs and

internal transition/output functions &, respectively, are firstly called.The

external message is concurrently handled by the function &, and

forwarded to the simulator instance of sub component am2 as a x-message

due to an appropriate EIC. Calling the output function A could cause a

y-message sent to a sub component and/or superordinated coordinator

instance.

(Figure 3.16e) x-message handling:

(i) x-message at input, of CM2 and due to an appropriate EIC at input,
of am2:
The first x-message is received by the coordinator instance of CM2.
This message is handled by the function &g of the coupled model
itself and concurrently forwarded to the simulator instance am2 due
to an appropriate EIC. Because no concurrent internal event exists
the function &, is not called.

(i) y-message at output, of am2 and due to an appropriate IC forwarded
as X-message to input, of am3:
Due to an internal event the model am2 generates a y-message. This
y-message is handled by the super-ordinate coordinator instance
which calls the function &g Of its associated model CM2. The
coordinator instance concurrently forwards the y-message as an
X-message to the simulator instance of am3 because an IC exists
between the output port output, of am2 and the input port input, of
ama3.
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Figure 3.15 An EDSDEVS model example with associated abstract simulator
elements, messages and model function calls during initialisation phase
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Figure 3.16 An EDSDEVS model example with associated abstract simulator
elements, messages and model function calls during simulation phase
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Listings B.13 and B.14 in appendix B show pseudo codes of EDSDEVS
coordinator and simulator algorithms.

The EDSDEVS formalism developed from this research is a fusion of
Classic DEVS with several extensions. It widens significantly the application
area. This part of the research is an as generic as possible modelling and
simulation formalism based on DEVS. Further extensions are desirable and
essential. To establish a widely accepted modelling and simulation approach
extensions for parallel computing and graphical modelling are necessary. There
are also approaches for hybrid DEVS extensions i.e. the support of continuous
state changes. These proposals are recommended as further research.
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Chapter 4

Model Management -
Model Set Specification and
Organisation

Zeigler introduced in [66] a simulation based system design approach. It is a
plan —generation — evaluation process. The plan phase organises design
alternatives with different model structures and model parameters within defined
system boundaries to satisfy given design objectives. During the generation
phase a specific model design is chosen and the corresponding model is
generated. This model is simulated during the evaluation phase using an
experimental frame derived from the design objectives.

The System Entity Structure/Model Base framework (SES/MB) [52]
[66] is such a simulation based system design approach. It is specifically
configured to define, organise and generate modular, hierarchical models and
was developed to assist an analyst in model organisation and generation. To
represent a set of modular, hierarchical models, the SES/MB framework is able
to describe three relationships: decomposition, taxonomy and coupling.
Decomposition means the formalism is able to decompose a system object called
‘entity’ into sub-entities. Taxonomy means the ability to represent several
possible variants of an entity called ‘ specialisation’. To interconnect sub-entities
the definition of a coupling relationship is necessary.

The literature e.g. [52], [65] [66] and [69] describes slightly different
specifications of the SES/MB framework. Hence, section 4.1 defines a classic
SES/MB framework according to [52] and [66] as a basis for further extensions
introduced in section 4.2.

4.1 Classic System Entity Structure/Model Base

Framework

The SES/MB framework approach is [52] [66]:
e  The framework consists of two parts: (i) the system entity structure and (ii)
the model base.

e A modular, hierarchical model is constructed based on: (i) the declarative
system knowledge coded in a SES and (ii) predefined basic system models
stored in a MB.
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Chapter 4 Model Management — Model Set Specification and Organisation

e  The partitioning of a modular, hierarchical model is highly dependent on
the design objectives. Model parameters are a typical example. They are
not really a part of the model composition structure but nevertheless they
can become a part of the system entity structure if they are crucial for
describing design alternatives.

e  The model generation from a SES/MB is a multistage process. The first
step is a graph analysing and pruning process to extract a specific system
configuration. Based on this information a modular, hierarchical model is
generated.

The SES is represented by a tree structure containing alternative edges starting at
decision nodes. With the aid of different edge types and decision nodes a set of
different model variants can be defined. To choose a specific design and to
create a specific model variant the SES has to be pruned. The pruning process
decides at decision nodes which alternative(s) to chose as a consequence of
specified structure conditions and selection rules. The result of this process is a
Pruned Entity Structure (PES) that defines one model variant. A composition
tree is derived from a PES. The composition tree contains all the necessary
information to generate a modular hierarchical model using predefined basic
components from the model base (MB). Figure 4.1 shows the principal
organisation and the transformation process: SES — PES — Composition Tree
+ MB — Modular, Hierarchical Model.

SES/MB Specification
System Entity Structure Model Base
S5

Pruned Entity Structure Composition Tree Modular Hierarchical Model

Figure 4.1 SES/MB formalism based model generation

The used SES definition is based on definitions published in [52] and [66]. A
SES is a labelled tree consisting of different nodes with optional properties and
different edge types. Figure 4.2 depicts a SES example which is referenced by
the definition.
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Figure 4.2 A SES example

The SES formalism differentiates four types of nodes: (i) entity, (ii)
specialisation, (iii) aspect and (iv) multi-aspect. An entity node represents a
system object. There are two subtypes of entity nodes — (v) atomic entity and (vi)
composite entity. An atomic entity (figure 4.2 (v)) cannot be broken down into
sub-entities. The model base contains a corresponding model for each atomic
entity. Atomic models (described in chapter 3) and atomic entities must not be
mixed at this point i.e. an atomic entity can also correspond to a coupled model
in the model base. A composite entity (figure 4.2 (vi)) is defined in terms of
other entities, which can be of type atomic or composite entity. Thus, the root
node of a tree is always of type composite entity, while all leaf nodes are always
of type atomic entity. The root node and each composite entity node of the tree
has at least one successor node of type - specialisation (figure 4.2 (ii)), aspect
(figure 4.2 (iii)) or multiple-aspect (figure 4.2 (iv)). That means there is an
alternate mode between entity nodes and the other node types. The definition of
the different node types can be briefly summarised as follows:

atomic entity node = (name, {av,,... av,},selection constraints}

composite entity node = (name, successors, {avy,... av,})

An entity node is defined by a name and is of type atomic or composite. Both
node types may have attached variables av. A composite entity node can have a
single successor node of type specialisation or multi-aspect or multiple
successor nodes of type aspect. An atomic entity node can have attached
selection constraints when it is a successor of a specialisation node.

specialisation node = (name, successors, selection rules)

A specialisation node is defined by a name and a set of successor nodes. In the
tree it is indicated by a double-line edge. A specialisation node defines the
taxonomy of a predecessor entity node and specifies how the entity can be
categorised into specialised entities. A specialisation node always has successor

61



Chapter 4 Model Management — Model Set Specification and Organisation

nodes of type atomic entity to represent the possible specialisations. A
specialisation node can define additional selection rules to control the way in
which a specialised entity is selected during the pruning process. Selection
constraints are added to successor entity nodes of a specialisation node. The
specialisation node A in figure 4.2 has two specialisations defined by the nodes
A; and A,. During the pruning process one of these specialisations is chosen.
Due to the selection rule at node A, it is mandatory to chose node Bge; When
node A, is chosen.

aspect node = (hame, successors, coupling specification)

An aspect node is defined by a name, a set of successor nodes and coupling
information. It is indicated by a single-line edge in a SES tree. An aspect node
defines a single possible decomposition of its parent node and can have multiple
successors of type atomic and/or composite entity. The coupling specification is
a set of couplings and describes how the sub-entities, represented by the
successor nodes, have to be connected. Each coupling is defined by a 2-tuple.
Each tuple consists of sub-entity source and destination information, e.g.
(SourceEntity.outputport, DestinationEntity.inputport). The composite entity B
in figure 4.2 has two decomposition variants defined by the aspect nodes Bgec:
and Bgecp. During the pruning process one of the decomposition variants has to
be chosen.

Using SES/MB to describe a DEVS model an aspect node defines the
composition of a coupled model.

multiple aspect node = (name, successor, coupling specification, number range
property)

The definition of a multiple aspect node is similar to an aspect node. However, it
defines additionally a number range property and has only one successor node
of type atomic entity. It is indicated by a triple-line edge in a SES tree. A
multiple aspect node also defines a decomposition of a composite entity, but all
sub-entities have to be of the same entity. Only the number of sub-entities is
variable according to the attached number range property. The multiple aspect
node Cpaspec i figure 4.2 illustrates the decomposition of composite entity C that
may be composed by one, two or three sub-entities L.

A multiple aspect node also defines the composition of a coupled model.

In figure 4.3 a SES/MB example points up the complete process of model
generation from a SES/MB to a modular hierarchical model. The SES tree
defines a coupled model CM1 with two structure variants. The two variants are
defined by the specialisation node CM2_spec and specialisations CM2.1 and
CM2.2. The model base contains several basic components which are referenced
by the SES. The different possible pruning results are PES variantl and
variant2. After a transformation to a composition tree and a model generation,
with the basic components taken from the model base, the final results are the

62



4.2 Extension of the System Entity Structure/Model Base Framework

modular hierarchical model variantl and variant2, respectively. The SES tree
does not define selection rules or selection constraints. Hence, an analyst has to
use other, external criteria to decide which alternative structure should be chosen
during the pruning process.

MB CM1 SES
Oy M1 dec
Lz) aml Ll} . {{CM1.x1,am1l.x1},{aml.yl,am2.x1},
REN {am2.y2,am1.x2},{fam2.y1,CM1.y1},
{am2.y3,CM2.x1},{CM2.y1,am1.x3}}
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X y
B am2 ﬁ Cl|\|/|2 aml am2
X cMm21 M CM2_spec
X cm22 P
CM2.1 CM2.2
Variant 1 Variant 2
PES CM1 CM1
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Figure 4.3 Detailed pruning and model generation example

4.2 Extension of the System Entity
Structure/Model Base Framework

Originally the SES/MB framework was developed to assist an analyst during the
model variant selection and a subsequent model generation. Pruning as a part of
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these processes is a stepwise procedure with decisions at decision nodes under
the control of selection rules and structure constraints. Both rules and constraints
represent supplementary structure-knowledge as an addition to the
structure-knowledge coded in the SES tree. The supplementary
structure-knowledge is used to support the selection of design alternatives and to
avoid invalid structures. This knowledge representation is customised to its
usage during the pruning. The upper part of figure 4.4 depicts the steps of the
original pruning process. An analyst initialises attached variables and makes
decisions as long as unpruned decision nodes exist. A decision at a specific
decision node can cause the pruning at other nodes according selection rules and
structure constraints. The pruning in classic SES is a n-step procedure (n is equal
or less than the number of decision nodes) with the goal to synthesise one valid
model configuration.

In this research a new pruning principle is introduced. The lower part
of figure 4.4 depicts the steps of the new pruning process. The new process is
based on information delivered by the optimisation method as depicted in figure
2.5 and is carried out in a single step. A structure validation based on
structure-knowledge is carried out after the pruning - not during - as in the
original SES/MB framework. This important development means that the new
pruning procedure requires another representation for structure-knowledge
originally coded in selection rules and structure constraints. The new pruning of
a SES tree is carried out in one step based on the structure parameter set Xg;. The
model structure is verified in a second, following step. The new pruning
algorithm is a 2-step procedure. Figure 4.4 identifies the differences between the
original and new principle. A detailed description of the new approach is given
in chapter 5.

Structure conditions as a new, alternative structure-knowledge
representation are added to composite entity nodes. They are used as the
alternative to selection rules and structure constraints as defined in [52] and [66].
During the pruning sub trees are removed. The remaining structure conditions
are evaluated to verify the PES. Only if all structure conditions are true the PES
is valid.

64



Original Pruning

4.2 Extension of the System Entity Structure/Model Base Framework

New Pruning

Start
A
Pruning - - — .
¥ Repeat until no unpruned decision nodes exist.
. Check selection rules and
Exists . .
an unpruned™\ Yes Make a decision structure constraints. If
decision —m atadecision —® necessary automatically
node. prune appropriate
node? .
decision nodes.
S No
v
PES
Start

.

> Establish Xg;

h J
Pruning

Check
Structure
Conditions

PES
Figure 4.4 Comparison original pruning —new pruning principle

65

Figure 4.5 shows an example SES with a structure condition added to the
composite entity node ROOT. The SES defines 12 different design variants
whereas not all variants are valid according the structure condition. The figure
depicts two variants, one valid and one invalid. If the generated model structure
contains the atomic entity nodes A2, D, E, F, L, it would be valid because the
structure condition p;+p,+1*p;=3+3+1*3<12 is true. The second model
structure variant contains the atomic entity nodes A2, D, E, F, L, L. It is not valid
because the structure condition p;+p,+2*p;=3+3+2*3<12 is false.
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Figure 4.5 SES example with a structure condition

Chapter 5 provides the description of the application of the extended
SES/MB framework. The chapter describes the combination of the introduced
EDSDEVS formalism and SES/MB approach with an optimisation method to
the simulation based parameter and structure optimisation as introduced in
principle in section 2.3. The descriptions of the pruning and the terminal model
generation processes, as a part of the SES/MB framework description, are
provided in the context of other algorithms in chapter 5.
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Chapter 5
A Framework for Modelling, Simulation
and Optimisation

Chapter 2 introduced the key research concept - simulation based parameter and
structure optimisation as a merging framework of three methods, optimisation,
model management, and modelling and simulation. Chapter 3 introduced
EDSDEVS as a modular, hierarchical modelling and flexible simulation
formalism as applied in the framework, and chapter 4 defines the SES/MB
approach as a suitable model management framework. In this chapter a complete
framework for combined parameter and structure optimisation experiments is
proposed. After a brief description of the general framework structure, its
methods are discussed in detail and the entire algorithm is summarised. Finally
implementation details to describe a SES/MB structure with XML are
introduced.

5.1 General Framework Structure

A fundamental overview of a simulation based parameter and structure
optimisation experiment is shown in figure 2.5. A more detailed structure of the
framework with concrete elements and information flow is depicted in figure
5.1. The interface definitions between the three modules are a fundamental part
of this approach. They bind the named methods together to synthesise a
simulation based parameter and structure optimisation.
On closer examination of the framework it is crucial to divide an optimisation
experiment into two phases:
1. Initialisation phase
The model management reads and analyses a meta-model. Results of the
analysis are information about the multidimensional search space (Xs, Xp,
Ds ,Dp). The optimisation module is initialised with this information.
2. Optimisation phase
During the optimisation phase the optimisation method explores the search
space within a loop. Each examined search space point i.e. an ordered set
of values (Xs,, Xp,) is delivered to the model management module. This
module starts up the processes: structure synthesis, model generation,
model simulation and performance estimation. The optimisation loop ends
when a stop criterion is fulfilled. Examples of stop criteria are (i) going
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below a minimum alteration rate or (ii) exceeding the maximum number of
optimisation cycles. The result of a successful finished optimisation phase
IS a parameter and structure optimised model.
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| (Model Structures & SES MB
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Figure 5.1 Structure of the simulation based optimisation framework

The simulation based optimisation framework is segmented into the following
modules, methods and interfaces as depicted in figure 5.1:

1.

Model Management Module: meta-model specification

A meta-model definition is read and interpreted by the model management
during the initialisation phase. A meta-model is defined in the form of a
platform and implementation independent XML file. The basic
components of a MB are regular EDSDEVS model components. They are
referenced by the XML file with a model name and a model instance
name. The result of this step is a data structure with an SES tree and
references to a MB.

Interface Model Management Module — Optimisation Module: meta-
model analysis

In a second step during the initialisation phase the model management
module analyses the SES tree and establishes the search space. The search
space is defined by a set of variables with their domains. These sets Xg, Ds,
Xp and Dp are sent to the optimisation module.
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3. Interface Optimisation Module — Model Management Module:
transformation of a search space points into a model configuration
The model management module receives a search space point (Xgi Xp;)
within the optimisation loop. The sets Xg; and Xp; are used to prune the
SES, to synthesise the model structure and to parameterise the model. The
selected model structure and model parameters are sent to a model
generator as a platform and implementation independent XML files.

4. Model Generation Method
Based on the received XML file with model structure information and
references to basic components the model generator creates an EDSDEVS
model.

5. Simulation Method
The EDSDEVS model is executed by an EDSDEVS simulator. In this
research the modelling and simulation method is based on the EDSDEVS
formalism. Principally this approach is not limited to EDSDEVS or DEVS
formalisms exclusively.

6. Interface Model Management and Simulator — Objective Function
In this approach the objective function gets both simulation results from
the simulator and model structure selection results from the model
management module to establish the performance of the current model
structure and parameter set.

7. Optimisation Method
The optimisation method establishes the next search space points to
examine in a loop until the stop criterion is fulfilled. The search space
points are chosen based on the search space definition and on previous
objective function results.

5.2 Interface: Optimisation Module — Model
Management Module

During the initialisation phase, the Model Management Module has to analyse
the SES tree to transform formal meta-model structure information into
numerical data useable by the Optimisation Module. Together with the model
parameters the information is sent as initialisation data to the Optimisation
Module. The information, coded in the four sets Xg, Dg, Xp and Dp is used to
build the set X" = Xp U X5 and the corresponding domain set D* = Dp U Ds.
During the optimisation phase repeated in each optimisation loop cycle the
optimisation method calculates a numerical data set X;'= Xp; _ Xs;. The set X[ is
sent to the Model Management Module, which determines based on this
information a new model configuration, i.e. a new model structure and initial
model parameters. Both transformations are described by an example illustrated
in figures 5.2 and 5.3.

The main task of the first transformation is to convert SES structure
information to a structure parameter set Xg and the corresponding domain set Ds.
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This is done by a tree analysis starting at the root node, traversing the tree in a
defined direction and considering every node. If a node is a decision node, i.e. it
Is a specialisation node, multiple aspect node or composite entity node with
alternative successor nodes, a structure parameter Xs; is added to the structure
parameter set Xg and a corresponding domain ds; to the domain set Ds. The
domains of specialisation node and composite entity node are {1, ..., number of
variants}. The domain of a multiple aspect node is defined by its attached
number range property.

Two general principles can be applied to traverse the tree: (i) depth-
first and (ii) breadth-first analysis. An advantage of the breadth-first analysis is
the arrangement of the variables. If it can be assumed that variant decisions at a
higher level of the SES tree have larger effects on the overall model structure
than decisions near the leafs, a breadth-first analysis should be preferred. The
breadth-first analysis sorts the elements of Xs and Ds as follows: elements on the
left hand side of the ordered set correspond to higher levels of the SES; elements
on the right hand side correspond to decision nodes nearer the leafs. An
optimisation method could take this into account. Figure 5.2 illustrates the
algorithm for creating structure parameter set Xs and the corresponding domain
set Dg based on SES tree information. The analysis and Xg, Dg set build-up order
Is marked with small sequence numbers.

SES DA .
structure condition:
{p1+2p2i<13}
(Z)i?\dec
I I
(B 4)C
| —
(S)Bdec (6)Cdec1 (7)Cdecz
| L B
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(8)IZ|) (9)I|E (10F G(11) (129H 1(13)
(14)Dmaspec (15) Espec
e
(16K (17)E1 E2 E3(19)
{p2i= 2} (18)
(4) C => XSl,dS]_:{l,Z} _
(14) Dmaspec => XSZ,d82={213,4} X S: {X51,X52,XS3}
(15) Espec => ng,d332{1,2,3} D s= {d51,d32,d53}

decision node (1)...(19) analysis sequence

Figure 5.2 Transformation SES — set X and set Dg

The breadth-first analysis starts at the root node A, a non-decision node. Next
nodes are non-decision nodes Ay and B. The composite entity node C is the
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first decision node. It has two alternative successors. A first parameter Xxg; is
added to set Xgwith the domain ds; = {1, 2}. The next examined nodes are Bgec,
Caecty Caec2y D, E, F, G, H and | - they are non-decision nodes. The next
examined node, the multiple aspect node Dpagpec IS @ decision node. The value of
its number range property is {2, 3, 4}. A second parameter Xs, is added to Xg
with the domain ds, = {2, 3, 4}. The next node, the specialisation node Egpy is
again a decision node. It has three alternative successor nodes. A third parameter
Xs3 IS added to Xgwith the domain dg;= {1, 2, 3}. The last nodes analysed K, E;,
E, and E; are non-decision nodes. The example SES has three decision nodes.
The resulting structure parameter set is Xs={Xs1, Xs2, Xs3} With the
corresponding domain set Ds = {ds;, dsy, ds3} with the above determined
domains. On the basis of the combination of these sets Xs, Ds, the model
parameter set Xp and its corresponding domain set Dp the optimisation method is
able to search the search space. Additional SES tree information e.g. the
structure condition at node A and the attached variables p; and p, in figure 5.2
are irrelevant during the initialisation phase.

The second transformation is the reverse of the first. The Model
Management Module receives a point in the search space from the Optimisation
Module i.e. the numerical data set X;'= Xp; U Xs;, Where set Xs; codes a specific
model structure and set Xp; codes its model parameters. It has to synthesise the
corresponding model structure and has to infer the model parameters. The
transformation has to traverse the tree in the same direction as during the first in
the initialisation phase. At each decision node the next element of current
structure parameter set Xg; is used to decide: (i) which successor of a composite
entity node with alternative successors nodes is chosen, (ii) which specialisation
of a specialisation node is chosen or (iii) how many successors of a multiple
aspect node are incorporated into the PES. After pruning the model structure is
verified with the evaluation of all structure conditions. If a structure is invalid
the specific set X; will be refused and this information is sent to the
Optimisation Module. It marks this point in the search space as prohibited and
determines a new one. Figure 5.3 illustrates the principle of this transformation.
The analysis and pruning order is marked again with small sequence numbers.
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current model structure SES (l)AStructLIIre condition:
parameter set (P+3pa<13)
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Figure 5.3 Transformation Xs; + SES — PES

The breadth-first analysis starts at the root node A and continues as already
described before. The first decision node of the SES tree in figure 5.3 is
composition entity node C. The first element in Xg; is X5;=1, 1.e. the first aspect
node Cgec1 IS chosen for the PES. The next decision node is the multiple aspect
node Dpaspec and the corresponding set element is xs,=4, i.e. the PES contains
four nodes K. The last decision node is specialisation node Eg,. and the
corresponding set element is Xg3=2, i.e. the PES contains the second
specialisation of node Eq.. After pruning, the attached variables are calculated
and the PES is verified by evaluating the relevant structure conditions. In the
example in figure 5.3, the aspect node Cge; and four atomic entity nodes K were
chosen. Therefore, the structure condition at node A is evaluated as follows:
p; + 2P, =4 + 8 < 13 and from this it follows that the PES is valid.
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5.3 Interface: Model Management Module -
Modelling and Simulation Module

Each optimisation cycle requires a change and adaptation of the simulation
model. If the structure parameters in Xg; are changed, a new simulation model
structure has to be generated. Otherwise, if just the model parameters in Xp; are
changed, it is adequate to re-initialise the model parameters. As illustrated in
figure 5.1 all necessary information is sent from the Model Management Module
to the Model Generator of the Modelling and Simulation Module. The Model
Management Module creates XML files describing the model structure.
EDSDEVS basic components, predefined in the MB, XML files and current
model parameters coded in set Xp; are used by the Model Generator to generate
the entire EDSDEV'S model.

The use of a standardised XML model description for information
exchange decouples the two modules. It is based on W3C XML schema Finite
Deterministic DEVS Models introduced in [30] and [31]. The XML interface
uses the atomic and coupled model interface descriptions with model and port
names. The coupled model description described in [31] is currently work in
progress and does not contain all necessary description elements for this
approach. Therefore, the composition description of coupled models additionally
defines sub model names and coupling specification. The coupling specification
defines external input (EIC), external output (EOC) and internal coupling
information (IC). An example with corresponding XML files is illustrated in
figure B.1 and listings B.17 and B.18 in appendix B.

The decoupling of Model Management Module and Modelling and
Simulation Module using XML files eases the modelling and verification of the
basic components without the Model Management Module. Additionally it will
enable and ease the use of different simulator implementations; however this
will be the subject of future work.

5.4 Interface: Modelling and Simulation Module

— Optimisation Module

The objective function, defined in the Optimisation Module, (figure 5.1),
estimates the performance of the current model structure and parameter values.
The function gets its input parameters from the Modelling and Simulation
Module. These are the simulation results Y;(Xsi, Xpi) and simulation response
function results R(Y;(Xs;, Xp;)) respectively. Further input parameters are
delivered by the Model Management Module. These are the model structure
results P;(Xs;), which are based on evaluation of attached variables after pruning
the SES. An example is illustrated in figure 5.2. The aspect nodes Cgec1 and Ceco
and the atomic entity node K define the attached variables p; and p,;. After the
pruning process illustrated in figure 5.3 the values of p, and p, are calculated as

73



Chapter 5 A Framework for Modelling, Simulation and Optimisation

follows: Pi(Xs) = {p1;2p2} = {4;8}. These values may be used as further
objective function parameters.

The result F (R(Y;), P;) of the objective function is evaluated by the
optimisation method. As a consequence of the often stochastic nature of
simulation problems, a random based optimisation method is preferable. Two
established random based algorithms inspired by the principle of the evolution
of life are the Genetic Algorithm (GA) introduced by Holland [20] and the
Evolutionary Strategy (ES) introduced by Rechenberg [50]. The origins of ES
are continuous parameter problems whereas current GAs support hybrid
problems. There is an extensive and varied body of literature on this topic.
Genetic algorithms have delivered robust solutions for various simulation based
optimisation problems e.g. in [47] and [49]. Experiments realised within the
scope of this research have shown that a GA is applicable as an optimisation
method for the simulation based optimisation approach.

The methods of the simulation based parameter and structure
optimisation framework described in this chapter are integrated into a general
GA algorithm (listing B.19 in appendix B). The resulting algorithmic summary
of the whole framework is introduced in the next section.

5.5 Algorithmic Summary of the Framework

As described in the preceding sections, the proposed simulation based parameter
and structure optimisation framework is composed of different methods that
form a uniform optimisation approach. The following algorithm, based on the
general description in [54], summarises the fundamental operations using a GA
as optimisation method.
Initialisation Phase:
0. Analyse the SES and establish X" = Xp _Xs and D= Dp U Dg
1. Initialise a population of individuals (generation 0) with different
Xi = Xpi UXs
Optimisation Phase (repeat until stop criterion is fulfilled):
2. Estimate the fitness of all individuals of the current generation
Repeat for each individual
2.1.  Prune SES with Xg;
2.2.  If structure condition is valid, establish P;(Xs;) or otherwise mark
current individual as invalid and continue with next individual
2.3. Generate EDSDEVS model
2.4. Simulate EDSDEVS model and get result Y;(Xsi, Xpi)
2.5. Evaluate the simulation response function R(Yi(Xsi, Xpj)) by
repeating step 2.4
2.6.  Evaluate the objective function F (R(Y;), P))
3. Select pairs with m individuals and create descendants using crossover
4. Mutate the descendants
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5. Exchange individuals of the current generation with descendants based on
a substitution schema to create a new generation
A disadvantage of a conventional GA is the missing memory. It is possible that
in different generations the same individual is repeatedly examined. Because of
the time consuming fitness estimation of one individual in simulation based
optimisation, the addition of a memory method is vitally important. It has to
store already examined individuals with their resulting F (R(Y;), P;). This
extension leads to the following, final algorithm summarising the fundamental
operations of the simulation based parameter and structure optimisation
approach using a GA as optimisation method:
Initialisation Phase:
0. Analyse the SES and establish X" = Xp _Xs and D"= Dp U Dg
1. Initialise a population of individuals (generation 0) with different
X; =Xp, UXs,
Optimisation Phase (repeat until stop criterion is fulfilled):
2. Estimate the fitness of all individuals of the current generation
Repeat for each individual
2.1. Check memory if current individual is known. In case of ‘true':
continue with next individual
2.2.  Prune SES with X;
2.3.  If structure condition is valid, establish P;(Xs;) or otherwise mark
current individual as invalid and continue with next individual
2.4.  Generate EDSDEVS model
2.5. Simulate EDSDEVS model and get result Y;(Xsi, Xp;)
2.6. Evaluate the simulation response function R(Y;(Xs, Xp;) by
repeating step 2.5
2.7. Evaluate the objective function F (R(Y;), P;)
2.8. Store X; and F (R(Y;), P;) in memory
Select pairs with m individuals and create descendants using crossover
Mutate the descendants
Exchange individuals of the current generation with descendants based on
a substitution schema to create a new generation

ok w

5.6 Definition of a Model Set with XML SES/MB

In chapter 4 the extended SES/MB framework for the simulation based
optimisation framework was formally introduced. This section describes the
meta-model definition with the framework in detail. In this approach an
SES/MB meta-model definition is based on XML [64]. Therewith the definition
Is platform and implementation independent. The usage of XML has the
potential to enable the development of further extensions e.g. a graphical model
designer. Figure 5.4 depicts the UML 2.0 [61] class and composition structure
diagram of the XML schema and listing B.15 in appendix B contains the
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document type description (DTD [64]). Both the schema and the DTD are
describing the structure of an SES/MB XML file.

The structure is divided into three main sub structures (i) SES tree, (ii) MB, (iii)
properties:

1. The SES tree sub structure is defined within the ses sub tree of the XML
structure. The six nodes (i) composite, (ii) atomic, (iii) multiaspect,
(iv) aspect, (v) specialisation and (vi) specialisation-entity correspond to
the different entity types of the formal SES/MB description as introduced
in chapter 4. An exception is the specialisation-entity node which matches
an atomic node. It is introduced to eases the SES XML file verification.
The connections within the UML class and composition diagram defines
the container class/contained class relationship and the m:n relations
between both components. Each component has one attribute, the entity
name esname. This name is used to logically connect XML elements
within the XML SES, MB and property sub structures e.g. an atomic entity
definition from the ses sub tree with the mb_atomic model implementation
definition from the modelbase sub tree.

2. The MB is defined within the modelbase sub structure. The sub structure
references (a) model implementations and defines (b) model interfaces:

a.  Nodes of the type mb_atomic and mb_specializationentity references
basic components. The models are not directly defined within an
SES/MB XML file. The above nodes refer to a model
implementation. The attribute classname refers to the model
implementation class name and the attribute modelname names the
specific model instance name. Both class and instance names are
necessary to enable multiple usage of a component. The node
mb_aspect is not a reference to a model implementation but is used
to synthesise a model during model generation.

b. Nodes of the type atomic, specialization and aspect have attached
coupling information. Hence the corresponding modelbase nodes
mb_atomic, mb_aspect and mb_specialization define interfaces with
input and output ports. Each model i.e. the corresponding structure
in the modelbase can have several inports and outports named with
the attribute name and combined in list structures inports and
outports. Even though a specialisation node does not have a model
implementation it has a definition in the modelbase sub tree. All
child nodes of a specialisation share the same interface description
which is defined once at parent node level.

3. To avoid scattered node property definitions all properties are defined in
the properties sub structure. An aspect node defines a coupled model i.e.
besides the sub components defined within the ses sub structure additional
coupling information are necessary. A modelcouplings sub structure with a
corresponding name in the esname attribute describes the coupling
information in eic, eoc and ic lists. The number of possible children of a
multiple aspect node is defined by the varNumberOfComponent structure.
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Nodes can have attached variables defined within the var structure and
coupled with the esname attribute to the corresponding ses sub structure.

Optional structure conditions are defined within the constraint structure.

o

roperty sub-structure

0..*

1

properties

modelcouplings

-esname : string(idl)

1 ¢ 1
0.*

eic ]
-inport : string(idl)
-component : string(idl)
-component_inport : |string(idl)

o |
eoc |

-component : string(idl)
-component_outport : string(idl
-outport : string(idl)

0..*
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-esname : string(idl)
1 |-classname : string(idl)
-modelname : string(idl)

1

1.* 1.*
inport outport
-name : string(idl) -name : string(idl)

0..*

varNumberOfComponents /

-esname : string(idl)
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-condition : string(idl) = {gt|lt|eq|gteq|lteg|neq}
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-name : string(idl)
-esname : string(idl)

-value : string(idl)

-typ : string(idl) = {internal|external}
-external_string : string(idl)

-

Figure 5.4 UML Diagram of SES/MB XML Schema

The example SES in figure 5.5 defines two structure variants through two
different specialisations A; and A, at Ag,... With the structure condition at the
ROOT entity the PES can be verified after pruning. Figure 5.5 depicts the
structure variants after pruning and model generation. Due to the structure
condition only one model variant is valid. The listing B.16 in appendix B shows
the corresponding meta-model definition with an SES/MB XML file. The three
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sub structures ses, modelbase and properties are separated with an empty line,
XML elements, attributes and values are highlighted with different colours.

SES ROOT Model Structure Variants
{Pmax = 6} N valid structure: 2 + 3 < 6 is true
structure condition:
{pl + p2 < pmax} ROOT B
ROOT gec R
{{A-Aoutlx B-Binl}n AAl D —» E Ly
{A-Aoutzy B-Bin2}: ) I—}
{B-Boutx Ccln}}
T 1
A B
Alspec BLGC invalid structure: 3 + 3 <6 is false
{{B.Bin1,D.Di}, R -
{B.Bin2,E.Eins}, B
{D.Dou.E.Eina}, A
{E-Eout,B-Bout}} Anz ><_’ E —
N
Ay A; D E M
(P:=2} {p=3  {p2=3} T~

Figure 5.5 An SES/MB XML example — SES tree with both valid and invalid
model structure variants

The next chapter starts with an overview of modelling and simulation of
manufacturing systems and demonstrates the application of the introduced
framework with a project from industry.
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Chapter 6
Parameter and Structure Optimisation
of Manufacturing Systems

This chapter demonstrates the application of the introduced framework for a
simulation based parameter and structure optimisation with a real industrial
project. It starts with a short review of types, components and complexity of
manufacturing systems in the context of modelling and simulation. Current
manufacturing system planning concepts and a range of modelling and
simulation concepts for manufacturing system simulation are presented in an
overview.

A broad choice of modelling and simulation packages is commercially
available, developed to reflect the changing requirements of manufacturing
applications. As discussed in chapter 2 not all demands of manufacturing
modelling and simulation are satisfied optimally. A real life example using the
approach developed in this research demonstrates how this can be accomplished.

6.1 Manufacturing Systems

The focus of manufacturing is the combination and transformation of raw
material to a product with a market potential using industrial machines [21] [22].
This is a very simple principle but is difficult to achieve and maintain. The
challenge is that the market potential and the requirements of manufacturing
system are changing continuously. A manufacturer who does not adapt will lose
competitiveness and vice versa a company that handles these changes most
effectively will succeed. A major issue for managers and engineers is the
continuous analysis of manufacturing system performance and the use of
methods to improve operations and adapt to new market situations. Analysis
using modelling and simulation is potentially a powerful management method.
Depending on the point of view it is possible to differentiate between
several types of manufacturing systems. Two widely used, described in more
detail in [5] are the following:
e  serial system
An assembly line as a typical example of a serial system is a sequential set
of workstations connected by material handling systems. Component parts
are assembled or machined to produce a finished product in a line. The
assembly activity can be divided into work elements as the smallest unit of
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productive work. A subset of work elements are assigned to each
workstation. A work piece passes the complete line in a sequence. After
leaving the final workstation the product is complete. Such systems are
often used to produce a high volume of a small number of similar
products. Figure 6.1 shows an example of a serial system with several
lines with sub assembly manufacturing and a final end product assembly
line.

W

O— Vv L]

Part entry Buffer storage (Assembly) flow line

Figure 6.1 General assembly system layout (source [5])

shop scheduling system

In contrast to a serial system a job scheduling system manufactures a
variety of different products. Work pieces can follow different routes with
significant different processing time at a workstation. Regularly work
pieces are combined in batches or jobs of one or more parts which are
manufactured on the same route i.e. with the same production sequence
and similar processing time. If all batches are processed in the same
sequence of workstations the system is named flow shop. In contrast, in a
job shop each batch type has the same production sequence. With a
growing flexibility and pressure to decrease manufacturing cost the
complexity of job shop systems is increasing considerably. Hence the
planning of job shop systems is making greater than ever demands.

6.2 Modelling and Simulation of Manufacturing

Systems

The simulation of manufacturing and material handling systems is one of the
most important applications of discrete event modelling and simulation
techniques [7]. These techniques have been successfully used as an aid in the
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design of new systems as well as an evaluation tool for improvements to existing
systems, as a daily staffing, material and operation planning tool and so on.

Even though both the types of manufacturing systems and the analysis
issues vary substantially the different modelling and simulation techniques share
some common characteristics as described in the following sections.

6.2.1 Simulation Model Level of Detall

In principle every model is an approximation of the real world. Depending on
the analysis objectives irrelevant characteristics and details can be omitted when
creating a model. In simulation literature this principle is called level of
abstraction [51] because the model is an abstraction or approximation of the real
system. The appropriate level of detail can distinguish between valid and invalid
or successful and unsuccessful simulation experiments. It is claimed that a good
rule is to add details step by step during a model validation process because
starting with a low level of detail usually leads to fewer simulation results to be
validated [51]. The analyst stops the process when the model is close enough to
real system behaviour to provide results for analysis. This validation approach is
an iterative process that results in a sufficiently accurate model. Figure 6.2
depicts the correlation between model detail and validation time [51]. The
asymptotic behaviour of the relationship may mean more effort to increase the
level of detail from 95% to 100% than creation of the initial model with 95%
accuracy.

-

Model Detail

>

Model Validation Time

Figure 6.2 Model detail during model validation (source [51])

6.2.2 Fundamental Components

Manufacturing systems produce a wide range of products with many types of
production methods using many different system layouts. Nevertheless there are
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common components that can describe many manufacturing operations. These
common components are the basis elements of a simulation model [51]. Table
6.1 depicts these basic elements.

Product Resource Demand Control
i Equipment Customer Warehouse
Parts/pieces
layout orders management
Routings Equipment Start date Inventory
costs control
Process time Numb_e rof Due date Shop floor
machines control
Setup time Failure WIP WIP tracking
inventory
Bill of . Restricted
) Maintenance
material resources
Yield Number of Station rules
operators
Shift
REVOIK schedules

Table 6.1 Fundamental components of manufacturing systems (source [51])

Product. Parts or pieces are the products manufactured. Products may be
handled as a single item or production unit or combined to batches depending on
the manufacturing process named batch or job. A batch can be described as a
production unit in a subsequent process. Products are manufactured in a defined
sequence, the routings. Depending on the manufacturing process and on the
product the routing can be sequential e.g. in an automobile assembly line i.e. a
serial system or complex e.g. in a semiconductor production process i.e. a job
scheduling system. For each manufacturing step the setup and processing time
determine the total cycle time. These times depend on the machine and/or
product and can be deterministic or stochastic.

A product can be assembled from several items, i.e. sub assemblies,
defined by the product structure file or bill of material (BoM). Each item in the
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BoM can be the result of a production process. During the manufacturing
process all BoM items must be available at a defined point of time relative to the
final product assembly or product due date. The modelling of manufacturing
systems with a delivery or production of sub assemblies Just-In-Time to
minimise waste and inventory is an important manufacturing paradigm today.
The typical example of this principle is the automobile industry.

Yield and rework are found in many manufacturing processes. The
reasons are imperfect processes and operations. Both factors influence the
process throughput and other characteristics e.g. the costs. With a lower level of
detail both characteristics can also be omitted.

Resources. Resources include machines and human operators, mobile and
immobile equipment, material and storage systems etc. They are used to
manufacture a product. The equipment layout and the number of machines have
an effect on the production flow and the speed of operation. The equipment costs
influence amongst others the manufacturing cost of a product. Staff number can
be a restricted resource, e.g. the number of machines and with these the
necessary number of operators is higher than the available number of operators.
In this context shift schedules have to be possibly considered.

The equipment has unplanned and planned down times, random
failures or regular maintenance. During these times production has to stop or
product flow has to be rerouted when alternatives are available.

Demand. Costumer orders define the demands on a manufacturing process.
Start and due dates are determined by these customer orders for products. An
important question of production management is the determination of the latest
start date for BoM items to complete the order before the due date.

Normally production does not start from an idle state instead there is
some work-in-process (WIP) e.g. in buffers, on conveyors or in machines. The
modeller can decide to accept an initialisation phase until the model contains a
certain amount of WIP to start the real experiment or initialise the model with
work-in-process data.

Control. Control systems determine how products flow through the
manufacturing processes, collect status information about products and/or
resources, inspect the compliance of resource or demand constraints and decide
about the use of the restricted recourses. A control algorithm can influence a
simulation with changes of input data e.g. a changed semi finished part order in
an assembly line or changes in inwards and outwards goods movements in a
warehouse management system. A shop floor or/and an inventory control
algorithm can change model properties and model structure e.g. a storage area
extension or reduction or an equipment layout modification of a manufacturing
system. A WIP tracking system can deliver current process status information
for control strategies. Station rules define local scheduling decisions, e.g. the
working sequence in a manufacturing cell from simple first in, first out control
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strategy to a more complex such as a custom order dependant priority control
strategy.

6.2.3 Measures of Performance

The methods to evaluate the performance of a real system and model have to be
the same otherwise it will be difficult to have confidence in simulation and
analysis results. Because both the real system and its model are based on random
events the performance measure is a statistical analysis of real system and
simulation system results. The following measurements are typical for a
manufacturing system [51]:

e  Throughput of sub model (such as a machine or process) or the complete
model
Cycle time at a process or overall
Queueing time or length

Response time of material handling equipment
WIP

Resource utilisation
System specific performance measures (scrap rate, waiting time at a
process etc.)

Due to the fact that a manufacturing system is a complex system it is important
to note that model changes to improve one measure usually change other
measures, for optimisation this is an important issue.

6.2.4 Analysis Issues

Using the measures described in chapter 5 an analyst experiments with a model
to understand coherences of model elements and the behaviour of the whole
system using input value, model parameter and model structure changes. Among
others the following are typical analysis questions [51]:
e  Determining bottlenecks
Determining required staffing levels
Evaluating the scheduling of staff
Evaluating the scheduling of tasks
Evaluating the control system
Recovering strategies for random events
The identification of bottlenecks is often an analysis issue. The problem is the
direct influence of the experiment on the bottleneck. With changes of anything
in the model the primary bottleneck can move to other elements of the model. So
the identification of a bottleneck can be a complex task and requires the
examination at both local and global model levels.

A second important analysis issue is the determination of resource
levels. Manufacturing systems with a fluctuating production volume, e.g. with
seasonal dependencies, require such an analysis. An example is the staff
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requirement. It can change constantly and has to be planned regularly. An
associated issue is the scheduling of staff between manufacturing system
elements. With intelligent scheduling strategies it may be possible to employ
fewer staff and still maintain sufficient throughput or to increase the throughput
without increasing staff costs.

6.3 Introduction to the Photofinishing Industry

The application in this research uses developments and problems in the
photofinishing industry and investigates a small part of a production process to
validate the key research concept. The photofinishing industry specialises in
high volume production of thousands to millions of pictures per day but has
nevertheless a relatively broad range of different products. As a consequence of
significant changes in the photography market, notably the introduction of
digital cameras with a considerable reduction of analogue and an increase of
digital orders during recent years, a mix of analogue and digital production
facilities are used. The change of the main production material from analogue to
digital material has lead to concentration from many, local working, smaller
laboratories to few, large, nationwide working laboratories and fierce
competition between them. The situation is driving an urgent need to be as cost
effective as possible.

Figure 6.3 shows general structure and product flow through the
different departments of a typical photofinishing laboratory. It is possible to
differentiate between three main production departments to depict the
production flow analogue film/digital image — photographic picture:

l. The material arrives in several forms at the login process. After sorting the
product mixes, some 10 to some 100 single orders are combined into
batches. Each batch contains only one production material and one product
type, e.g. undeveloped analogue film and specific paper width and surface.
The batch creation is done with different machine types: (i) a splicer
combines undeveloped film rolls onto a large film reel, (ii) a universal
reorder station (URS) combines analogue reorders to a strap of film strips,
(iii) a digital URS scans the analogue reorders and creates a digital batch,
(iv) a digital splicer handles digital data carriers (CDs, flash cards etc.) and
(v) software applications combine digital images collected by a web
server. Steps (i) and (ii) creates analogue and steps (iii)...(v) digital
batches.

Il. Undeveloped analogue batches have to be developed. Analogue material
can be scanned for the next steps which could be CD production and
digital printing. As an alternative, the analogue batches are printed at an
analogue printer. The result of both printer types is a huge reel of exposed
photographic paper.

1. After the development of a photographic paper reel the final step is
cutting. Regarding paper cutting both cutter and digital cutter are
comparable. A DigiCutter is specialised for paper cutting without a film
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cutter but possibly equipped with several paper cutters each able to cut
different paper widths. Finally items are packed and identified for delivery

to customers.
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Figure 6.3 General product flows of a photofinishing lab

Figures C.1 ... C.4 in appendix C show a selection of photofinishing machines.
The product flow splicer/lURS — development — analogue printer —
development — cutter was the common production flow before the digital era and
is typical serial manufacturing system. Nowadays there are several possible
material routes through production with the same end product but different
processing time, machine and operator requirements and costs i.e. a
photofinishing lab now appears more as a job scheduling system. It is possible to
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employ fewer operators than available workstations and produce on time if an
appropriate production structure and effective organization method are used to
manage production. In a typical company with staff of some 10 to some 100,
possibly more than one employee is necessary to organise the complete
production.

6.4 Photofinishing Lab — An Optimisation
Application

The validation is based on developments and problems in the photofinishing
industry and investigates a small part of a production process to demonstrate the
approach. The germ of the idea to this example comes from a project enquiry
made by the Kodak Photofinishing Department (closed down) to Syntax
Software [58] 6 years ago.

6.4.1 Problem Description

For this project the login and splicer departments are studied in detail with a
structure as depicted in figure 6.4.

unsorted single orders

/\\ machine/
In sorter In sorter work place
: - —
(automatic) (manual) material flow

boxes with sorted
— ﬂ ~—

— ~— orders
- » a ™ a
. Splicer | | Splicer | | | Splicer |

~

in batches combined orders

Figure 6.4 Product flow of the considered example

e  System description

The source materials, unsorted, single orders, are sorted by product type
manually or automatically into boxes. These sorted orders are combined to
batch reels at splicers. An automatic sorter is handled by one or two
operators, whereas manual sorting is done by the number of available
operators without the need of a machine. A splicer is handled by one
operator. Operators can be moved between machines. The handling time
of the machines is listed in table 6.2.
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Machine Order handling time (s)
automatic in sorter 0.5

manual in sorter 1.7 <2 (equal distribution)
splicer 0.9 <1 (equal distribution)

Table 6.2 Order handling times

Sorting and splicing of a defined amount of orders takes a production time
depending on type of machines, number of operators and organisation
strategies. The production time is estimated by simulation.
A specific production system causes costs. In this case study the costs
depends on the number of operators as shown in table 6.3.

# of operators  Costs

coO~NO Ol WM
0c0O~NOoO OrLh WDN -

Table 6.3 Production costs

e  Simulation model level of detail and fundamental components
Each workstation is taken as a black box with a defined processing time
and resource utilisation. Workstations need a specific number of operators
to manufacture and can be enabled or disabled. Further properties do not
exit.
Source material is modelled as a data structure with material type and
planed end product type.
A production or department manager is modelled as a control model. The
model can enable and disable workstations and organise material flow
depending on the availability of operators, unhandled source material and
queue lengths.
The number of operators is a model property used by the control model.
Operators are moved between departments and workstations to enable and
disable workstations. Operator movements does not cost any time.
To minimise complexity additional considerations e.g. setup time,
maintenance and failure are not modelled. Shift schedules and other
components in connection with operators are not modelled too.

e  Performance Measurement
For a performance measurement the sorting and splicing of a defined
number of orders are simulated. The simulation output of a single run
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delivers the production time and cost Y = {Yproduction time: Yeosts} Of the
current model variant.

The simulation response function calculates the average over 50 runs.
They are passed to the objective function that is defined by the term:

F= F(Y) = 0 * r * yproduction time T Otz* ) * }7costs — minimum

The factors oq and o, normalise the values of the variables, ¥production time
and y.oss. The factors r; and r, define the relevance of the variables,
Voroduction time anNd Yeosts. With the factors oy=1/max_production_time,
ap,=1/max_costs, r;=1 and r,=1 both variables are within the range
between 0 and 1 and have the same relevance. The maximal value of the
production time can be calculated with a minimal production system i.e.
one operator, manual sorting and one splicer. The maximal value of the
costs is defined by the upper bound of the parameter number of operators.
In this case study for both variables, Yyroduction time @Nd Yeosts the same
relevance is chosen. Depending on the analysis objectives a different
relevance of ¥ roquction time @3N Ycosts CAN be used.
The result of the funtion F is the performance of the investigated model
variant.

e  Analysis issues
The production time and consequently the cost for a specific number of
orders varies depending on the type and number of machines used, number
of operators and the strategy to organise operators i.e. the initial
distribution and succeeding movement of operators between machines and
departments. The challenge for modelling is to minimise the combination
of the production time of a given number of orders and the costs i.e.
employing a minimal number of operators.

6.4.2 Implementation Details

Figure 6.5 shows the SES, describing possible model structures and the model
parameter number of operators. Both the SES and the model parameter are the
open quantities of the optimisation problem. The model structure variants are
characterised by the use of: (i) automatic and/or manual sorting, (ii) one to eight
splicers and (iii) one of three different department organisation strategies to
share operators between machines and departments. Depending on selected
alternative nodes during the pruning process several structure related attached
variables will be initialised with different values. The SES defines 72 model
structure variants in all. In addition there is one model parameter, the
number of operators with a range of one to eight. The combination results in 576
model variants. Not all model variants define useful combinations. For example
a model with four operators and eight splicers delivers the same result as a
model with four operators and four splicers since in both variants only four
splicers at all can be used. To exclude the useless variants the root node
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MODEL defines a structure condition that reduces the valid number of model
variants to 275.
The following list describes the nodes and basic components, respectively:
e DEP_LOGIN
The login department model can have three different sorting
configurations. The first configuration applies only manual, the second
only automatic and the third combines both sorting types. The number of
available operators in this department is managed by the controllerg,e.
model. Decisions of the controllery,.c model may be a function of the
queue_order length.
e DEP_SPLICER
The splicer department model can consist of a different number of splicers.
The number of available operators in this department is managed by the
controllerg,ec model. Decisions of the controllerg,,. model may be a
function of the queue_box2 length.
e controllerg,
The specialisation node controllerg,e. has three successor nodes each
Implementing another staff organisation strategy:
o ctrll:
The strategy starts with employing operators in the login department.
If more staff is available than needed they are employed in the
splicer department. After sorting is finished all staff is employed in
the splicer department.
o ctrl2:
The strategy starts with employing operators in the login department.
If more staff is available than needed they are employed in the
splicer department. If the queue_box length is larger or equal than
four all staff is employed in the splicer department. If the queue_box
length is smaller than four the initial staff arrangement is recovered.
o ctrl3:
The strategy starts with employing half of operators in the login
department and the other half in the splicer department. After sorting
is finished all staff is employed in the splicer department.
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Model Parameter SES
MODEL
#_of_operators={1,8} structure conditions:
{max(manu_login+auto_login,# of splicers)<=# of _operators
AND
(manu_login*8+auto_login*2+#_of splicers)>=#_of operators}
MOI?ELdeC
I T 1
DEP_LOGIN CONTROLLER DEP_SPLICER
| |
T ! 1 controllerspec DEP_SPLICERge¢
DEP_LOGINgec1 DEP_LOGINgec; DEP_LOGINgecs |—l||—| I ' |
ctrly ctrl, ctrlz queue_ queue_
. batch
box2 splicermaspec
[ [ H‘ {# of splicers
queue_ queue_ queue_ sorter_manu Il ={1.....8}}
order box1 order {manu_login=1} splicer
sorter manu sorter_auto queue_
Tlogin= {auto_login=1} box1
{manu_login=1} I m—
queue_ queue_
order box1

sorter_auto
{auto_login=1}

Figure 6.5 Model parameter and SES of the application

To solve this example, the search space has to be defined in terms of a structure
parameter set, a model parameter set and their corresponding domain sets. Using
the principle introduced in section 5.2 the structure parameter set and the
corresponding domain set are defined by:

Xs = {Xpep_LoGIN: Xcontrollerspecs Xsplicermaspec
Ds = {dbep_Locin, eontrotierspecs Asplicermaspect With
doep_Loein = {1; 2; 3}
eontrotierspec = 115 2; 3}
Asplicermaspec = {1; 2; 3; 4; 5; 6, 7; 8}
The model parameter set and the corresponding domain set are defined by:
Xp={X# of operators}
Dp={dy of_operators} With di of operators = {1; 2; 3; 4; 5; 6; 7; 8}
Hence, the resulting search space is defined by:

X:XPUXS

X= { XDEP_LOGIN, Xcontrollerspec, XsplicermaspeCa X#_of_operators}
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Each model variant defines one point in the search space. With the principle
introduced in section 5.2 a PES can be derived and a corresponding model can
be generated. One point of the search space is X3, ={2; 2; 2; 2}. This means
that the aspect node DEP_LOGINg, and the specialisation ctrl, are chosen, the
number range property value of the multiple aspect node spliceryaspec is two and
the model parameter #_of operators is also two. Figure 6.6 depicts the PES of
model variant 132. The generated EDSDEVS model is illustrated in figure 6.7.

MODEL
|
MODELdeC
| | |
DEP_LOGIN ctrl DEP_SPLICER
| |
DEP_'I-OG'Ndecz DEP_SPLICERGec
|
| l | l [ [ I
queue_ sorter_ queue_ queue_ splicerl splicer2 queue
order auto box1 box2 batch

Figure 6.6 PES of 132" variant
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Figure 6.7 Model structure of 132" variant

All model variants use intensively the dynamic structure characteristics of the
EDSDEVS formalism. The model of the department manager (model ctrl2 in
figure 6.7) activates and deactivates several atomic models (models sorter_auto,
splicerl and splicer2 in figure 6.7) and creates and destroys couplings
respectively based on the department manager algorithm and the current model
state. Figure 6.8 shows a sequence diagram section of one simulation run.
Depending on queue lengths messages are generated and sent to the control

model that enables/disables models and creates/destroys couplings.
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gueue_order queue_box2 ctrl2 sorter_auto splicery
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Figure 6.8 A sequence diagram section of one simulation run

Numerous commercial and non-commercial GA implementations exist. In this
research the commercial toolbox MATLAB® GA toolbox [59] released by The
MathWorks™ is used. The default MATLAB GA parameter settings were used,

except for a decreased population size of 15 and an adjusted stop criterion:

if the weighted average change in the fitness function value over x
generations (x=20 in 1% and x=5 in 2" experiment) is less than 0.01, the

algorithm stops.

In the following all GA parameters and their values are listed. A description and

lists of possible values as well as the algorithm description can be found in [59].

Population:
Population type:
Population size:
Creation function:
Initial population:
Initial scores:
e Initial range:

Fitness scaling:

e  Scaling function:
Selection:

e  Selection function::
Reproduction:

e  Elite count:

e  Crossover fraction:
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Mutation:
e  Mutation function:
e Scale:
e  Shrink:
Crossover:
e  Crossover function:
Migration:
e Direction:
e Fraction:
e Interval:

Algorithm settings:

e Initial penalty:

e  Penalty factor:
Hybrid function:

e  Hybrid function:
Stopping criteria:

e  Generations:

e  Time limit:

e  Fitness limit:

e  Stall generations:

e  Stall time limit:

e  Function tolerance:

e Nonlinear constraint tolerance:
Display to command window:

e Level of display:
Vectorize:

e Fitness function is vectorized:

Gaussian
1.0
1.0

Scattered

Forward
0.2
20

10
100

None

100

Inf

-Inf

20 (1% experiment)
5 (2" experiment)
20

0.01

0.000001

Final

Off

The population size and the stop criteria are adapted for this case study. It is
possible that changes of other parameters would lead to better optimisation
results but further experiments are not undertaken in the scope of this research.
Each simulation run estimates the production time of 200 orders with a
random production type mixture. The optimisation was repeated 50 times for
each stop criterion with different random number generator initialisations.
Listing 6.1 shows a Matlab code section of the optimisation initialising and

executing the GA.

function example optim _exp(ses)

fitnessFunction = @exec_simu;
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[LB UB] = ses.generateBounds();

nvars = size(LB,2);

options = gaoptimset;

options = gaoptimset(options, "PopulationSize® ,15);
options = gaoptimset(options, “StallGenLimit® ,20);
options = gaoptimset(options, "TolFun® ,0.01);

[X,FVAL,REASON,OUTPUT,POPULATION,SCORES] =
ga(fitnessFunction,nvars,Aineq,Bineq,Aeq,Beq,LB,UB,
nonlconFunction,options);

Listing 6.1 Matlab code section with GA initialisation and execution

6.4.3 Results

To validate the research framework the global optimum estimated through
simulation of all system variants is compared with the result of an optimisation
experiment. In both experiments the performance rating of a variant is
established by the same objective function using the following function
definition:

F=FY)=a*r.* Yproduction time + Q2 *12* Veosts
r1 = r, =1 —same relevance of both paramters

oy = 1/566 — maximal production time with a minimal production
system is 566 (1% line in table 6.4)
o, =1/8 —maximal costs are 8

The simulation results of all 275 variants are shown in table 6.4. The columns
control strategy, login and # of splicers specifies the model structure and the
column # of operators specifies the model parameter as described in subsection
6.4.2. The production time values are the simulation result of the production of
200 orders. The costs correspond to the number of operators and the fitness is
calculated with the above objective function.
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ctrl log. #of #of prod. costs fit. ctrl log. #of #of prod. costs fit.
strat. typ spl. ops time strat. typ spl. ops time
1 1 1 1 5660 1 1,1250 1 2 2 2 13975 2 0,4969
1 1 1 2 3570 2 0,8807 1 2 2 3 1195 3 0,5861
1 1 1 3 2090 3 0,7443 1 2 2 4 995 4 0,6758
1 1 1 4 2080 4 08675 1 2 3 3 998 3 0,512
1 1 1 5 2090 5 0,993 1 2 3 4 895 4 10,6581
1 1 1 6 2080 6 11175 1 2 3 5 693 5 0,7474
1 1 1 7 2080 7 12425 1 2 4 4 793 4 0,6400
1 1 1 8 2070 8 11,3657 1 2 4 5 695 5 0,7478
1 1 2 2 28,0 2 0,7588 1 2 4 6 598 6 0,8556
1 1 2 3 2080 3 0,7425 1 2 5 5 593 5 0,7297
1 1 2 4 2080 4 08675 1 2 5 6 595 6 08551
1 1 2 5 2070 5 0,9907 1 2 5 7 595 7 90,9801
1 1 2 6 2080 6 11175 1 2 6 6 598 6 08556
1 1 2 7 2090 7 12443 1 2 6 7 593 7 09797
1 1 2 8 2070 8 11,3657 1 2 6 8 593 8 11047
1 1 3 3 2090 3 0,7443 1 2 7 7 595 7 90,9801
1 1 3 4 1990 4 0,8516 1 2 7 8 595 8 11051
1 1 3 5 2080 5 09925 1 2 8 8 595 8 11051
1 1 3 6 2080 6 11175 1 3 1 2 2195 2 10,6378
1 1 3 7 2080 7 1,2425 1 3 1 3 2040 3 0,735
1 1 3 8 2090 8 1,3693 1 3 1 4 1898 4 0,8352
1 1 4 4 2080 4 08675 1 3 1 5 1495 5 10,8891
1 1 4 5 2070 5 0,9907 1 3 1 6 1600 6 1,0327
1 1 4 6 2080 6 11175 1 3 1 7 1595 7 1,1568
1 1 4 7 2080 7 12425 1 3 1 8 1695 8 1,2995
1 1 4 8 2080 8 13675 1 3 2 2 1493 2 05137
1 1 5 5 2080 5 09925 1 3 2 3 1240 3 05941
1 1 5 6 1970 6 11,0981 1 3 2 4 1195 4 07111
1 1 5 7 2080 7 12425 1 3 2 5 1098 5 10,8189
1 1 5 8 2080 8 13675 1 3 2 6 898 6 09086
1 1 6 6 2090 6 1,1193 1 3 2 7 898 7 10336
1 1 6 7 2080 7 12425 1 3 2 8 798 8 11409
1 1 6 8 2080 8 13675 1 3 3 3 1040 3 0,5587
1 1 7 7 1980 7 12248 1 3 3 4 998 4 0,6762
1 1 7 8 2000 8 13534 1 3 3 5 895 5 10,7831
1 1 8 8 2080 8 13675 1 3 3 6 698 6 08732
1 2 1 1 2795 1 10,6188 1 3 3 7 595 7 09801
1 2 1 2 2295 2 0,6555 1 3 3 8 598 8 11056
1 2 1 3 1798 3 0,6926 1 3 4 4 798 4 0,6409
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ctrl log. #of #of prod. costs fit. ctrl log. #of #of prod. costs fit.
strat. typ spl. ops time strat. typ spl. ops time
1 3 4 5 798 5 0,7659 2 1 4 8 1900 8 1,3357
1 3 4 6 698 6 08732 2 1 5 5 1870 5 0,9554
1 3 4 7 598 7 0,9806 2 1 5 6 19,0 6 1,093
1 3 4 8 600 8 11060 2 1 5 7 1900 7 12107
1 3 5 5 695 5 0,7478 2 1 5 8 2000 8 13534
1 3 5 6 595 6 08551 2 1 6 6 1910 6 1,0875
1 3 5 7 595 7 09801 2 1 6 7 1890 7 1,2089
1 3 5 8 495 8 11,0875 2 1 6 8 2020 8 1,3569
1 3 6 6 598 6 08556 2 1 7 7 1870 7 1,2054
1 3 6 7 598 7 0,9806 2 1 7 8 1830 8 11,3233
1 3 6 8 500 8 1,0883 2 1 8 8 1920 8 11,3392
1 3 7 7 498 7 00,9629 2 2 1 1 2710 1 0,6038
1 3 7 8 498 8 11,0879 2 2 1 2 2538 2 0,6983
1 3 8 8 498 8 11,0879 2 2 1 3 2158 3 0,7562
2 1 1 1 4040 1 0,8388 2 2 2 2 1335 2 0,4859
2 1 1 2 2650 2 0,7182 2 2 2 3 1610 3 0,659
2 1 1 3 3090 3 0,9209 2 2 2 4 1355 4 00,7394
2 1 1 4 3290 4 11,0813 2 2 3 3 1043 3 0,5592
2 1 1 5 33,0 5 1,2080 2 2 3 4 1403 4 10,7478
2 1 1 6 3290 6 13313 2 2 3 5 1050 5 0,8105
2 1 1 7 3280 7 1,4545 2 2 4 4 940 4 0,6661
2 1 1 8 3080 8 15442 2 2 4 5 1048 5 08101
2 1 2 2 2130 2 0,6263 2 2 4 6 98 6 09192
2 1 2 3 2140 3 0,7531 2 2 5 5 838 5 10,7730
2 1 2 4 2190 4 0,8869 2 2 5 6 1063 6 0,9377
2 1 2 5 2270 5 11,0261 2 2 5 7 853 7 10256
2 1 2 6 2280 6 1,1528 2 2 6 6 740 6 0,8807
2 1 2 7 2370 7 12937 2 2 6 7 90,8 7 1,0353
2 1 2 8 2370 8 14187 2 2 6 8 753 8 11330
2 1 3 3 1910 3 0,7125 2 2 7 7 743 7 1,0062
2 1 3 4 2080 4 08675 2 2 7 8 85 8 11564
2 1 3 5 2090 5 0,9943 2 2 8 8 748 8 11321
2 1 3 6 2050 6 11122 2 3 1 2 2443 2 0,6815
2 1 3 7 2180 7 12602 2 3 1 3 2023 3 0,7323
2 1 3 8 2080 8 13675 2 3 1 4 1870 4 0,8304
2 1 4 4 1830 4 08233 2 3 1 5 1843 5 0,9505
2 1 4 5 1970 5 09731 2 3 1 6 2040 6 11104
2 1 4 6 1920 6 11,0892 2 3 1 7 1948 7 12191
2 1 4 7 2100 7 1,2460 2 3 1 8 1940 8 13428
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ctrl log. #of #of prod. costs fit. ctrl log. #of #of prod. costs fit.
strat. typ spl. ops time strat. typ spl. ops time
2 3 2 2 1338 2 10,4863 3 1 2 6 2080 6 11175
2 3 2 3 1450 3 10,6312 3 1 2 7 2090 7 12443
2 3 2 4 1198 4 0,7116 3 1 2 8 2070 8 13657
2 3 2 5 1158 5 10,8295 3 1 3 3 2090 3 0,7443
2 3 2 6 1150 6 0,9532 3 1 3 4 1990 4 0,8516
2 3 2 7 1150 7 1,0782 3 1 3 5 2080 5 09925
2 3 2 8 1148 8 12027 3 1 3 6 2080 6 11175
2 3 3 3 873 3 0529 3 1 3 7 2080 7 12425
2 3 3 4 1135 4 0,7005 3 1 3 8 2090 8 1,3693
2 3 3 5 993 5 0,8004 3 1 4 4 2080 4 08675
2 3 3 6 90 6 0919% 3 1 4 5 2070 5 0,9907
2 3 3 7 940 7 10411 3 1 4 6 2080 6 11175
2 3 3 8 848 8 11497 3 1 4 7 2080 7 12425
2 3 4 4 725 4 06281 3 1 4 8 2080 8 13675
2 3 4 5 1075 5 0,8149 3 1 5 5 2080 5 09925
2 3 4 6 785 6 0,8887 3 1 5 6 1970 6 1,0981
2 3 4 7 765 7 10102 3 1 5 7 2080 7 12425
2 3 4 8 750 8 11325 3 1 5 8 2080 8 13675
2 3 5 5 628 5 0,7359 3 1 6 6 2090 6 1,1193
2 3 5 6 938 6 09156 3 1 6 7 2080 7 1,2425
2 3 5 7 780 7 10128 3 1 6 8 2080 8 13675
2 3 5 8 653 8 11153 3 1 7 7 1980 7 12248
2 3 6 6 628 6 08609 B 1 7 8 2000 8 13534
2 3 6 7 805 7 10172 3 1 8 8 2080 8 13675
2 3 6 8 678 8 11197 3 2 1 1 2795 1 10,6188
2 3 7 7 538 7 09700 3 2 1 2 1890 2 0,5839
2 3 7 8 790 8 1,139 3 2 1 3 1798 3 10,6926
3 1 1 1 5660 1 1,1250 3 2 2 2 1495 2 05141
3 1 1 2 3940 2 09461 3 2 2 3 1195 3 0,861
3 1 1 3 2090 3 0,7443 3 2 2 4 995 4 0,6758
3 1 1 4 2080 4 08675 3 2 3 3 998 3 05512
3 1 1 5 2090 5 09943 3 2 3 4 895 4 0,6581
3 1 1 6 2080 6 11175 3 2 3 5 893 5 10,7827
3 1 1 7 2080 7 12425 3 2 4 4 793 4 0,6400
3 1 1 8 2070 8 1,3657 3 2 4 5 795 5 10,7655
3 1 2 2 4060 2 09673 3 2 4 6 698 6 08732
3 1 2 3 2080 3 0,7425 3 2 5 5 693 5 07474
3 1 2 4 2080 4 08675 3 2 5 6 695 6 08728
3 1 2 5 2070 5 0,9907 3 2 5 7 695 7 09978
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ctrl log. #of #of prod. costs fit. ctrl log. #of #of prod. costs fit.
strat. typ spl. ops time strat. typ spl. ops time

3 2 6 6 598 6 0,8556 3 3 7 8 498 8 11,0879
3 2 6 7 593 7 09797 3 3 8 8 498 8 11,0879
LI Table 6.4 Simulation results of all
8 2 7 7 595 7 09801 model structure and parameter
3 2 7 8 595 8 11051 variants with resulting production
3 2 8 8 595 8 11051 time, costs and fitness

3 3 1 2 1790 2 0,5663

3 3 1 3 1895 3 10,7098

3 3 1 4 1895 4 0,8348

3 3 1 5 1640 5 0,9148

3 3 1 6 1543 6 1,0225

3 3 1 7 1595 7 1,1568

3 3 1 8 1695 8 1,2995

3 3 2 2 1485 2 05124

3 3 2 3 1195 3 0,5861

3 3 2 4 993 4 0,6754

3 3 2 5 84,0 5 0,7734

3 3 2 6 840 6 0,8984

3 3 2 7 898 7 1,0336

3 3 2 8 798 8 1,1409

3 3 3 3 995 3 0,5508

3 3 3 4 795 4 0,6405

3 3 3 5 840 5 0,7734

3 3 3 6 740 6 0,8807

3 & 3 7 595 70,9801

3 3 3 8 598 8 1,1056

3 3 4 4 795 4 0,6405

3 3 4 5 740 5 0,7557

3 3 4 6 64,0 6 0,8631

3 3 4 7 598 70,9806

3 3 4 8 600 8 1,1060

3 3 5 5 640 5 10,7381

3 3 5 6 540 6 10,8454

3 3 5 7 595 70,9801

3 3 5 8 495 8 11,0875

3 3 6 6 540 6 0,8454

3 3 6 7 598 70,9806

3 3 6 8 500 8 11,0883

3 3 7 7 498 7 0,9629
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The fitness values of all 275 model variants are shown graphically in figure 6.9.
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Figure 6.9 Fitness values of all variants with the optimum at X3,

The limits of the objective function parameters i.e. model generation and
simulation results and objective function results are shown in table 6.5. The
solution Xy3, has the minimal fitness value 0.4859 i.e. this solution is the global
optimum. Figure 6.6 shows the PES and figure 6.7 the model structure of this

variant.

min max
production time 49,5 566
costs 1 8
fitness 0.4859 1,5442

Table 6.5 Limits of fitness function parameters and results

Beside the global minimum several local minima exist with a very close fitness
value, as can be seen in figure 6.9. Table 6.6 lists the global optimum (green
line) and all near optimal solutions with a maximal variation of 3% of the
maximal fitness value of 2. The solutions 2, 4 and 7 are identical to solutions 1,
3 and 6 due to the preferred assignment of the two available operators to the
automatic login i.e. the manual login is not used in variants 2, 4, 7. The solutions
1, 3 and 6 differ in the control strategy whereas the most flexible control strategy
2 delivers the optimal result. Solutions 3 and 5 are based on different system
configurations. With the used same weighting of production time and costs the
solution 3 is the optimal solution, with a higher weighting of production time
solution 5 would be a better variant.
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no. | ctrl | login # of # of prod. | costs fittness
strat. | typ splicers | ops time
1 1 2 2 2 139,8 2 0,4969
2 1 3 2 2 149,3 2 0,5137
3 2 2 2 2 133,5 2 0,4859
4 2 3 2 2 133,8 2 0,4863
5 2 3 3 3 87,3 3 0,5291
6 3 2 2 2 149,5 2 0,5141
7 3 3 2 2 148,5 2 0,5124

Table 6.6 Optimal and near optimal solutions

With other relevance factors r; and ro the optimal system configuration is
different. E.g. without the consideration of costs two global optima with a
production time of 49.5 exist (Xgs and X,e;). These solutions produce the
specified number of orders in the shortest time.

In each of the two GA optimisation experiments the optimisation was
repeated 50 times to estimate average values because of the stochastic nature of
GA. Each optimisation experiment uses one stop criterion as described in section
6.4.2.

The results with average number of investigated individuals, optimum
and near optima found are shown in table 6.7. The results show that the number
of investigated individuals (194 and 102) is significant less than the number of
all variants (275). The probability to find the optimal or near optimal solution is
high (68% and 50%) but the finding is not guaranteed. Both, the number of
investigated individuals and the finding probability depend highly on chosen GA
parameters as can be seen when comparing the results of optimisation
experiment 1 and 2 in table 6.7.

Stop criterion 1 Stop criterion 2
(uses weighted (uses weighted
average change average change
over 20 over 5
generation) generation)
Average number of
investigated individuals 194 102
to find an optimum
Optimum X3, 47% 21%
Near optimal results with 21% 29%
max 3.2% error

Table 6.7 Results of 50 optimisation experiments
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An example of the development of individual fitness values, best and average
generation fitness during a single optimisation experiment is shown in figure
6.10. The diagram shows the fast convergence of the average fitness of the
generations. After two generations each generation contains the optimal solution
once in minimum and after the 7™ generation the fitness value does not change
anymore.
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Figure 6.10 Individual fitness, best and average fitness of generations of one GA
run

The results show that the optimisation approach developed in this research
delivers an optimal solution with a high probability and with significantly less
simulation runs in comparison to a complete simulation study of all model
variants. Consequently the new approach of a simulation based parameter and
structure optimisation is validated with a first real industrial example. There is a
potential to increase the probability and/or decrease the number of simulation
runs to estimate the optimal solution through adaptations of the GA parameters
or with the use of other search methods.

For a potential application of the introduced approach it is necessary to
extend the model to a complete Photofinishing Laboratory. Although the model
of the case study is relative small the computing time of an optimisation
experiment is on average between some 10 minutes and a few hours. However,
the case study is carried out with a prototypical implementation of the simulation
method and ideal parallelisation possibilities of GAs are not used. Hence, it can
be assumed that there is a huge potential of runtime optimisation.

The introduced case study stands for many flexible production
systems. It can be assumed that the developed framework can be applied to
other, comparable systems with the ability of modular, hierarchical modelling.
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Chapter 7
Conclusions and further Work

7.1 Conclusions

Simulation in a manufacturing context focuses on modelling the behaviour and
the structure of manufacturing organisations, processes and systems. Many
manufacturing systems have the potential to be optimised and to exploit this
potential simulation based optimisation techniques are an important step
forward. The overall goal of applying of these techniques is the identification of
improved user selected system parameters. This research deals with a
fundamental optimisation problem in discrete event simulation. Optimisation is
well established but restricted to the optimisation of system parameters. Model
structure is considered to be fixed, defined during model development. In
simulation based optimisation using automated model parameter changes and
manual model structure adaptations the global optimal system configuration
cannot be guaranteed. With the growing use of flexible manufacturing systems
and the increasing demand for product customisation the number of
manufacturing system variants increases consequently the demand for structure
optimisation is becoming increasingly more important.

This research has developed a simulation based optimisation method
to solve the limitations of the established techniques. A crucial difference to
established simulation based parameter optimisation is the application of a
method based on meta-modelling to manage a set of models. The new
optimisation method can simultaneously control both model parameter changes
and model structure selection. The result of a successful optimisation experiment
using this approach is a parameter and structure optimised model. The key
research aim to develop an approach to replace conventional manual structural
changes i.e. to develop a combined, simulation based parameter and structure
optimisation has been achieved.

An essential prerequisite of the new approach is a modular,
hierarchical modelling and simulation method with a strict separation of model
and simulator. This research determined the DEVS formalism as a suitable
method. DEVS as a two-part definition consisting of a formal model
specification and a simulation algorithm to model execution was introduced in
the 70s and since then has been continuously developed. Many DEVS
extensions have one joint attribute: they are based on the original DEVS
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formalism and have not taken advantage of the potential in combining
extensions. For this reason the research has been followed the idea of a merging
formalism to combine the advantages of different approaches. The new
EDSDEVS formalism developed from this research is a fusion of Classic DEVS
with selected extensions. It is an as generic as possible, powerful modelling and
simulation formalism based on DEVS. A second key research aim to develop a
modelling and simulation method based on DEVS and DEVS extensions to
create a merging formalism has been achieved.

A further prerequisite for simulation based optimisation is an
appropriate model management method. This research determined the SES/MB
approach as a suitable method. Originally the SES/MB framework was
developed to assist an analyst during a manual model variant selection. Changes
to the SES/MB approach and algorithms to embed it into the simulation based
optimisation have been developed within the research.

The final prerequisite is a suitable search method to find the optimal
model configuration in the general multidimensional search space. Many search
algorithms exist. One category widely used in both research and commercial
applications are genetic and evolutionary algorithms. For a practical
investigation of the fundamental simulation based parameter and structure
optimisation framework a commercial GA is used.

Validation of the work has been achieved using an industrial problem
where the ability to control manufacturing system structure is an important
optimisation factor. The photo-processing industry relies on management of the
process flow to achieve profitability and this application demonstrates both how
the new framework functions and the validity of the GA used in a real world
situation. In two optimisation experiments it has been shown that the results are
significantly dependent on the GA parameters. However in both experiments the
probability to find an optimal or near-optimal model configuration is equal to or
greater than 50%. An increased probability of an optimal solution is preferable
however this will be the subject of further work.

The framework is implemented as MATLAB toolboxes and uses a
commercial GA toolbox respectively. In the prototypical implementation of the
framework and the validation of the work it has been shown that the use of
MATLAB has both advantages and disadvantages. It is a powerful and
productive environment to solve scientific and engineering problems and to
implement prototypical applications. A disadvantage is the interpretative
operation method. Particularly in simulation based optimisation where
numerous, time consuming simulation runs lead to long execution times.
However, there are parallel computing MATLAB toolboxes which support
several aspects of parallelisation. The algorithmic summary shown using a GA is
a promising approach to improve execution time by parallelisation.

During the research project the important steps have been published in
a peer-reviewed journal, at international conferences and as a book chapter.
Appendix C presents the publications.
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7.2 Suggestions for further work

This research has established an approach to simulation based parameter and
structure optimisation. Whilst this thesis presents the ideas, principles and a first
example, it also opens up several future research directions. Future research
directions can be divided into two areas (i) investigations of simulation based
optimisation framework (ii) EDSDEVS formalism.

The introduced approach defines the model structure variants at the meta-
model level as a static structure. Otherwise it uses a dynamic structure
modelling and simulation method to execute the selected model
configuration. The dynamic changes of the model structure during the
simulation time are not considered in this approach i.e. the optimisation
regards only the initial model structure as a static structure. It seems
feasible to add dynamic structure changes during the model lifetime as an
additional criterion to the optimisation. An example is the length of stay of
a sub model. This approach considers the initial existence of the sub model
but its lifetime may play an important role in the search for an optimal
model configuration.

With the SES XML definition a platform and implementation
independent meta-modelling definition already exists. The manual
modelling based on direct writing a XML file is not straightforward.
General XML editors can assist the modelling but cannot replace a
dedicated SES XML editor. A graphical SES/MB modelling application is
a reasonable extension.

As already shown in section 6.4.3 the optimisation results and the
number of optimisation cycles depends on the GA parameters. There is
much literature about GA methods and parameterisation. The experience
gained in this research has shown that further investigations in this
direction are necessary. Hence, the optimisation of GA parameters is a
further research topic.

There are also other promising search methods. Another nature

analogue method is the Particle Swarm Optimisation (PSO) approach
based on swarm intelligence of social groups. This group of algorithms is
relative new, introduced around 10 years ago. The number of publications
and applications is growing fast. The literature review has shown evidence
that this algorithm group can solve problems like the simulation based
optimisation as well as GAs.
The new EDSDEVS formalism developed from this research is a fusion of
Classic DEVS with several extensions. This part of the research is a step to
a generic modelling and simulation formalism based on DEVS. Further
extensions are desirable and essential e.g. extensions for parallel
computing and graphical modelling. There are also approaches for hybrid
DEVS extensions i.e. the support of continuous state changes. These are
proposals for further research. The last proposal, the hybrid DEVS, is
already a current research project topic of the Research Group CEA.
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The importance and topicality of the idea behind this research can be seen in two
brand new research proposals, the first currently in preparation and the second
announced at 30.03.2009:

A research proposal at the Deutsche Forschungsgemeinschaft (DFG
German Research Foundation) for further developments of the simulation based
parameter and structure optimisation approach and its application to the
optimisation of energy efficiency of process chains and manufacturing structures
is currently in preparation. The optimisation of energy efficiency of process
chains i.e. among other things the structure optimisation of process chains is a
planned priority programme of DFG.

In a call for proposal of the Federal Ministry of Education and
Research of Germany a sponsorship is announced with the topic ‘safeguarding
competitiveness by versatile manufacturing systems. One matter of the
proposed research is covered by the optimisation technique introduced in this
thesis.
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Appendix B. Coding Examples

atomic_model
variables:
tlst  time of last event
S internal state

function init()

/I initialise state variable set S and t,,; with the time of the first
internal event
end function

function (e, X)

t= tIast +e

I/ do something with x.value
end function

function Sn(t)

Sk — S«i1 /I calculate next internal state Sy, from current
internal state Sk
end function
functiont = ta()
t=... /I calculate next internal state event
end function
function y = A()
y.value = . .. // set value of y-message
end function
end atomic_model

Listing B.1 Pseudo code skeleton of an atomic Classic DEVS model
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coupled_model
function My« = select(imminent)
Mg~ = ... /I choose one of the sub component from component
list imminent
end function
end coupled_model

Listing B.2 Pseudo code skeleton of a coupled Classic DEVS model
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variables:
t simulation clock
tend simulation end time

when receive start-msg(teng)
send i-msg() to sub-ordinate DEVS coordinator
t 1= teq Of SUb-ordinate coordinator
while t < tgnq
send *-msg(t) to sub-ordinate DEVS coordinator
t := tex Of SuUb-ordinate coordinator

Listing B.3 Pseudo code of a Classic DEVS root coordinator

117



Appendix B. Coding Examples

variables:
tast time of last event
thext time of next internal state event
am associated atomic model
when receive i-msg()
am.init()
tIast =0

thext -= am.ta()
when receive *-msg(t) at time t
Ift <> thex
error: bad synchronisation
y :=am.A()
send y in y-message to parent coordinator
am. Sin(t)
tast -= t
tnext = tIast + am-ta()
when receive x-msg(t, x) at time t with value x
If not (tast <t <thext)
error: bad synchronisation
am-é‘ext(t'tlasty X)
tIast =t
tnext = tIast + am-ta()

Listing B.4 Pseudo code of a Classic DEVS simulator
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variables:
tlast time of last event
thext time of next internal state event
CM associated coupled model

when receive i-msg()
foreach sub component My € CM.M
send i-msg() to My

tIast =0
/I determine time of next scheduled internal state event of all sub
components

thext := MIN({ Mg.thex | Mg € CM.M })
when receive *-msg(t) at time t
ift<> tnext
error: bad synchronisation
// find all sub components with a true condition t,e.=t
imminent :={ Mg | My € CM.M A Mg. the=1}
// call select function to determin one sub component to send the *-msg
Mg« := select(imminent)
send *-msg(t) to Mg«

fast := 1
/I determine time of next scheduled internal state event of all sub
components

thext := MIN({ Mg.thext | Mg € CM.M })
when receive x-msg(t, X) at time t with value x
if not (tlast <t —<tnext)
error: bad synchronisation
I/ get all sub components Mgy~ with an appropriate EIC
receivers := subcomponents {Mq | My eCM.M} with {coupling |
couplinge CM.EIC}
// forwards the x-msg to all appropriate sub components
foreach sub component Mg~ in receivers
send x-msg(t, X) to Mg«

fast - =1
/I determine time of next scheduled internal state event of all sub
components

thext -= min({Md-tnext | My € CM-M})
when receive y-msg(t, y) at time t with value y
// forwards y-msg to super-ordinate model if an appropriate EOC
exists
if exist coupling in CM.EOC
send y-msg(t, y) to parent model
I/ get all sub components My~ with an appropriate I1C
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receivers := subcomponents {Mq [M 4 eCM.M} with {coupling |
couplinge CM.IC}
/I creates from y-msg and sends it as an x-msg to all appropriate sub
components
foreach sub component My~ in receivers
send x-msg(t, y—X) to My«

Listing B.5 Pseudo code of a Classic DEVS coordinator
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atomic_model
variables:
tlst  time of last event
S internal state

function (e, X)
t=tt+e
switch x.port
case inputport,
/I do something with x.value received at input port
inputport,

case inputport,
I/ do something with x.value received at input port
inputport,

end switch

end function

function y = A()
y.port =... // set output port of y-message
y.value = . .. // set value of y-message

end function

Listing B.6 Pseudo code skeleton of an atomic Classic DEVS with Ports model
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when receive *-msg(t) at time t
if t <> theyx
error: bad synchronisation
y :=am.A()
send value y.value in y-message to parent coordinator at port y.port
am. Siu(t)
tIast =1
tnext = tIast + am-ta()
when receive x-msg(t, X, p) at time t with value x at port p
If Not (tjast <t <tpext)
error: bad synchronisation
am-é:axt( t'tlash X, p)
tIast =t
tnext = tIast + am-ta()

Listing B.7 Pseudo code of a Classic DEVS with Ports simulator
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when receive x-msg(t, X, p) at time t with value x at port p
if not (tlast <t —<tnext)
error: bad synchronisation
/Il get all sub components My« with an appropriate EIC
receivers := subcomponents {Mq | Mye CM.M} with {coupling |
couplinge CM.EIC}
/l forwards the x-msg to all appropriate sub components
foreach sub component My~ Iin receivers
send x-msg(t, X, Mg~.p) to My« at port p

tIast =1
/I determine time of next scheduled internal state event of all sub
components

thext °= min({Md-tnext | I\/ld € CM-M})
when receive y-msg(t, y, p) at time t with value y at port p
/l forwards y-msg to super-ordinate model if an appropriate EOC
exists
if exit coupling in CM.EOC
// coupling is a structure with the elements {sub component,
Psource: pdestination}
foreach coupling in CM.EOC
send y-msg(t, y, coupling.pPgestination) t0 parent model
/I get all sub components Mgy~ with an appropriate IC
receivers := subcomponents {My |M 4 € CM.M} with {coupling |
couplinge CM.IC}
/[ creates x-msg from y-msg and sends it as an x-msg to all
appropriate sub components
foreach sub component My« in receivers
foreach coupling in CM.IC with coupling between y.source and
Mg=.p
send x-msg(t, y—X, My«.p) to My« at port p

Listing B.8 Pseudo code of a Classic DEVS with Ports coordinator
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atomic_model
variables:
tlst  time of last event
S internal state

function init()
/I initialise state variable set S and t,,; with the time of the first
internal state event
end function

function &gon(t, X_bag)
/[ default implementation of a confluent function matches
Classic DEVS functionality
Sint(t)
é‘ext(oa X_bag)
end function

function o.,(e, x_bag)
t= tIast +ée
foreach x in x_bag
// do something with x.value
end function

function Sp(t)
Sk — Sk+1 /I calculate next internal state Sk, from current
internal state Sk
end function
function t = ta()
t=... /[ calculate next internal state event
end function
function y_bag = A()
y.value = . .. // set value of y-message
y_bag +=y
end function
end atomic_model

Listing B.9 Pseudo code skeleton of an atomic PDEVS model
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when receive *-msg(t) at time t
if t <> thex
error: bad synchronisation
y _bag :=am.A()
send y_bag in y-message to parent coordinator
when receive x-msg(t, X_bag) at time t with x_bag
if not (tlast <t —<tnext)
error: bad synchronisation
If =t @and X_bag is not empty
/[ concurrent external and internal event
am.don(t, X_bag)
else if t=t,, and x_bag is empty
/l internal event

am. Gin(t)
else
/I external event
am-aext(t'tlast’ X_bag)
end if
tIast =t

tnext = tIast + am-ta()
Listing B.10 Pseudo code of a PDEVS simulator
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atomic_model
variables:
tlst  time of last event
S internal state

function init(t)
/I initialise state variable set S and t,,; with the time of the first
internal state event
/I t=0 initialisation at simulation start
// >0 initialisation after structure change
end function

function on(t, X_bag)
/I default implementation of a confluent function matches Classic
DEVS functionality
Sin(t)
é‘ext(ol X_bag)
end function

function o.(e, x_bag)

t= tlast +ée
foreach x in x_bag

/l do something with x.value received at x.port

switch x.port

case inputport,
/I do something with x.value received at
input port inputport,

case inputport,
// do something with x.value received at
input port inputport,

end switch
end function

function &i(t)
S, — Si+1 /I calculate next internal state s,,; from current
internal state s,
end function

function t=ta()
t=... /I calculate next internal state event
end function

function y_bag = A()

y.value = ... // set value of y-message
y.port = ... // set output port of y-message
y_bag +=y

end function
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end atomic_model
Listing B.11 Pseudo code skeleton of an atomic EDSDEVS model

127



Appendix B. Coding Examples

coupled_model

variables:
tlst  time of last event
S internal state

function init(t)
/I initialise structure and state variable set S and t,. with the
time of the first internal
/] state event
/[ t=0 initialisation at simulation start
// t>0 initialisation after structure change
end function

function on(t, X_bag)
/[ default implementation similar to an atomic model
functionality

Sin(t)

Ses(0, X_bag)
end function

function &,¢s(e, X_bag)
t="tt+e
foreach x in x_bag
// do something with x.value received at x.port
switch x.port
case inputport,
/I do something with x.value received at
input port inputport,

case inputport,
/I do something with x.value received at
input port inputport,

end switch
end function

function S(t)
S, — Sy+1 /I calculate next internal state s,,; from current
internal state s,
end function

function t =ta()
t=... /I calculate next internal state event
end function

function y_bag = A(t)

y.value = . .. // set value of y-message
y.port =. .. // set output port of y-message
y_bag +=vy
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end function
end coupled_model

Listing B.12 Pseudo code skeleton of a coupled EDSDEVS model
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variables:
tast time of last event
thext time of next internal state event
am associated atomic model

when receive i-msg(t)at time t
// t=0 initialisation at simulation start
[/l t>0 initialisation after structure change
am.init(t)
tast -= t
thext := am.ta()
when receive *-msg(t) at time t
ift<> tnext
error: bad synchronisation
y bag :=am.A()
send y_bag in a y-message to parent coordinator

when receive x-msg(t, x_bag) at time t with value x_bag containing x.value und
X.port pairs
if not (tlast <t —<tnext)
error: bad synchronisation
if t=t,exc @and X_bag is not empty
/I concurrent external and internal event
am. oeon( t, X_bag)
else if t=t, and x_bag is empty
// internal event

am. Sin(t)
else
/I external event
am-é‘ext( t-last, X_bag)
end if
fast =

tnext = tIast + am-ta()

Listing B.13 Pseudo code of an EDSDEVS simulator
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variables:

tlast time of last event

thext time of next internal state event of the coupled model or a
sub component

thext time of next internal state event of the coupled model

CM associated atomic model

/[ CM.s; current, sequential structure state
IMM /[ imminent children
mail // output mail bag

// t=0 initialisation at simulation start
// t>0 initialisation after structure change
when receive i-msg(t)at time t

CM.init(t)

foreach sub component My € CM.s.M

send i-msg(t) to My

tast 1=t

/Il determine time of next scheduled internal state event of coupled
model

tnext_c = C'V'-ta()

// determine time of next scheduled internal state event of coupled
model and all

/I sub components

thext 1= min( tnext_m { I\/Id-tnext | Md € CM-St-M })

when receive *-msg(t) at time t
If t <> thex & <>ty ¢
error: bad synchronisation
// internal state transition event of the coupled model CM itself
if t:tnext_c
y_bag :=CM.A()
send bag of value/output port pairs in a y-message to parent
coordinator
// internal state transition event of a sub component of CM
else if t=t ey
/[ find all sub components with a true condition t,e=t
IMM :={ My | My € CM.5.M A My. thex= 1t}
foreach My in IMM
send *-msg(t) to My

when receive x-msg(t, x_bag) at time t with value x_bag containing pairs of
x.value/x.port
if not (tlast <t —<tnext_c)
error: bad synchronisation
if t=tex; c and x_bag is not empty
CM.&on( t, x_bag) // concurrent external and internal event
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else if t=t,e ¢ and x_bag is empty
CM.6(t) /internal event
else
CM. 5,¢s( t-tiast, X_bag) // external event
end if
/Il get all sub components My« with an appropriate EIC
receivers := subcomponents {Mq | My e CM.s..M} with {coupling |
coupling e CM.s..EIC}
/l forwards the x-msg to all appropriate sub components
foreach sub component My~ in receivers
CM.6gs( t-tiast, X_bag) // external event of sub component
send x-msg(t, x_bag, My~.p) to Mgy« at port p
foreach sub component My« in IMM and not in receivers
send x-msg(t, NULL, NULL) to My« // send empty bag, input
port is ignored
bast =1
tnext_c = tIast + CM-taO
thext 1= min( tnext_m { I\/Id-tnext | IVld € CM-St-M })

when receive y-msg(t, y_bag, d) at time t with y_bag with value/port pairs from
d
/I collect all y-messages from all sub components
if d is not the last not reporting d in IMM
add (y_bag, d) to mail
mark d in IMM as reporting
/I all sub components now handled their *-message
else if d is the last not reporting d in IMM
CM. 8, g5(t-tja5t, mail)
I check external coupling to form sub-bag of parent output
y_bagparent = NULL
foreach d in mail where (y_bag and d) has an appropriate EIC
add y_bag 10 y_bagparen
send y-msg(t, y_bagparen,, CM) to parent model
I/ check IC to get children My~ with an appropriate IC who
receives a sub bag
receivers := subcomponents {Mq |d in mail, M 4e CM.s..M} with
{coupling | coupling e CM.s..IC}
foreach sub component My~ in receivers
creates sub bag x_bag from mail with elements where M- is
receiver send x-msg(t, x_bag) to My«
mark d in IMM as sending
foreach sub component Mg« in IMM where My« is not sending
send x-msg(t, NULL) to M«
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tIast =t
thext ¢ -= t_last + CM.ta()
tnext = mm( tnext_c; { Ivld-tnext | Md € CM-St-M })

Listing B.14 Pseudo code of an EDSDEVS coordinator
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<?xml version="1.0" encoding="us-ascii'?>
<I--

DTD for an SES.
-—>

<IELEMENT top (ses _mb)>
<IELEMENT ses (modelbase | ses | properties)*>

<IELEMENT modelbase ((mb_composite | mb_atomic |
mb_aspect | mb_specialization |
mb_specializationentity | mb_multiAspect)+)>

<IELEMENT ses (composite)>

<IELEMENT properties ((modelcouplings | var |
varNumberOfComponent | constraint)+)>

<IELEMENT modelcouplings ((eic | eoc | 1c)+)>
<IATTLIST modelcouplings
esname CDATA #REQUIRED>

<IELEMENT mb_composite EMPTY>
<IATTLIST mb_composite
esname CDATA #REQUIRED>

<IELEMENT composite ((aspect | speciralization |
multiAspect)*)>
<IATTLIST composite

esname CDATA #REQUIRED>

<IELEMENT mb_atomic ((inports | outports)*)>
<IATTLIST mb_atomic

esname CDATA #REQUIRED

classname CDATA #REQUIRED

modelname CDATA #REQUIRED>

<IELEMENT atomic EMPTY>
<IATTLIST atomic
esname CDATA #REQUIRED>
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<IELEMENT mb_aspect ((inports | outports)*)>
<IATTLIST mb_aspect

esname CDATA #REQUIRED

classname CDATA #REQUIRED

mode lname CDATA #REQUIRED>

<IELEMENT aspect ((entity | specialization |
multiAspect | atomic)*)>
<VTATTLIST aspect

esname CDATA #REQUIRED>

<IELEMENT mb_specialization ((inports |
outports)*)>
<IATTLIST mb_specialization

esname CDATA #REQUIRED>

<IELEMENT mb_specializationentity EMPTY>
<IATTLIST mb_specializationentity

esname CDATA #REQUIRED

classname CDATA #REQUIRED

mode Iname CDATA #REQUIRED>

<IELEMENT specialization

(specializationentity+)>

<IATTLIST specialization
esname CDATA #REQUIRED>

<IELEMENT specializationentity EMPTY>
<IATTLIST specializationentity
esname CDATA #REQUIRED>

<IELEMENT mb_multiAspect EMPTY>
<IATTLIST mb_multiAspect
esname CDATA #REQUIRED>

<TELEMENT multiAspect (atomic)>
<IATTLIST multiAspect
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esname CDATA #REQUIRED>

<I--
internal var will be set internally in the ses
external var references an external variable
-2
<IELEMENT var EMPTY>
<IATTLIST var
name CDATA #REQUIRED
esname CDATA #REQUIRED
typ (internal]external) "internal™
external name CDATA #IMPLIED
value CDATA #IMPLIED>

<IELEMENT varNumberOfComponent EMPTY>
<IATTLIST varNumberOfComponent

esname CDATA #REQUIRED

min CDATA #REQUIRED

max CDATA #REQUIRED>

<IELEMENT inports (inport+)>
<IELEMENT outports (outport+)>

<IELEMENT @inport EMPTY>
<IATTLIST i1nport
name CDATA #REQUIRED>

<VTELEMENT outport EMPTY>
<TATTLIST outport
name CDATA #REQUIRED>

<IELEMENT eic EMPTY>

<IATTLIST eic
inport CDATA #REQUIRED
component CDATA #REQUIRED
component inport CDATA #REQUIRED>

<IELEMENT eoc EMPTY>
<IATTLIST eoc
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component CDATA #REQUIRED
component outport CDATA #REQUIRED
outport CDATA #REQUIRED>

<IELEMENT &1c EMPTY>

<IATTLIST 1ic
componentl CDATA #REQUIRED
componentl outport CDATA #REQUIRED
component2 CDATA #REQUIRED
component2 inport CDATA #REQUIRED>

<IELEMENT constraint EMPTY>
<IATTLIST constraint
name CDATA #REQUIRED
typ (entity|parameter) #REQUIRED
action (enable]valid) #IMPLIED
condition (gt]lt]eq]gteq]lteqg|neq)
#IMPLIED
var namel CDATA #IMPLIED
var_name2 CDATA #IMPLIED
destination CDATA #IMPLIED>

Listing B.15 DTD describing the structure of SES/MB XML
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<?xml version="1.0" encoding="utf-8"?>
<IDOCTYPE ses SYSTEM 'ses.dtd" []>
<ses_ mb>
<ses>
<composite esname="ROOT">
<aspect esname="R0O0Tdec'>
<composite esname="A"">
<specialization esname="Aspec'>
<specializationentity
esname="Al1"/>
<specializationentity
esname=""A2"/>
</specialization>
</composite >
<composite esname="B">
<aspect esname="'Bdec''>
<atomic esname="D"/>
<atomic esname="E"/>
</aspect>
</composite >
</aspect>
</composite >
</ses>

<modelbase>
<mb_aspect esname="R0O0Tdec""
classname="ROOT" modelname=""root'"/>
<mb_specialization esname="Aspec''>
<outports>
<outport name="Aoutl''/>
<outport name="Aout2"/>
</outports>
</mb_specialization>
<mb_aspect esname="Bdec' classname="B"
mode Iname=""b"">
<inports>
<inport name="Binl"/>
<inport name="Bin2"/>
</inports>
<outports><outport
name="Bout"/></outports>
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</mb_aspect>
<mb_atomic esname="D" classname="D"
mode Iname="'d"">
<inports><inport name="Din"/></inports>
<outports><outport
name="Dout"/></outports>
</mb_atomic>
<mb_atomic esname="E' classname="E"
mode Iname="'e"">
<inports>
<inport name="EiInl"/>
<inport name="EIn2"/>
</i1nports>
<outports><outport
name="Eout"/></outports>
</mb_atomic>
</modelbase>

<properties>
<modelcouplings esname="R0O0Tdec">
<ic componentl="A"
componentl outport="Aoutl™
component2=""B"
component2_inport="Binl"/>
<ic componentl="A"
componentl outport="Aout2"
component2=""B""
component2_inport="Bin2"/>
</modelcouplings>
<modelcouplings esname="'Bdec''>
<eic Inport="Binl" component="D"
component_inport="Din'/>
<eilcC Inport="Bin2" component="E"
component_inport="Ein2"/>
<ic componentl="D"
componentl outport="Dout"
component2=""E""
component2_ inport="Einl"/>
<eoc component="E"
component _outport="Eout" outport="Bout'/>
</modelcouplings>
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<var esname="'"ROOT" name=""pmax""
typ=""Iinternal" value="6"/>

<var esname="Al" name="pl" typ=""internal™
value="2"/>

<var esname="'A2" name="pl" typ=""internal™
value="3"/>

<var esname="D"" name="p2" typ="internal"
value="3"/>

<constraint name="scl" condition="I1t"
var_namel=""pl+p2"

var_name2="‘pmax" action="valid"
typ=""parameter' />
</properties>

</ses_mb>

Listing B.16 SES/MB XML example — XML file
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MODEL

server transducer
job_out[——» ] job_in

Figure B.1 A coupled model example

<?xml version="1.0" encoding="utf-8"7>
<atomic modelName=""server'™ xmlns="AtomicDevs'>

<inports/>

<outports>
<outport>job_out</outport>

</outports>

</atomic>

<?xml version="1.0" encoding="utf-8"?7>
<atomic modelName=""transducer"™ xmlIns="AtomicDevs''>

<inports>
<inport>job_in</inport>

</inports>

<outports/>

</atomic>

Listing B.17 Two atomic model XML files

<?xml version="1.0" encoding=""utf-8"?>
<coupled modelName="MODEL"™ xmlns="CoupledDevs'>

™

<Models>
<Model><devs>server</devs></Model>
<Model><devs>transducer</devs></Model>

</Models>

<inports/>

<outports/>

<EIC/>

<IC>
<Coupling>

<SrcModel>server</SrcModel><outport>job_out</outpor
<DestModel>transducer</DestModel>
<inport>job_in</inport>

</Coupling>
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</IC>
</EOC>
</coupled>

Listing B.18 Coupled model XML file
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0.

1.

Define the search space and chose an appropriate information encoding in

chromosomes
Initialise a population of individuals with different chromosomes

(generation 0)

Repeat until stop criterion is fulfilled

2

3.
4.
S.

Estimate the fitness of all individuals of the current generation
Select pairs with m individuals and create descendants using crossover

Mutate the descendants
Exchange individuals of the current generation with descendants based

on a substitution schema to create a new generation
Listing B.19 A general GA algorithm
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