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Chapter 1

Introduction

1.1 Problem statement

Decision-makers in the infrastructure domain, which includes the electricity sector, trans-
port networks, industrial clusters and supply chains, have to deal with capacity limita-
tions, unexpected disruptions, maintenance and investment decisions, as well as other
challenges. These problems have always existed (e.g. competition in the developments
of the �rst transcontinental railways in the 1860s in the USA (�Paci�c Railroad Act�),
capacity problems of dung removal for horse trams in London, UK, until World War I,
and the 1965 power blackout in the North-East of the USA and Canada), but they are
still dif�cult to solve, understand and predict due to the complexity of the infrastructure
systems.

This complexity arises from a world that is more and more connected: infrastructure
systems are not independent of each other but have signi�cant dependencies and inter-
actions1. Different infrastructures need each other, for example electricity networks and
telecommunication networks; one cannot function without the other. Moreover, these
systems have grown from small, often local, systems to regional, national, continental
and global networks. They were not designed to function like they do today, but evolved
to this state.

Furthermore, infrastructure systems are socio-technical systems: not only the physical
system is complex, but so is the social network to which it is inherently connected. The
social network includes actors such as the users, network operators, maintenance compa-
nies, governmental authorities and regulators. These actors are part of a bigger system
and they call for novel solutions to approach the challenges of socio-technical systems.

Decision makers often rely on models and simulations for support in the decision
process to come to well-informed conclusions. Model-makers design and build models
that can be used to test different scenarios and to gain insight in the possible consequences
and results of many actions, using simulations. These models can be used for decision
support. What is a suitable modelling approach for socio-technical systems? The answer to
this question is of great importance to strategic, tactical and operational decision makers
in large-scale interconnected network systems.

1Although, one could argue that this is not new (e.g. the strong link between railways and telegraph systems
in the 19th century), such interaction has effects on a much larger scale nowadays.
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Chapter 1. Introduction

Challenges for the development of models arise when trying to incorporate both the
technical and the social systems in one model. Existing tools to deal with either the
physical (e.g. models of industrial processes) or the social network (e.g. economic market
models) are available, but these worlds have yet to be brought together in an integrated
modelling approach for socio-technical systems. That is the ambition of this thesis.

1.2 De�nitions and scope

In the problem statement some key concepts have been used that need to be well speci�ed
and de�ned for use throughout the thesis, before continuing with a number of speci�c
examples of challenges and the research goals.

1.2.1 Infrastructure

The word ‘infrastructure’ is widely and commonly used in the English language, but
still it is open to different interpretations. One would easily agree that a road system of
motorways and carriageways is an infrastructure, as is the network that brings electricity
from power plants to end users, but how about the stock exchange or an educational
system of schools and universities?

A start is to look at a dictionary de�nition: �Infrastructure (noun): the basic physical
and organisational structures (e.g. buildings, roads, power supplies) needed for the op-
eration of a society or enterprise� (Oxford English Dictionary Online 2009). Interesting
enough, this de�nition already highlights the socio-technical nature of infrastructures: it
does not only encompass the physical structures, but also the organisational structures.
What makes something an infrastructure lies in the purpose of the system: without it
society (or, at a lower level of hierarchy, a company) could not function. Recently the
effects of a failing �nancial sector on society have again become visible2, so indeed it is an
infrastructure. The scope of the concept ‘infrastructure’ is, therefore, very broad.

For this thesis, however, a sub-set of infrastructures is considered, namely those sys-
tems in which mass, energy or information is literally transported through a physical
network and transformed in the nodes. It is an engineered system and the organisational
structure is in place to support this transfer or directly use it.

1.2.2 Complexity

Herbert A. Simon, winner of the Nobel Prize in Economics and one of the founders of
the �eld of Arti�cial Intelligence, already in the year 1962 refused to give a de�nition of a
complex system. He realised there are many de�nitions and many different �elds in which
the concept of complexity is used. Instead of formulating a de�nition, he said: �Roughly,
by a complex system I mean one made up of a large number of parts that interact in
a non-simple way. In such systems, the whole is more than the sum of the parts, not
in an ultimate, metaphysical sense, but in the important pragmatic sense that, given the
properties of the parts and the laws of their interaction, it is not a trivial matter to infer
the properties of the whole. In the face of complexity, an in-principle reductionist may
be at the same time a pragmatic holist� (Simon 1962). He then stresses that the concept

2See for example Zandi (2008).
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of hierarchy (meaning that a system is composed of interrelated subsystems that each in
turn can also be hierarchic) is one of the structural schemes in complex systems. This
property can be observed in the infrastructure systems discussed in this thesis.

Another complex systems researcher who also goes by the name Simon, is more spe-
ci�c and de�nes a complex system as a system that has certain well-de�ned properties. A
complex system is a system that has many components that are heterogeneous (i.e. many
different types of components), have non-stationary, non-linear dynamics, contains feed-
back loops (i.e. the output of a component is input to another component), is organised
and nested (i.e. contains hierarchies and subsystems which themselves can again be seen
as complex systems) and shows emergence (i.e. the behaviour of the system cannot be
predicted by looking at the behaviour of the lower level components) (Simon 2006). The
socio-technical systems that are the topic of this thesis all have these characteristics.

There are numerous others who try to give a de�nition of complexity and complex
systems, such as Mikulecky (2001) (�Complexity is the property of a real world system
that is manifest in the inability of any one formalism being adequate to capture all its
properties�) and Holland3 (�[A complex adaptive system is] a dynamic network of many
agents (which may represent cells, species, individuals, �rms, nations) acting in parallel,
constantly acting and reacting to what the other agents are doing. [. . . ] The overall
behaviour of the system is the result of a huge number of decisions made every moment
by many individual agents� in Waldorp (1992)). While here it is acknowledged that there
are many de�nitions of complexity, it is not necessary to choose a speci�c one, let alone
try to add a new de�nition: socio-technical infrastructures are considered as complex
systems under these different de�nitions and the bottom-line is that models need to be
able to capture these characteristics in order to be useful.

Note that complexity in the way it is used in this thesis is different from computa-
tional complexity which deals with intrinsic limitations of what can and what cannot be
ef�ciently computed given limited space and time (Borodin 1975). The challenge for this
thesis lies in capturing the complexity in the world and not in ef�cient use of computer
power.

1.2.3 Model and simulation

A model is a simpli�cation of reality, designed to learn something about reality. In build-
ing a model, choices have to be made as to what is important and to what extent it can be
understood and simpli�ed. Here speci�cally computational models are considered: those
models that can be implemented in a computer program so that calculations can be made
using it. Simulation is then �the activity of carrying out goal directed experiments with
a computer program. A distinctive aspect of this program (which is typically referred to
as a simulation model) is that it has been developed to capture relevant features of the dy-
namic behaviour of some ‘target system’ which is under study� (Birta & Özmizrak 1996).
These experiments always have a purpose, for example to optimise a system that is being
studied or to gain insight in how the system behaves and responds.

3Associated with the Santa Fe Institute which is dedicated to studying complexity theory.

3



Chapter 1. Introduction

1.2.4 Actor and agent

In the de�nition of a complex adaptive system by Holland in Waldorp (1992), the term
agent is used and this concept will play an important role throughout this thesis. A strict
distinction between the concept of an agent and an actor is drawn: an actor is an active
entity (be it an individual or a collective) in the real world that makes decisions whereas an
agent is a model of an actor. Furthermore, the concept of an agent has a speci�c meaning
in the agent-based modelling paradigm (see Section 2.3). While actors, being human or
organisations consisting of humans, can behave irrationally (meaning that even when a
certain decision has a known positive effect towards a goal of the person, he or she is not
guaranteed to make this choice) their modelled counterparts, the agents, are in this thesis
assumed to be rational.

1.2.5 Socio-technical systems

A socio-technical system consists of one or more social networks and one or more phys-
ical networks that interact with each other (See Figure 1.1). One could consider them
as different networks where one follows social laws (e.g. legislation, unwritten codes of
behaviour, economic contracts) and the other follows the physical laws (e.g. Newton’s
laws, Archimedes’ principle, Einstein’s theory of relativity). In a socio-technical system
both types of laws in�uence the system (Ottens, Franssen, Kroes & van de Poel 2006).

In a similar fashion, but coming from a different perspective, the technical system can
be considered as a problem-solving system, usually concerned with the reordering of the
material world. It is �a means to an end� (Hughes 1987). However, perhaps the social
network should also be considered as a means to an end? Can it be designed like one
would design a technical system or are other approaches necessary?

Hughes, in his frequently cited work ‘The evolution of large technological systems’
(1987), never uses the word socio-technical system, but instead uses a different word for
this: technological systems. Technological systems are �socially constructed and society
shaping systems� and consists of

� Physical artefacts;

� Organisations;

Figure 1.1 � Interaction between physical and social networks
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� Scienti�c components and

� Legislative artefacts.

Both the social and physical artefacts are designed, and this is often done by dif-
ferent people. Engineers usually limit technological systems to technical components,
with the mistaken impression that system-growth and management are neatly circum-
scribed and they consider �politics� to be separate. However, technological design is part
of the system that inherently includes the social organisations, too. One can say that
in a technological system organisational form follows technical function, but also that
technical function follows organisational form (Hughes 1987). The term socio-technical
system, however, captures this better than the term technological system (Weijnen &
Bouwmans 2006).

The socio-technical concept is used in many different research �elds. The top �ve dis-
ciplines (based on number of papers as found in Scopus4) using the term socio-technical5

are

� Engineering;

� Social Sciences;

� Computer Science;

� Business, Management and Accounting and

� Medicine,

with ‘arts and humanities’ and ‘agricultural and biological sciences’ at the bottom of the
list. Furthermore, ‘chemical engineering’ and ‘energy’ (two �elds that are addressed in
this thesis) score low6, for example. In each of these �ve disciplines listed above slightly
different de�nitions are used:

Engineering: In a technological system, organisational form follows technical function,
but technical function also follows organisational form (Hughes 1987).

Social science: In the social sciences a common view of socio-technical systems is that of
humans operating in a technical world: systems that comprise of the interdepen-
dencies between persons especially the mutually dependent activities of multiple
persons (those dependencies include social aspects like communication and coop-
eration structures, formal organisational structures, personal expectations and in-
terests or quali�cations) and also have a technical side where artefacts are relevant
(Herrmann & Loser 1999).

Computer science: In computer science the technical system consists of the hardware
and software that make an information system, while the users of this system and
the organisation in which it is embedded form the social system. The main chal-
lenge lies in the speci�cation of requirements (Sutcliffe, Chang & Neville 2007) as
well as human-computer interaction.

4http://www.scopus.com/
5Including variations thereof, such as social-technical and socio-technological.
6Note that these �elds are in general smaller than those in the top �ve (and could even be considered as part

of ‘engineering’), which could explain the low number of published papers with this keyword.

5
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Business, Management and Accounting: In business, management and accounting, a
socio-technical approach means observation of work group con�gurations and dif-
ferent ways of supervision, combined with informal discussion with workers so
that knowledge is collected not only about the mechanical (or technical) aspects of
a job, but also of the social aspects (Trist 1981). These �ndings can then be applied
to real organisations and used in consultancy (Pasmore & Khalsa 1993).

Medicine: In medicine the concept of socio-technical system is mostly used in relation
with telemedicine, which is providing healthcare services on a distance through in-
formation and communication technology (LeRouge, Hevner, Collins, Gar�eld &
Law 2004). The social aspects typically consist of patients and healthcare providers
and the technical aspect are the computer systems used.

These de�nitions all choose a different focus point, but in essence they are not much
different. The challenges that arise from the interaction between physical and social el-
ements (regardless of what is considered to be part of those networks) are comparable.
Following the choice for a sub-set of infrastructure systems in Section 1.2.1, the view of
socio-technical systems used in this thesis is that of a system that includes both social and
technical elements that can both be considered as nodes in a network. Speci�cally, the
social nodes make decisions about the physical nodes (which they own, control, manage,
etc.) and the physical nodes convert mass, energy or information. This view is based on
tasks and functions and it is a subclass of the systems used in the research �elds mentioned
above.

1.3 Examples of new challenges

Next, a number of recent cases are presented brie�y to illustrate the wide scope of chal-
lenges that have to be dealt with, and to identify common aspects which a new approach
has to be able to cope with.

1.3.1 Vertical unbundling of the energy sector

The energy sector has radically changed over the past years. Driven by liberal beliefs in
the power of the market to come up with the best solutions to problems and to make
systems the most ef�cient and at the lowest price, competition has been introduced. Tra-
ditionally the energy sector has been one dominated by monopolies, often state-owned.
The main infrastructure, the physical transportation network for electricity consisting
of the high voltage lines (the grid) is a natural monopoly (i.e. it is not ef�cient to build
a second power grid) so here competition is not suitable. However, the companies re-
sponsible for generation of power and sales to consumers were also responsible for the
transportation and network operation: the whole chain was vertically integrated. This
meant there was no real market.

To encourage more competition, mainly in electricity production and sales, many
governments in Europe (following policies from the European Commission) decided to
start the process of vertical unbundling, meaning that companies are not allowed to be
active in different layers of the chain at the same time. This required a complete restruc-
turing of the energy sector and reorganisation of companies, as well as the installation of
a regulator.
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While the social and economical system completely changed, the physical energy in-
frastructure has remained the same: the same cables are in use, the same power plants and
transformers are active, etc. The new electricity sector has the same physical network,
but a different social network. To make models of this process it is necessary to have the
�exibility to make changes in the social network, while keeping the physical elements the
same.

1.3.2 High speed rail

A new high speed train connection between the Netherlands and Belgium (�Hogesnel-
heidslijn� or �HSL-Zuid� in Dutch) has been developed between 2000 and 2006, with the
aim to create a faster connection between Amsterdam, Schiphol Airport, Rotterdam and
Antwerp, reducing not only international but also local travel time. Plans for this new
rail connection were already made in the 1970s, but among other reasons because of the
high investments and risks attached to the project it was postponed, until it was �nally
realised using a private public partnership (PPP) construction in which the parties execut-
ing the work will be responsible for design but also long term maintenance and they are
involved in the exploitation, for which they receive funding from the government.

Vertical unbundling is a reality in the Dutch railway sector too (meaning that an
actor is responsible for operation and maintenance of the tracks but several other actors
can operate trains on these tracks) so there are many different actors involved. For the
new high speed rail this includes a new consortium of (already existing) players which
together accepted the PPP project, infra-management organisations and the government.
Also for the exploitation of the line a new alliance was formed between an existing railway
operator and an airline.

On the trajectory some existing tracks are also used (for example between Amsterdam
and Schiphol Airport) which adds extra complexity. On top of that, a new security sys-
tem (European Train Control System, or ETCS) was installed which is hoped to become a
European standard, but has not been widely used yet7. Furthermore, the trains that were
ordered were not ready in time. The consequence is that slower trains still operate on the
old tracks, even though the new infrastructure is ready.

Whereas in the example of the vertical unbundling of the electricity sector the phys-
ical system stayed the same and only changes in the social system were made, here the
changes are mostly in the physical network: new rail routes and a new security system
have been installed which are connected to the old physical system, while the same actors
are involved. A model of such a system should be able to connect with already existing
elements, be �exible in the physical layer to allow the new network elements to be in-
cluded and should allow existing actors to play the same role, as well as include other
responsibilities to be shared between actors.

1.3.3 Carbon capture and storage

As a third example let us consider carbon capture and storage (CCS). This is a technique
considered as a possible solution for minimising the amount of carbon emissions into the

7The ETCS system has multiple security levels, but the ETCS Level 2 installed in this case relies on a digital
radio-based system and no longer uses track-side signaling, so trains that do not support the security system
cannot be used on the tracks.
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atmosphere. The capture technique, for example installed in a fossil fuel power plant,
�lters (part of) the CO2 that is produced. This CO2 can then be stored, for example in
empty natural gas �elds, so it does not end up in the atmosphere with all negative effects
that are linked to this, such as climate change.

To install CCS, a number of investments have to be made in the physical system.
Capture devices are only part of it, but more importantly a new transport infrastructure
has to be created together with storage facilities. To manage this new infrastructure, it
is conceivable that a new social infrastructure has to be designed to regulate this new
market.

A part of the actor network remains the same (e.g. energy producers), but new tech-
nologies and a new infrastructure have to be added that are connected to an already ex-
isting infrastructure (e.g. power plants of said energy producers). Also, new actors are
needed for this new infrastructure, with new responsibilities and actions. A model, for
example to experiment with the feasibility of CSS or compare alternative designs, has
to cope with these challenges. It should connect to existing models of, for example, the
energy sector or the petrochemical industry. This is the case for both the physical and
the social network.

1.3.4 Commonalities and decision support for socio-technical systems

The cases presented in this section have one key element in common: certain aspects of
the system remain the same, while others radically change or completely new elements
are introduced. Sometimes the social network changes while the physical layout of the
network remains the same while in other cases it is the physical network that changes for
a given social network. The last examples showed that elements of both the social and
physical network are altered, while other parts of both networks stay the same after the
introduction of new actors or physical elements.

Challenges in the infrastructure domain as considered in this thesis are characterised
by the fact that they are multi-actor, multi-criteria and multi-level problems. This means
that there are multiple stakeholders with their own goals (which may or may not be
con�icting with those of other stakeholders), who have multiple objectives and values
(which may or may not be con�icting) and who may operate at different levels of hierar-
chy. These characteristics make it hard for actors to take the well-informed decisions, but
models can support them in the decision-making process.

It should be stressed that there is not just one stakeholder in large scale socio-technical
systems. With many different actors cooperating or in competition with each other, there
will be different interests. The fact that there are multiple actors in the system is one of
the characteristics of socio-technical systems. For a decision support tool, however, there
is usually only one problem owner for whom the tool is designed. Models of other actors
should be included in the system model, but it is assumed that only one is responsible for
the assignment to create a model and from this perspective the problem owner is unique.
In this thesis different roles of problem owners being supported by models are included,
such as governments with a supervisory role or the management of a company.

In general in many of today’s infrastructure systems, it is not possible for any one
problem owner to directly in�uence the whole system. For the model to be an effective
support tool for the problem owner, it needs to give insight in exactly how changes at
lower levels impact the emerging system behaviour. This way of modelling is close to
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how it works in the real world: the collective decisions made by more or less autonomous
actors at various levels of a hierarchy together result in an overall system behaviour.

To help decision makers with a decision support tool, models have to deal with the
type of changes that occur (or are being considered) in the real system. The result of this
requirement is that social and physical aspects have to be described separately and the
model should allow changing them in a modular fashion. Furthermore, new elements
in the model should be able to connect to existing parts, just like in the real system new
additions to an infrastructure connect to already existing ones.

The goal of decision support models is not always to �nd a system optimum (which
is a common goal for many existing models) or predict the future. Epstein (2008) lists
�sixteen reasons other than prediction to build models�. Models can, for example, be used
to improve understanding of the dynamics of the whole system and subsystems, explore
possible futures, �nd states that have to be avoided or that are desirable, and, most of all,
to provide a tool for decision makers to experiment with �what-if� scenarios, etc. Which
degrees of freedom are there? What are the possible consequences of certain decisions?
What are successful con�gurations of either physical or social networks? It should be
stressed that this requires a wider view than traditional engineering: the systems under
research are considered as part of a larger system; the view is one of a system of systems
(Hansman, Magee, Neufville, Robins & Roos 2006).

1.4 Research objective

The objective is to develop an integrated modelling approach for socio-technical infras-
tructure systems that can �capture� both the physical and social reality of the system,
their interactions with one another and the external dynamic environment. The addi-
tional challenge is to meet this objective not just for one speci�c domain, such as energy
or industry, but to develop up a modelling framework that is able to deal with today’s
reality of socio-technical network systems that are interconnected across domains.

From the examples from Section 1.3 it can be deduced that a successful model has to
be able to deal with

� different con�gurations of the social network with same physical network;

� different con�gurations of the physical network with same social network and

� different con�gurations of both social and physical networks.

Furthermore, the models should be able to connect new parts of the model with
existing elements. This is the case both when making extensions of models and when
dealing with the interactions between infrastructures, meaning that (elements of) models
of infrastructures have to be connected.

The �rst step is to analyse what existing models do, how they are designed and imple-
mented and what their aims are. Can they cope with the challenges stated in Section 1.1?
And if not, the second step is to �nd what needs to be done to make models that can deal
with these challenges. How can existing models and approaches be improved? A new
framework to modelling socio-technical systems can be developed and applied, to help

9
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modellers build better models8 and ultimately provide better decision support to actors
involved in regulating, operating or otherwise using these systems.

1.5 Audience and relevance

The target audience and key problem owner(s) are discussed in Section 1.5.1. Further-
more, the relevance of this thesis, both from a scienti�c viewpoint (Section 1.5.2) and the
viewpoint of society (Section 1.5.3) is addressed in this section.

1.5.1 Audience

There are two different �problem owners� who form the main target audience for this
thesis. Where the �decision maker� is the real problem owner of problems such as listed
in Section 1.1, the modeller has to cope with the challenge of how to build a model of
the system. This thesis is mainly targeted at this second group: people who build mod-
els of socio-technical systems. However, decision makers might also �nd interest in this
research work because it shows how lessons learnt from one domain can be translated to
another domain and it can support them in de�ning the model requirements. Further-
more, others working on agent-based modelling, ontologies or re-usable software could
bene�t from this thesis. Sections 1.5.1.1, 1.5.1.2 and 1.5.1.3 address these three groups.

1.5.1.1 Modeller

Modellers are the main target audience of this thesis. Their work has become more
dif�cult with new requirements to cope with the socio-technical complexity. To meet the
requirements of their assignments, better models are needed. Models that can deal with
social as well as technical components and that can describe how they interact. Models
that are �exible enough to perform experiments in which parts of the system, either
only social or only physical or both, change while others stay the same. Models that
can easily be connected with other simulation models that include some of the important
interdependencies that can be observed in the real world and that can be the cause of extra
complexity. In other words, models that satisfy the needs of the decision maker.

When on an assignment to build a model, one has to make a number of decisions,
such as:

� What is the best modelling paradigm for the problem?

� How can the use of the paradigm be justi�ed, compared to other options?

� Does this paradigm meet the requirements from the assignment?

� What is the quickest way to build new models to test different decisions?

These questions have to be answered before a model can be created. This thesis has
the aim to help answering them. Moreover, a modelling framework is presented that can
help a modeller to quickly set up new models by re-using building blocks. Following
this framework, the models are �exible to perform simulations with variations in the

8Note the emphasis on building better models, which is not necessarily the same as getting better (e.g. more
reliable) results from models.
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system structure (both social and physical) and to connect it to other models of other
infrastructure systems.

Following the approach presented in this thesis does not lead per se to better pre-
dictions, more accurate results, or more valid simulations, but it does mean that models
can be built that meet the requirements from the increased complexity of infrastructure
systems. In other words, the thesis can help building better models.

1.5.1.2 Decision maker

Decision makers, such as policy makers, regulators, infrastructure managers, investors,
designers, planners, contractors, service providers and operators, have to be aware of
the opportunities offered by models and simulations as a decision support tool. When
writing an assignment for the development of such a decision support tool one should
not be held back by limitations to model complexity that may have been the case in
the past. It is important to stay up-to-date on the latest developments, even when not
executing the modelling work. This thesis assists the decision maker to hire a modeller
with the appropriate skills for the problem and to ask the right questions about the model.
Furthermore, reading about the possibilities can open up new ideas for applications.

Furthermore, the approach developed in this thesis makes it possible to learn from
other applications in other domains. An important aspect of the framework is a shared
language. This is not only a language between the elements in the model, but is also
suitable for people in different disciplines to talk to each other as well as for decision
makers to talk to modellers. If concepts can be expressed in this language, it should
be clearer to others what is meant and common grounds between problems in different
domains can be discovered so that solutions can be found jointly.

1.5.1.3 Others

In addition to these two main audience groups others, such as software engineers or ontol-
ogy developers, may be interested in ontology development in general, the use of ontolo-
gies in agent-based models or re-use of source code in software engineering. Ontologies
play an important role in many software systems, knowledge-based systems or for exam-
ple in the semantic web. The ontology presented in this thesis can also be used in other
types of applications, outside the agent-based modelling framework.

1.5.2 Scienti�c relevance

As a PhD thesis, this work aims to advance and contribute to the realm of science. There
are four different �elds of science where this thesis hopes to make an impact:

Technology, policy and management The �eld of Technology, Policy and Management
deals with the dif�cult link between engineered physical systems and the policies
that relate to this engineered system as well as the management of organisations that
use and depend on such technical systems. The view of the world is one of multi-
actor systems. This research work aims to contribute by offering an approach to
create models where these two processes (physical and social) converge.

Knowledge engineering Arti�cial intelligence is a broad research �eld with a confusing
name that is open to different interpretations. Here the sub-�eld of knowledge engi-
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neering is considered only. In this �eld it is the aim to �understand� and �capture�
human intelligence, learn from it and use it to create so called knowledge based sys-
tems. In this thesis agent-based modelling, a widely used approach from the �eld
of arti�cial intelligence, is applied to capture the socio-technical system. Further-
more, knowledge acquisition and ontologies, both concepts from the knowledge
engineering discipline, are used. No fundamentally new developments are made
that contribute to this scienti�c domain, but this thesis applies an ontology in a
novel way to setup agent-based models. By combining existing knowledge it con-
tributes to this �eld of research.

Computer engineering Computer science looks at the development of computer hard-
ware and software and their interaction. Re-use of software and modularity receive
a lot of attention in this �eld. Again, existing knowledge is combined to create
something new, but moreover new insights into how computational modelling
paradigms differ from each other are presented. Finally, a structured approach for
benchmarking paradigms is proposed.

Process systems engineering The process systems engineering �eld, traditionally con-
cerned with (chemical) production processes and manufacturing, now aims at the
integration of system elements (Grossmann & Westerberg 2000), developing a multi-
disciplinary approach (Gani & Grossmann 2007) and acknowledges the need for
systems thinking and shows a growing interest for applications in the infrastruc-
ture domain (Klatt & Marquardt 2009). The focus in models of process systems is,
however, mostly on the physical aspects and the social layer is often ignored. In
this thesis it is stated that the social elements are critical and they also need to be
included in models. Doing so creates more opportunities for performing experi-
ments with these models. Through different applications in the process systems
engineering domain, lessons are learnt about the use of this approach (and agent-
based modelling in general) that could be of bene�t to this �eld of science.

The main scienti�c contributions of this thesis are the following:

Framework A modelling framework for agent-based models that can be re-used in dif-
ferent infrastructure domains.

Ontology An extensible ontology for the domain of socio-technical systems.

Benchmarking approach A structured and well-de�ned benchmarking approach offer-
ing techniques to compare different modelling approaches and modelling paradigms.

Categories of modelling paradigms An approach to the categorisation of modelling
paradigms and a way to visualise the differences and similarities.

Rules of thumb A set of rules of thumb for the applicability of agent-based modelling
of socio-technical systems: when to use this approach or when another approach
may have more advantages.

Literature overview A literature overview of different approaches for modelling socio-
technical systems, application domains of agent-based models as well as a literature
study on comparisons between equation-based models and agent-based models.
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1.5.3 Societal relevance

Alongside this list of contributions to science, the thesis aims to offer several practical
implications. Firstly, the societal relevance can be summarised in the huge importance
of infrastructures on society. One often speaks of critical infrastructures, meaning that
their failure has major impact on society. Infrastructures are everywhere in all parts of
our daily life and disturbances are deeply felt. While, of course, it cannot be claimed
that this thesis will lower the risk of failures in the energy sector, increase the capacity
of motorways and improve the ef�ciency of transport networks, still it might be a small
part of the puzzle towards more intelligent use of existing infrastructures (See Box 1) and
smarter designs for the next generation of infrastructures.

Speci�cally, this thesis offers the following:

Case-speci�c lessons This is a methodological thesis that studies a modelling approach
rather than a speci�c system from one of the infrastructure sectors. Still, the frame-
work is applied to a number of cases and, from these, case-speci�c recommenda-
tions may follow. The framework, when applied for a speci�c problem, can be
helpful to decision makers, as will be illustrated with the case studies in this thesis.

Co-learning The framework offers an approach for decision makers to try out different
scenarios and to learn about the effects, for example, of hierarchical or distributed
control in one domain and compare that with another application domain. Lessons
learnt from comparable problems in different domains can be useful this way.

Modelling recommendations Recommendations are given to decision makers in the in-
frastructure domain (or other socio-technical systems) who may want to use (agent-
based) models for decision support tool on what requirements could be set for new
model assignments.

Box 1 � Intelligent Infrastructures

The Intelligent Infrastructures research programme is part of the Next Generation
Infrastructures Foundation.

The operation and control of existing infrastructures is failing: too often we are con-
fronted with capacity problems and a lack of safety, reliability and ef�ciency. The aim
of the Intelligent Infrastructures programme is to develop advanced methods and tools
for the operation and control of existing infrastructures. A wide range of problems in
various infrastructures are studied.

The Intelligent Infrastructures programme has a focus on the short-term, aiming at
developing new, intelligent modes of operation for existing infrastructures. The problems
of different infrastructure sectors are comparable: How to maximise the use of available
capacity? How to do this in the most ef�cient way? How to prevent congestion, without
neglecting the proper safety precautions?

There are no easy solutions to these problems, because large infrastructure systems
have many components and levels, involving different parties, all primarily pursuing their
own local performance objectives.

See http://www.nginfra.nl/ for more information.
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1.6 Research questions

Following from the problem description, a number of research questions are posed here
that will be answered in this thesis. The main research question is the following:

What is a suitable modelling approach for socio-technical systems that al-
lows the user to make changes in both social and physical networks and
which can support strategic decision makers to experiment with “what-if ”
scenarios in a dynamic, multi-actor, multi-objective and multi-level world?

To help answer this main question, several sub-questions are formulated:

� What does a suitable modelling approach for socio-technical systems look like?

� How can such an approach support decision makers?

� What are different categories of modelling paradigms?

� How can different modelling paradigms be compared in a well-de�ned way?

These questions will be re�ned in Chapter 2 after the hypothesis that agent-based
modelling is a suitable approach has been tested in a literature study.

1.7 Overview of this thesis

Next, the thesis outline (Section 1.7.1) and readers guide (Section 1.7.2) are presented.

1.7.1 Thesis outline

The rest of this thesis is structured as follows:

Chapter 2 This chapter presents an overview of options for modelling socio-technical
systems. The hypothesis that there is no integrated modelling approach yet that
can handle the full complexity of socio-technical system and that agent-based mod-
elling is a suitable paradigm to base such an approach on is tested. Furthermore,
a systematic method to visualise the position of models in a modelling space is pre-
sented, followed by a discussion on the use of labels such as equation-based model
or agent-based model. Finally, the research questions as formulated in Section 1.6
are re�ned based on the �ndings from this chapter.

Chapter 3 As one of the cornerstones of this thesis, a modelling framework for the
development of agent-based models of socio-technical systems is presented. This
chapter provides a practical approach to quickly set up modular models, founded
on re-usability and a shared language in the shape of an ontology. The concepts
formalised in an ontology for socio-technical systems are presented, along with the
steps that have to be taken to expand this formalisation for new case studies and
new domains. This chapter aims at being a manual for the development of models
following the framework.
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Chapter 4 The framework has been applied to a number of case studies, some of which
are described in this chapter. The focus is on models of an oil re�nery supply
chain and an intermodal freight transport system. Numerous models developed by
others in various infrastructure domains are also brie�y addressed. This chapter
provides an overview of possible application domains but also illustrates the power
of modular and re-usable model components and serves as an argument that the
approach is useful to solve real problems.

Chapter 5 The development of the framework from Chapter 3 is an iterative process,
and the framework itself has been developed keeping in mind lessons learnt from
various case study applications by a number of researchers. In this chapter the
development of the framework is analysed, the question whether the framework
is ready or needs more iteration cycles is addressed and lessons learnt during the
development phase are shared.

Chapter 6 As highlighted in Chapter 2, agent-based modelling is not the only paradigm
that can be used for socio-technical systems. This chapter provides a structured
and well-de�ned approach for comparing different modelling paradigms, based on
a literature study of other comparisons and methods. A benchmarking study is
performed of oil re�nery supply chain modelling, and the agent-based model as
presented in Chapter 4 is used to compare the approach with equation-based mod-
elling. The conclusions of this exercise can then be used to write down rules of
thumb about the applicability of the framework and the advantages of agent-based
models.

Chapter 7 The framework (Chapter 3) and the models (Chapter 4) presented in this the-
sis can be used to support decision makers, as will be demonstrated in this chapter.
First a decision problem for the selection of the location for a new inter-modal
freight hub is discussed. Next, as an example of abnormal situation management,
the disruption in ship arrival in the oil re�nery supply chain model is used to illus-
trate the applicability of the decision support system. The decision support system
derives a suitable course of action for a given situation based on the outcomes of a
number of simulation runs according to the Nelder-Mead zero-order optimisation
method.

Chapter 8 The �nal chapter returns to the problem statement and the research questions
posed here, and shows how the framework presented in this thesis answers these
real problems and where the scienti�c questions have been answered. The con-
clusions include a critical evaluation of the agent-based approach as well as of the
framework.

1.7.2 Reader guide

This thesis covers two different story lines (shown systematically in Figure 1.2), which
will be addressed below. The �rst starts with an illustration of the problems and chal-
lenges in socio-technical systems and the need for a �exible, re-usable, bottom-up ap-
proach to modelling, resulting in a modelling framework that ful�ls these criteria. The
framework can then be applied to a number of case studies, each case study again con-
tributing to the generic nature of the framework. For this purpose the agent-based mod-
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Figure 1.2 � Two main story lines in this thesis

elling paradigm turned out as most promising. This story line could be denoted as the
‘framework for agent-based models of socio-technical systems’.

The second story line starts with the need of modellers to justify the choice of the
selected modelling paradigm, as well as with the scienti�c challenge to objectively analyse
the framework developed in this thesis. After a methodology for systematically perform-
ing such a comparison is given, a benchmarking exercise of modelling paradigms is done
on a number of case studies. The evaluation of the framework results in rules of thumb
for the applicability and its usefulness. Two models developed with the framework are
then deployed to support a problem owner, demonstrating how real-life decision prob-
lems can be solved with agent-based models. This second story line could be labelled the
‘critical evaluation of agent-based models of socio-technical systems’.

Finally, the framework and the conclusions from the benchmarking study converge to
lead to the scienti�c and practical conclusions and implications resulting from this thesis.
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Chapter 2

Modelling socio-technical systems

2.1 Introduction

In Chapter 1 the need for modelling socio-technical systems was highlighted. In this
chapter different modelling approaches are studied and their applicability to the domain
of socio-technical systems is discussed. A literature study of modelling socio-technical
systems is conducted to show that an approach that meets the requirements from Section
1.4 does not yet exist and to �nd approaches that have comparable aims and meet these
requirements to large extent, so that lessons can be learnt from them.

First, in part 1 of the literature study, a broad search for modelling approaches for
socio-technical systems and research �elds and groups that deal with socio-technical sys-
tems is conducted in Section 2.2, starting with a brief view and then zooming in on a
number of promising approaches. It is concluded from the �rst part of the literature
study that the papers that come close to meeting the requirements use the agent-based
modelling paradigm, which seems to be a promising one. Section 2.3 then discusses what
agent-based modelling is, when it can be applied and how different people use the agent
paradigm.

Next, in part 2 of the literature study on modelling, Section 2.4 deals with how agent-
based models are used for modelling socio-technical systems by looking at a handful of
case studies and frameworks that use agents in a domain that is closely related that the
scope of this thesis, that of infrastructure systems. Furthermore, a study of agent-based
approaches in one speci�c �eld of study, that of energy, is conducted.

Finally, this chapter concludes in Sections 2.5 and 2.6 by stating what can be added
to the existing body of knowledge and revisiting the research questions from Section 1.6.
They are updated with the new �ndings from this chapter.

2.2 Modelling socio-technical systems

As said in Section 1.2.5, different research �elds use slightly different de�nitions of the
concept socio-technical system, but the similarities and connections are stronger than the
differences. This leads to the hypothesis that tools and techniques from one �eld may be
applicable to socio-technical systems modelling in another �eld. This hypothesis is tested
by studying literature on different modelling approaches and different models in all �elds
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where �socio-technical� systems exist. The quotes are used here because whatever the
de�nition used in a �eld, papers will be included in the review as long as the term �socio-
technical� is used.

The results of this study are threefold:

� An overview of application domains of socio-technical system modelling;

� An overview of research groups or clusters of authors that deal with socio-technical
systems modelling; and

� An overview of approaches for modelling socio-technical systems.

The work in this �rst part of the literature study is done in three steps. The �rst step
is to analyse in which application domains the term socio-technical systems is used and
which research groups are involved in making models of such systems. The results are
presented in Section 2.2.1. From the �rst list of papers obtained with a broad search, a
selection is made of papers that present a modelling approach or are talking about mod-
elling of systems that lie close to the de�nition of socio-technical used in this thesis. These
papers are discussed in Section 2.2.2. A new selection from these papers is made, with
modelling approaches that potentially meet the requirements from Section 1.4. They are
analysed in more detail in Section 2.2.3 before coming to conclusions about the avail-
ability and existence of a modelling approach suitable for our purposes in Section 2.2.4.
The literature review was executed using the Scopus1 databases. All papers of which the
author of this is thesis is one of the authors have been removed from the selection.

2.2.1 Research groups and application domains

A �rst search for simulation and modelling of socio-technical systems resulted in about
eighty papers (see Appendix A). The results for the query are shown in Table A.1 and the
application domain as well as a short description of the background of the authors are
listed for each paper. The following key application domains can be identi�ed2:

� Human-computer interaction;

� Requirement engineering (for software engineering);

� Embedding computer systems in organisations;

� Crisis management;

� Infrastructures;

� Military;

� Medicine/health;

� Manufacturing and

� Evacuation.
1See http://www.scopus.com/.
2Note that research may fall under more than one application domain (e.g. embedding a computer system

in an infrastructure organisation to support evacuation).
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The large majority of work that is unrelated to the type of socio-technical infrastruc-
ture systems that are the scope of this thesis are about software engineering and related dis-
ciplines. See for example the work of Fischer (e.g. Ye & Fischer 2007), who is most cited
author for socio-tech*3, and the group of Gregoriades, Shin and Sutcliffe (e.g. Gregoriades
& Sutcliffe 2006, Gregoriades & Sutcliffe 2008, Shin, Sutcliffe & Gregoriades 2005, Sut-
cliffe et al. 2007) who are working together in Manchester in the centre for human-
computer interaction at the department of computation.

The application domains ‘human-computer interaction’, ‘requirement engineering’
and ‘embedding computer systems in organisations’ are highly related to each other. The
�rst is about humans users (social) operating computer systems (technical), the second
deals with identifying the needs4 of a client (social) for the development of a software
programme (technical) and the third with changes in an organisation (social) after the
introduction of a new information system (technical). Again, already in this subset of
disciplines that are highly related to one another because they all deal with information
systems, different use and meaning of the social and technical aspects of the term socio-
technical can be found. Research in these disciplines, especially on human-computer
interaction, is often in the domain of the military, which can be explained both by the
challenges that occur in this �eld as well as with the funding opportunities for research
(Geiger 1992).

When looking at the af�liation of the authors (see Table A.1), one can see that the
background of authors is diverse with people working in different countries, universities
and institutes, and, most importantly, different disciplines. Authors are mostly from the
�eld of computer science, but this can be explained not only by the dominant application
domain of computer science (as highlighted above), but also because computer scientists
employ the simulation and modelling skills from their �eld to all other domains. Further-
more, a strong number of authors are from technical universities or engineering schools,
which �ts well with the other application domains identi�ed in this study.

The authors can be grouped in the following way by af�liation. In addition to the
group from Manchester mentioned above, Basnyat, Palanque, Schupp & Wright (2007)
and Qudrat-Ullah (2008) work at the University of York and Carley (2002) and Yahja &
Carley (2005) work at Carnegie Mellon University (but in different groups). Ottens &
Marchau (2005), Houwing, Heijnen & Bouwmans (2007) and Thissen & Herder (2003)
are all from Delft University of Technology, faculty of Technology, Policy and Manage-
ment. Govindaraj (2008) and Shah & Pritchett (2005) work at the School of Industrial
and Systems Engineering, Georgia Institute of Technology. No other �clusters� can be
found in this data set (see also Appendix A.2.1).

The backgrounds of the authors as well as the application domains reveal that, in con-
trast with what one would predict from the usage of the term socio-technical as identi�ed
in Section 1.2.5, the social sciences domain is under-represented in this study. A reason
for this might be that the keyword simulation does not �t the social science well.

Despite inclusion of simulation as keyword, not all papers present an actually im-
plemented model that can be used for scenario-based testing and answering �what if�
questions etc. Those papers might not be helpful in meeting our requirements at �rst

3The asterisk (*) is used as a wildcard symbol to represent a group of characters. In this case the search
matches socio-technical, socio-technological and other variations.

4Requirements engineering is about making speci�cations for functions or services that become imple-
mented in software as algorithms, and non-functional requirements that express performance and quality crite-
ria for the system as a whole (Sutcliffe et al. 2007).
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glance, but it is worth looking deeper into some of them because they can help with
theories of socio-technical simulation. There are a number of papers that present frame-
works or generic approaches and those are particularly interesting because �nding such
an approach is the aim of this study.

Papers that meet at least one of the following selection criteria continue to the next
stage of the study in Section 2.2.2:

� The paper describes a framework or structured generic approach to build simula-
tion models that can support decision makers;

� The domain is closely related to the socio-technical infrastructure systems that are
the scope of this thesis: socio-technical infrastructure systems for example the en-
ergy and transport domain; or

� The paper discusses how social and technical aspects and models are combined in
one model.

2.2.2 Modelling approaches for socio-technical systems

With a subset of papers from Table A.1, the next step is to analyse the work and specif-
ically searching for papers presenting approaches to modelling socio-technical systems,
aiming to �nd an answer to the objectives from Section 1.4. For each selected paper a
more detailed study of the following attributes is done (the bold keywords refer to the
labels used in Table 2.1):

S-T Domain: Which application domain(s) does the paper describe? Does the applica-
tion domain fall within the scope of this thesis?

S-T De�nition: Is the domain considered as a socio-technical domain by the authors,
or can the view that was taken be seen as a socio-technical perspective? Does the
de�nition of socio-technical system match with the one uses in this thesis?

Simulation: Does the paper present simulation results? Does it present an approach that
could lead to experiments and generation of data, as well as recommendations to
decision makers?

Reproducible: Are these results reproducible, based on the content of the paper? Is the
level of detail of the approach enough so that other models can be developed based
on it?

Generalisable: Can the approach presented in the paper be generalised to domains other
than those presented in the paper? Is it easy to do so?

Extendable: Is the model presented easily extendable, both for social and physical aspects
of the domain? To what extent?

Conclusion: Is the answer to most of these issues positive and do they warrant a more
detailed study of the approach?
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The aim is then to �nd papers for which the domain falls within the scope of this
thesis (or is generalisable beyond the domain presented in the paper), whose de�nition of
a socio-technical system matches the one used here and that present simulation results.
Furthermore, as was established in Section 1.4, it is a key requirement that the approach
can be generalised and that social and physical aspects of the system can be adjusted
independently from each other. The results of this study can be found in Table 2.1. See
Table A.2 for an expanded version of Table 2.1, in which the details of different domains
and de�nitions of socio-technical systems are also included.

The �rst conclusion that can be drawn is that 19 papers do not match the domain that
is the scope of this thesis and only 11 do. Almost all papers claim to present a generalisable
approach though, so a negative match for the application does not have to be an obstacle.
For the de�nition of socio-technical system, most (15 against 11) papers use a comparable
interpretation of the concept and indeed see the system they work on as socio-technical.
The papers that use a different concept are typically in the human-computer interaction
domain. In some cases the use of the term socio-technical is not clear as it is mentioned
but never stressed why this plays a role. If both the domain and the de�nition of socio-
technical system do not match, the paper is not useful here irregardless of whether the
approach presented can be generalised.

Still many papers do not present any simulation results, even though simulation was
included in the search keywords instead of model*. Few of the papers that have simu-
lation results provide enough detail to replicate the model or to build models based on
the framework. This is unfortunate because model replication is an important part of
model validation and comparisons between approaches. However, without exception the
approach used is made clear in the paper and with further information (perhaps found
in other publications by the same authors) it should be possible to replicate5 the experi-
ments.

As said, by far most of the papers claim to offer a generalisable approach, even though
it remains unclear to what extent this approach can be used in other domains. Because
this was the �rst criteria for selection of papers from those included in Table A.1, it was
to be expected that generalisability would score high. It was hard to determine from read-
ing the papers only (instead of studying the models themselves) if the models would be
extendable in both social and physical aspects of the system description (and independent
of each other). Only Shah & Pritchett (2005) explicitly talks about this possibility. For
papers that use a different de�nition of socio-technical system, answering this question
was not meaningful, because of a different interpretation of what comprises the social
and technical aspects.

From the papers shown in Table 2.1, �ve were selected for a more detailed study. See
A.3 for a more detailed discussion about this selection.

5Note that to ‘repeat’ an experiment means that the same experiment is performed again with the same
model, where ‘replicate’ indicates that the model is re-built (possibly by others) to carry out the same experi-
ments.
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Table 2.1 � Review of modelling approaches for socio-technical systems. Papers included here were
selected from Table A.1. ‘�’ means no match, ‘+’ means a match and ‘?’ means that it is not clear. No
answer indicates that the full paper was not available online so it could not be determined. A ‘

p

’ in the
Conclusions column indicates that the paper has been selected for more detailed study
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Basnyat et al. (2007) � � + + + ?
p

Bergman, Haxeltine, Whitmarsh, Köhler,
Schilperoord & Rotmans (2008)

+ + + ? + ?
p

Carley (2002) + + � � + �

Donzelli, Setola & Tucci (2004) �

Eliasson & Persson (1996) +
Govindaraj (2008) + + + � + ?

p

Gregoriades & Sutcliffe (2006) � � + � + ?
Gregoriades & Sutcliffe (2008) � � + � + +
Iivari & Hirschheim (1996) � � � � + �

Jarman & Kouzmin (1990) � � � � + �

Johnson (2008) � + � � + �

Little (2005) + + � � + ?
Liu, Yoshikawa & Zhou (2005) +
Maciol & Stawowy (1993) �

Masys (2007) + ? � � + �

McIntosh, Jeffrey, Lemon & Winder (2005) + + � � + �

McNeese, Perusich & Rentsch (2000) � + �

Moscoso, Wä�er & Windischer (1999) � + � � + �

Nikitaev (1991) � � �

Qudrat-Ullah (2008) + + � � + ?
Ramanna, Skowron & Peters (2007) � � � � ? �

Ramaswamy, Thulasidasan, Romero, Ei-
denbenz & CuØllar (2007)

+ + + + + ?
p

Saeed (1987) � + � + � �

Shah & Pritchett (2005) � + + � + +
p

Shin et al. (2005) ? �

Simone (1989) � � � � + �

Smajgl, Izquierdo & Huigen (2008) ? ? �

Sutcliffe et al. (2007) � + � ? �

Thissen & Herder (2003) + + � � + �

Yahja & Carley (2005) � � + ? + ?
Yilmaz (2007) � � + � � ?
Zarboutis & Marmaras (2007) � + + + � �

2.2.3 In-depth study of potentially interesting modelling approaches

Next, the �ve approaches selected in Section 2.2.2 are discussed and conclusions are drawn
about their suitability to answer the problems addressed in this thesis. The following �ve
subsections address the multi-scale integrated information and telecommunication sys-
tem, a modelling approach for socio-technical transitions, modelling of socio-technical
barriers for safety critical system design, and, �nally, the work analysis framework. For
every approach the domain and problem, solution, extension and generalisation are ad-
dressed before coming to conclusions in Section 2.2.4.
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2.2.3.1 Multi-Scale Integrated Information and Telecommunication System
(MIITS)

At the Los Alamos National Laboratory in New Mexico, USA, the MIITS (Multi-Scale
Integrated Information and Telecommunication System) modelling approach has been
developed (Waupotitisch, Eidenbenz, Smith & Kroc 2006). Ramaswamy et al. (2007)
present a case study using this framework.

Domain and problem The approach is applied by Ramaswamy et al. (2007) to simulat-
ing the national telephone network, which is considered to be a socio-technical system be-
cause its dynamics depend on the interaction between technology and human behaviour.
The human behaviour in this case consists of calling patterns, of which data is collected
through the means of surveys. The main problem addressed is that of communication
networks under stress during emergency situations, such as hurricanes or a terrorist at-
tack. The approach is then used to rank the economic values of each �wire-centre� (where
circuit switching takes place by routers) in the infrastructure and assess the effects of emer-
gencies on the availability of the telephone network.

Solution Ramaswamy et al. subscribe to the idea that large scale simulation tool might
be the only practical way to analyse the complexity of such systems. This complexity
is caused by the real-world dynamics of usage, even though the system itself can be rea-
sonably well understood in isolation. The approach consists of three building blocks: 1)
a network generator, which creates a model of the infrastructure (with the wire-centres
as nodes) based on industry data, 2) a session generator, which generated individual calls
using algorithms of calling patterns based on the survey data, and 3) the simulator which
routes the calls over the network in a realistic fashion.

Extension and generalisation The approach is easily extendable for other telephone
networks, because the network generator and the session generator are independent of
the simulator itself. Hence, different case studies can be done by supplying new industry
data for the infrastructure and new caller patterns based on actual use of the network. The
MIITS suite has also been applied to other information and telecommunication systems
such as the Internet.

Conclusions While the separation of the network generator (physical infrastructure)
and the session generator (social infrastructure) is a very useful idea in general and is
proven to be useful (Ramaswamy et al. 2007), the approach is not directly suitable for
the challenges posed in Section 1.4. The de�nition of the social system in the MIITS
suite is too limited as it can only include generation of traf�c over the network (which,
even though this has not been done, probably could also be applied to road traf�c, public
transport, etc). Thus, the MIITS approach appears to be useful beyond the scope of
information and telecommunication systems for which it was originally designed, but
the social system cannot encapsulate other social aspects such as regulators, operational
and strategic decisions and as such it does not meet our requirements.
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2.2.3.2 Modelling approach for socio-technical transitions

Bergman et al. (2008) present a modelling approach for socio-technical transition patterns
and pathways, developed at Oxford University in cooperation with Erasmus University
Rotterdam and as part of the MATISSE project6 on transitions (Tàbara, Elmqvist, Ilhan,
Madrid, Olson, Schilperoord, Valkering, Wallman & Weaver 2007).

Domain and problem Integrated sustainability assessment should be part of policy
making (e.g. at the level of the European Union) and models are required to support deci-
sion makers on choosing technological and behavioural solutions. A modelling approach
is not meant to help predict (i.e. give numerical values) events (both the occurrence and
the consequences of these events) or systems (e.g. the end result of an evolutionary pro-
cess), but � in interaction with users � as a tool to generate insights in the dynamics
involved. The systems studied are in various infrastructures domains, including a sewer
system, road transport and steam ships. These systems are considered as socio-technical
systems because of the need for both technical and behavioural solutions that address
changes, with a focus on innovations towards sustainability (and how this may be fos-
tered). The authors claim that numerical models are not good enough for generating such
insights and that the political and cultural aspects, among others, cannot be captured in
economic models alone. A new approach is therefore needed.

Solution A framework is presented, based on both transition theory7 and social the-
ory8 (Haxeltine, Whitmarsh, Bergman, Rotmans, Schilperoord & Köhler 2008). It uses
an agent-based approach (building on the �Mason� library9) and agents can have an in-
ternal system dynamics model. There are three types of agents: niche agent, empowered
nice agent and regime agent (all concepts from transition theory). There can only be
one regime at the time and the niches represent individuals or technologies outside the
dominant set of practices and rules, all looking for �resources�. Together agents form a
landscape in which they try to survive, while individual actions change the landscape and
at the same time the society again in�uences individual actions. Niches can be so power-
ful (for example through clustering with other similar niches) that the regime is changed.
With the modelling approach one can study, for example, lock-in effects.

Extension and generalisation The approach focusses entirely on transitions, changes
in the system and in particular on �radical� changes that go beyond the ordering of the
current system. It is not developed for one particular domain but was intended for tran-
sition studies in various applications and it has been successfully demonstrated that the
approach can be useful in various domains. As such it is a generic framework. It is, how-
ever, focussed entirely on �radical� transitions and that idea has been embedded in the
core of the framework with the different types of agents for niches and regimes.

6Methods and Tools for Integrated Sustainability Assessment. See http://www.matisse-project.net/.
7The �eld of research studying long-term technological developments and changes, see for example Geels

(2002).
8Theoretical work on understanding and explaining the causes and consequences of social change, see for

example Noble (2000).
9An open-source library for agent-based simulation for discrete events. http://www.cs.gmu.edu/~eclab/

projects/mason/.
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Conclusions This approach is a potential alternative way to handle some of the prob-
lems discussed in this thesis (for example the evolution of industrial clusters, see Sec-
tion 4.5.1). However, its strong focus on transition theory makes it less �exible for
analysing what-if scenarios with lower-level changes (such as experimenting with differ-
ent behavioural rules of an agent) or experimenting with new technologies for the same
social network, for example. The approach does have matching assumptions (e.g. models
of such complex systems are mostly useful to gain insight instead of make predictions)
and goals (support decision makers on both technological and organisational changes).

2.2.3.3 Modelling framework for nuclear power

Govindaraj (2008), from the School of Industrial and Systems Engineering, Georgia In-
stitute of Technology, USA, presents an approach to modelling organisational issues for
a nuclear power plant.

Domain and problem Safety and reliability are key characteristics of electricity pro-
duction and, especially in the case of nuclear power, serious accidents have major con-
sequences. Managing such systems in a way that prevents such accidents is critical and
models are needed for this. The aim of the model presented is to predict undesirable
events in nuclear power plants and this can, according to Govindaraj, only be done us-
ing a variety of modelling approaches10. There is a zero tolerance for critical events so
problems have to be detected before they occur. However, not only the technology but
also cultural and organisational issues could lead to disasters so socio-technical models
are called for. The aim is visualising relationships that are not apparent from traditional
analysis.

Solution In socio-technical systems modelling the technological components is gener-
ally not a signi�cant problem, because analytical or computational models are available.
The technological aspects of nuclear power generation are well understood and a lot of
data has been collected. Furthermore, the organisational aspects are only of a moderate
degree of complexity as well, but still it is not possible to build an analytical model of
the whole system. The paper brie�y looks at relevant methodologies, including network
models, statistical and probabilistic methods as well as examples from �nance and climate
prediction, before presenting a graph based approach. The key attributes (collected from
surveys among experts e.g. not following operations standards, high rotation in position
of operations manager, loss of key personnel) are represented as nodes and edges connect
related nodes that in�uence each other. These nodes are clustered, for example in oper-
ations and engineering, leadership or plant events groups. Simulations are then used to
compute the plant performance (in four steps from least desirable to most desirable) and
to rank the nodes in order of importance so their impact on the plant performance can
be elucidated.

Extension and generalisation The approach is �rst developed for the nuclear domain
but the results should be more widely applicable to other critical infrastructures. The
Columbia space shuttle disaster is given as another illustrative example (but with higher
degree of complexity) as well as studying invasive species in ecosystems (again even more

10The latter is also in line with Mikulecky’s (2001) de�nition of complexity.
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dif�cult). The model has not been fully implemented, so it is dif�cult to draw conclusions
about its extension and generalisation.

Conclusions The organisational issues mentioned in the paper are for example political
pressure and insuf�cient emphasis on leadership skills in human resource management.
This is different from the social aspects considered in this thesis. Also, the model is
not a simulation model of the socio-technical system itself but of factors that have an
impact on the performance of the system. Furthermore, the aim of the model to predict
the occurrence (not the consequences) of events seems impossible because of the high
complexity of the systems. Still, such models can be used to gain insight in the sensitivity
of attributes of certain problems.

2.2.3.4 Modelling socio-technical barriers for safety critical system design

Basnyat et al. (2007), working at UniversitØ Paul Sabatier and the University of York,
presents an approach to modelling barriers for safety critical systems.

Domain and problem The approach presented by Basnyat et al. (2007) aims to improve
the safety in interactive systems. Safety-critical systems, such as infrastructures, have ded-
icated risk reduction systems that need to prevent escalation of incidents. These risk
reduction systems, called barriers, are often socio-technical: not only a technical element
is needed (e.g. a �re extinguisher) but also the human elements (the person using the �re
extinguisher, but also training needed for this and the chosen location of the device). The
case study used is about an incident in a mine where a fault in the waste fuel system oc-
curred. Basnyat et al. (2007) describes how this case is analysed and which safety systems
can be installed to prevent such a disaster from happening in the future.

Solution For the analysis a group of experts use a common hazard identi�cation method
and afterwards these are modelled with the following approach. In the �rst step the Safety
Modelling Language (SML) is used to de�ne the relationships between �hazards� (some-
thing that could potentially have a negative effect on a target) and the rest of the system.
These are causal links. The second step is to analyse, design and model each possible
barrier and to describe its behaviour and function. Finally, in the third step these barriers
are included in the system model so that their effect can be simulated and conclusions
can be drawn about the effectiveness of the barriers before they are introduced in the real
system. The special focus in this approach is on the description of the barriers (which are
the socio-technical elements in the system). The Interactive Cooperative Objects formal-
ism (a Petri-net based model to describe, for example, the states of the system and state
changing operators (Navarre, Palanque, Dragicevic & Bastide 2006)) is used for the barrier
descriptions. A formal system description is made using well-de�ned concepts and links
between them. The barriers and the system are both described using the same formalism,
allowing the models to be connected.

Extension and generalisation The approach is described in a generic way and could be
used for any system were barriers can be identi�ed. It has also been applied to interactive
cockpit software and a cash machine system and the authors plan to use it in additional
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case studies. Because of the use of a shared formalism additional components can easily
be added to the system.

Conclusions While the barriers in these safety-critical systems are considered as socio-
technical, the system for which the barriers are designed is also seen as a socio-technical
system. In the case study human operators are included and they have to be protected
from making the wrong decision. However, in the model the waste fuel system is con-
sidered as a purely technical system of pipes and valves. Therefore the approach does
not seem to be suitable for including models of human actors in the system and their
behaviour. However, the idea to use a shared formal language for different parts of the
system to they can be integrated in one model is important and useful.

2.2.3.5 Work Analysis Framework

Shah & Pritchett (2005), at the School of Industrial and Systems Engineering, Georgia
Institute of Technology11, USA, created a framework for describing humans working in
their environment.

Domain and problem Shah & Pritchett use the de�nition of socio-technical systems as
a system comprising people, technologies, physical surroundings, processes and informa-
tion, but state the term was used in the past to merely identify technology in its social
setting. The focus in Shah & Pritchett’s work is on humans working in the system and
their environment and the impact the environment has on their work. The design vari-
ables in such a system are humans, elements of the work environment and how they
are connected and in�uence each other. The key questions are then: What is a suitable
technology mix? How well do technologies perform in a different organisational set-up?
Which training is needed? Which design can cope with variation in human behaviour?
Other approaches do not support answering all these questions, but perhaps concentrate
on one or two. The case study employed is that of air traf�c control and the selection of
different procedures for routing air planes towards the runway.

Solution An agent-based approach is proposed, in which the agents represent the work-
ers. In the case study these are the pilots and air traf�c controllers. The agents are de�ned
by a set of capabilities and objectives by the modeller to �t the work environment that is
being simulated. The model can produce emergent behaviour at the system level caused
by the behaviours at the lower levels, but Shah & Pritchett are not clear what this be-
haviour is and how it would be measured. When the work environment changes (e.g.
automating of manual work) the workers have to be trained so agents have to be tuned
for each change in the work environment too and new simulations have to be run. Ex-
periments with the multi-agent simulation model can be done to try different procedures,
regulations and technologies in the work environment.

Extension and generalisation The framework is designed to �t any domain and any
scale. While the paper focusses on air traf�c control, other examples given are transporta-
tion systems, military organisations and corporate enterprises. A modular approach to

11Note that this is the same group as Govindaraj (2008).
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de�ning the work environment is used, where each element is de�ned as a separate com-
ponent. The same can be said about the agents, built-up from pluggable executable com-
ponents. This makes it possible to perform simulations with different con�gurations
and to adjust the model to match new domains: the framework is re-con�gurable and
extensible.

Conclusions The questions addressed by Shah & Pritchett (2005) are similar to the
ones that are the motivation for the work in this thesis. The idea of a re-con�gurable and
extensible framework is essential to address the challenges posed in Section 1.4 and to deal
with changes in the structure of the system modelled. Also, the physical environment can
be described separately, which looks promising. However, the approach seems limited by
the fact that the work environment is not represented as an agent and that there seems to
be no support for modelling a physical infrastructure and its behaviour.

2.2.4 Conclusions part 1

From the papers on simulation of socio-technical systems a subset was selected with pa-
pers that describe a framework or structured generic approach, are on a domain closely
related to the socio-technical infrastructure systems that are the scope of this thesis or that
discuss how social and technical aspects and models are combined in one model. Looking
at these potentially interesting modelling approaches, there is no approach yet that fully
meets the requirements.

The main reason for this is that a different view of socio-technical systems is used.
Socio-technical system are studied in a wide range of scienti�c �elds, from anthropol-
ogy to mechanical engineering. The approaches and tools needed for � and resulting
from � research in these �elds are used on a wide range of application domains, ranging
from nuclear power generation to evacuations in metro stations. Because of the wide
range of �elds and application domains many different interpretations of the concept
socio-technical system exist that are often only partially overlapping. This means that the
approaches and tools, even when designed to be generic, cannot always be used outside
the frame in which they were created.

As said in Section 1.2.5, the view of such systems in this thesis is that of physical
installations and their owners or controllers who make decisions about the physical in-
stallations. None of the approaches discussed in Section 2.2.3 offer a natural and straight-
forward way to model such systems and to support the decision maker in experimenting
with different con�gurations of either the social, the physical, or both networks, as well
as of different decision making rules for the actors or different characteristics of the tech-
nical nodes.

Still, lessons can be learnt from these papers. Basnyat et al. (2007) model different
aspects in the same language so they can be combined in one system level model. That is
a useful approach towards combining different model elements. Ramaswamy et al. (2007)
generate the social and technical network separately from one another. Different sources
are used to do this (e.g. survey information for social network generation) and as such the
social and physical networks are separate and can be changed independently from each
other, which is not only valuable but also feasible.

The aim of the work by Bergman et al. (2008) is an important one: the models are
not designed to predict the future (as they cannot) but are meant as a tool to generate
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insights about the dynamics, in interaction with the user. Their approach to modelling
transitions could be used to answer some of the challenges of this thesis, but not all. Most
importantly, their idea of clusters of comparable technologies that compete with each
other is interesting.

Govindaraj’s (2008) model has not yet been fully implemented, but its approach of
combining different modelling paradigms is a promising one. Again, it is however not
suitable to model the behaviour of the physical and social components in the network,
but a more distant perspective is chosen where factors that impact the performance of the
system are modelled rather than the actors and equipment that causes these factors. That
makes it a useful approach to analyse the links between the factors but unsuitable for the
aims set out in this thesis.

Shah & Pritchett (2005) say that design changes occur at a lower level and that the
system level changes emerge from this, showing the importance of bottom-up modelling.
The agent-based approach that is proposed seems suitable for the problem. The work
environment is, however, not modelled as a collection of agents, but as something outside
the agent. This seems counter-intuitive where the environment exists of other workers
and when the behaviour of other actors plays a role. The fact that their architecture is
dynamically re-con�gurable is, however, a strong point.

Finally, the approaches studied here that come closest to reaching the goal (Bergman
et al. 2008, Shah & Pritchett 2005) use the agent-based modelling paradigm, which seems
to be the most appropriate approach to handling socio-technical complexity and create
the �exible models needed to perform �what-if� studies. It is therefore interesting to
continue the literature study with a stronger focus in this direction and to explore how
agent-based models have been used in socio-technical systems. The next section brie�y
discusses the agent-based modelling approach, before continuing with the literature study
on applications using precisely this paradigm to answer the question if this could be the
right paradigm to use in the model framework presented in the next chapter.

2.3 Agent-based modelling

In agent-based modelling, a model of an actor, or a group of actors (e.g. a company, a gov-
ernmental institute, a community of citizens), is called an agent (see also Section 1.2.4).
An agent can be seen as a software entity that is autonomous, reactive, pro-active and capa-
ble of social interaction (Wooldridge & Jennings 1995, Jennings 2000). The behaviour of
an actor can be formalised using algorithms with, for example, if-then rules: the so called
behavioural rules. The key distinguishing element, that sets agent-based models apart
from other models, is a focus on modelling individuals who can make decisions. For an
introduction to agent-based systems see for example Weiss (1999) and Wooldridge (2009).
Luck, McBurney, Shehory & Willmott (2005) present a �road map� for agent-based sys-
tems with trends and views on how agent technology will likely develop over the coming
years. This includes technological developments (e.g. architectures, and standards) as well
as possible application domains.

2.3.1 Applications

By modelling components rather than the entire system, the structure of the system is
not pre-de�ned. Because agents can communicate and link with other agents, different
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networks can be created by changing the behavioural rules without explicitly de�ning
which relationships are to be made. This way different set-ups of a control system (e.g.
hierarchical or coordinated, see van Dam, Verwater-Lukszo, Ottjes & Lodewijks (2006))
can be tested in a simulated environment and the agents’ response to the emergent system
behaviour can be monitored.

If system behaviour is modelled explicitly, as is common in numerical approaches for
example, making changes in the model would require the modeller to adapt the system
structure. That way it is possible to compare different con�gurations of the system, but
it is not clear how the most desirable situation can be obtained by in�uencing lower
levels of the system. Agents (like the actors they represent) can exist in several levels of
hierarchy, for example if one actor supervises the activities of one or more other actors
creating subsystems (van Dam & Lukszo 2006). Agent-based models, due to their bottom-
up nature, are suitable for simulating dynamic systems where the structure can or should
change during a simulation run, or where experiments with different con�gurations have
to be done.

In general, the agent-based approach is applicable for (conceptual) modelling of com-
plex systems if the following conditions are satis�ed (van Dam & Lukszo 2006):

� The problem has a distributed character;

� The subsystems operate in a highly dynamic environment;

� The subsystems have to interact in a �exible way; and

� The subsystems are characterised by reactivity, pro-activeness, cooperativeness and
social ability.

Agent-based modelling seems to be a suitable approach to create models of socio-
technical systems.

The agent-based formalism has started to receive much attention and is being used in a
wide range of domains. Katare & Venkatasubramanian (2001) use agent-based learning to
model the dynamics of microbial growth. Eo, Chang, Shin & Yoon (2000) and Davidsson
& Wernstedt (2002) illustrate the suitability of agent-based systems for process monitor-
ing and control. The use of agents for three different problems in chemical process engi-
neering (intelligent search, process design and con�guration of team members) is explored
by Aldea, Baæares AlcÆntara, JimØnez, Moreno, Martínez & Riaæo (2004) and a number
of other process systems engineering areas where the formalism is bene�cial are high-
lighted. One such was further investigated by Siirola, Hauan & Westerberg (2004), using
multiple optimisation agents to derive the Pareto front for a multi-objective optimisation
problem. Bussmann, Jennings & Wooldridge (2004) explore the possibilities for agent-
based systems in manufacturing control. Agent-based models are now widely considered
to be a promising approach for decision support in supply chains (Gjerdrum, Shah &
Papageorgiou 2000, Julka, Srinivasan & Karimi 2002, Julka, Karimi & Srinivasan 2002, Si-
irola, Hauan & Westerberg 2003, Ydstie 2004, Mele, Guillen, Espuna & Puigjaner 2005).
In addition to applications in more technical systems, agent-based systems are also fre-
quently applied in social sciences to study a broad range of phenomena and human be-
haviour (Epstein 2007, Billari, Fent, Prskawetz & Scheffran 2006, Terna 1998).
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2.3.2 Interpretations of the concept �agent�

Different researchers use different de�nitions of agent-based systems. To identify com-
monality among the various perspectives on agent-based modelling a small survey was
designed and sent to a group of researchers with a strong interest and contribution to
the agent-based systems area (see Appendix B for a list of questions used as well as for
the list of researchers who responded). It became clear that the concept �agent� has a
different meaning when used in �agent-based models� and �multi-agent system�. When
talking about multi-agent systems, characteristics following, for example, de�nitions by
Wooldridge & Jennings (1995) (as also listed above) are common while no positions lean-
ing towards Dennet (1987) are taken. When used in an agent-based modelling context, it
appears to be more a metaphor � or way of thinking � towards modelling the behaviour
of individuals, rather than a strict de�nition with minimum requirements.

As such from this small survey two different �schools� can be identi�ed. Agent-based
modelling deals with making a model to simulate an actual system where the agents are
models of decision makers that exist in the system under study. A multi-agent system, on
the other hand, involves creating distributed decision makers to perform a certain task,
such as in a distributed (control) system. Both use the same vocabulary and sometimes
even the same tools, which can cause confusion. However, in any case they share a way
of thinking in terms of distributed elements with a focus on individuals.

Luck et al. (2005), after an eighteen-month consultation involving a large number of
experts on agent-based modelling, suggest that agent technologies can be considered from
three different perspective: agents as a design metaphor (i.e. the agent paradigm offers
software developers a way to structure an application around autonomous components),
as a source of technologies (i.e. agents can be used as the key elements in a problem
solving algorithm such as for resource allocation) and �nally as a simulation (i.e. agents
can represent real-world domains, for example because the domain is too complex to be
modelled otherwise). Using this distinction, it can be said that the agent-perspective used
in this thesis is that of the third type: agents as simulation.

2.3.3 Modelling paradigm spectrum

One other conclusion that can be drawn from the fact that different modellers have dif-
ferent views of the concept of an agent and that different schools can be identi�ed is
that there is not a clear line between agent-based models and models not based on the
agent paradigm. The concept is not black-and-white, rather there is a continuous scale,
or a spectrum in the modelling space, where a model can be more agent-based or less
so. There are two main axes in which models can differ: The model elements and system
description elements. The former deals with what is modelled and the constituents of the
model, the latter with how their structure and behaviour is formally described (van Dam,
Adhitya, Srinivasan & Lukszo 2008).

First, it should be considered what is being modelled. The model elements can range
between system observables and individuals. System observables12 are the �ows and states
that can be observed in the real system, without taking into account who or what caused
them (and, most important: why). These are the results of actions. On the other end of
the spectrum, a focus on individuals means that the system is modeled by capturing the

12The concept �observable� is used here from the perspective of the modeller and should not be confused
with observations done by the elements in the model.
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Table 2.2 � Attributes of modelling. The arrows illustrate that there is not a strict division between the
rows but a continuous scale

Model label Model elements

System
description
elements

Implementation
platform

Equation-based
model

System observables
(�ows and states) Equations Mathematical

software tools
m m m

Agent-based
model

Individuals (decision
making entities and
executing entities)

Algorithms
Agent-based
software tools

behaviours of exactly these decision making and executing entities. The behaviour of an
individual leads to actions that, together with the actions of all other individuals, cause
system level behaviour, which can be observed in the model.

Next, there are different ways to formalise the structure and behaviour (or in other
words, how the model is built). Various description elements such as equations or algo-
rithms can be used. An equation is a mathematical statement that two terms on either side
of the equals sign are equivalent. Algorithms are well-de�ned sequences of instructions.
One could also use different names for the how axis, such as mathematics-based on one
side, and logic-based on the other.

Agent-based model and equation-based model are labels used to describe a model and
they can be characterised by their use of these model elements and system description
elements. As for agent-based models, in general they are characterised by a focus on indi-
viduals as model elements. Equation-based models, on the other hand, focus on system
observables modelled predominantly using equations13.

Table 2.2 shows the model labels, their predominant model and system description
elements, as well as and the commonly used implementation platform, for both equation-
based models and agent-based models. There is no strict division between the rows.
Equations, for example, are system description elements that can be used to describe
certain effects or observed behaviour, but are not exclusive to non-agent based systems.
Even though they may be predominant in models built up from system observables, they
may very well be applied in individual-based models too to model the behaviour of these
individuals.

Where agent-based models are mostly identi�ed by the model elements (second col-
umn), equation-based models are mostly identi�ed by the system description elements
(third column), resulting in a space in which it is not clear how to label a model (�rst
column). This also means that the use of equations is not the opposite to using an agent-

13An essential point to be noted in this context is the following. Once any model has been constructed it has
to be simulated or solved. The presence of algorithms in the model description is qualitatively different from
those being used in the solution procedure. Both agent-based models and equation-based models would require
algorithms in the solution procedure, however, only agent-based models would contain algorithms in the model
description itself.
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based model nor is it an alternative per se, as is often stated. Rather, agent and equation
are concepts of a different order.

Figure 2.1 illustrates the modelling space and plots possible implementation platforms
that can be used to create the models. A point on the x-axis illustrates that both equations
and algorithms are used approximately to the same extent and are equally important.
A point on the y-axis means that individuals and system level observables are equally
predominant. A point on the extremes means the model only uses one type of model
or language elements. Other points in the space highlight the predominant, but not
exclusive, characteristic.

In general, what is called an agent-based model can be found in Quadrant II and
traditionally equation-based models are in Quadrant IV, but this is not exclusive as will be
demonstrated in Section 6.5. Other examples of models in Quadrant III could be purely
continuous physical systems such as liquid �ow or molecular dynamics where models
describe the behaviour of a large number of system constituents (individual molecules)
using equations. Quadrant I, in which models would use algorithms to model system
observables, appears to be an uncommon modelling style.

Figure 2.1 � The space of models based on algorithms or equations, and focus on individuals or system
observables. The areas indicating which software tools are most applicable are without clear borders
(based on van Dam, Adhitya, Srinivasan & Lukszo (2008))
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Having emphasised that there is no �black� or �white� when it comes to the label
agent-based model or equation-based model, models can be mapped to indicate their essen-
tial characteristics. This illustrates not only how the various models are different but
also to what extent they are similar. This formulation, by acknowledging the absence of
a clear dichotomy, makes stark contrasts more dif�cult, but, for a fair comparison, the
similarities between models should also be fully captured (van Dam, Adhitya, Srinivasan
& Lukszo 2008).

Several models presented in this thesis are later (in Figure 6.3) placed in the space of
Figure 2.1 to show their differences and similarities.

2.4 Agent-based modelling of socio-technical systems

A short literature study speci�cally of agent-based approaches (both agent-based models
and multi-agent systems) applied to socio-technical systems is conducted. These are ap-
proaches that did not surface in Section 2.2 because the keyword socio-technical is not
used but they do deal with systems that are considered as socio-technical. These papers
not only give insight in additional approaches to modelling, but can also help �nd new
keywords to continue the search and to better position the work in this thesis.

Therefore, for each of these papers not only the domain and problem, solution, ex-
tension and generalisation are presented in a similar fashion as for the papers in Section
2.2.3, but also attention is paid to the keywords: which keywords does the paper use and
which terms could be used to �nd other, similar papers? Based on the conclusion that no
keywords are used except domain speci�c ones, a study for agent-based approaches in the
�eld of energy systems is conducted and presented in Section 2.4.4. Finally, in Section
2.4.9, conclusions on this second part of the literature study are drawn.

2.4.1 Agent-based model for energy systems analysis

Hodge, Aydogan-Cremaschi, Blau, Pekny & Reklaitis (2008), at Purdue University, present
an approach to modelling energy systems.

Domain and problem In the electricity sector new technologies emerge but it not im-
mediately clear how they can be incorporated into the existing electricity system. New
research makes innovations available and can help make existing technologies cheaper,
and (political) choices have to be made about subsidies and taxes. Models can create in-
sight in the current state of the system and how it evolves and provide decision support
on investments and subsidies. Top-down models, however, only describe the markets in
which energy technologies operate but they do not explicitly represent the technical po-
tential of such technologies. Bottom-up models, on the other side, do not consider their
market adaptation. A systems modelling perspective is therefore needed, which can be
considered as a socio-technical perspective. The energy system of the state of Indiana in
the USA was taken as a case study.

Solution A framework for agent-based simulation of energy systems is presented (Hodge
et al. 2008). The goal is to develop a large-scale energy modelling framework which can be
used as a tool for evaluating the effects of energy policies on new technology growth and
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integration into the current energy system, show the mechanisms by which changes oc-
cur in energy systems, portray new technologies accurately while accounting for market
adoption and, �nally, examine the role of research in technological improvements.

Agents in the framework make independent decisions based on information they re-
ceive and the system structure used for the communication of the agents is therefore
essential. A network view of the world is taken, in which the agents are the nodes and
the edges represent lines of communication. There are six classes of agents: raw mate-
rial agents (responsible for extracting raw materials from the ground and selling them),
producer agents (convert raw materials into end-use energy products such as diesel of elec-
tricity), consumer agents (who have a demand for energy), research agents (used to model
the advancement of technologies), government agents (who can in�uence the system with
taxes and subsidies) and �nally an environment agent (to model the effects on and from
the world outside the system boundaries).

Agent behaviour is modelled with a set of rules for each agent class, for example for
a production agent to decide on the amount of energy to produce and the initial asking
price as well as on the amount of raw materials needed and the price that can be paid for
them. Interaction between agents mostly concerns negotiation (modelled as �take it or
leave it�) about products and price.

Extension and generalisation The framework is set up in a modular fashion and new
agents can be added to the system, thus creating a new model of a different energy system.
It appears the existing case study of the state of Indiana could easily be adjusted to model
a different state in the USA, for example, just by creating the appropriate producer and
raw material agents based on new data (e.g. geographical information and available raw
materials and technologies). This means the approach can be extended. According to the
author the description of the technologies can also conveniently be adjusted for new case
studies.

The framework has been developed speci�cally for the energy domain and the learn-
ing curve used to represent the state and cost of technologies is based on research in the
energy domain too. However, even though not speci�cally designed for this purpose,
the approach appears to be more widely applicable to other related domains such as the
petro-chemical industry in which actors buy and sell products from each other.

Keywords The title, abstract and list of keywords (i.e. ‘Multi-agent systems’, ‘energy
systems analysis’ and ‘learning curves’) do not include terms to indicate that the system is
considered as a socio-technical system, but it is. The fact that it is a socio-technical system
can only be deduced from the name of the application domain and the way the model
was implemented.

Conclusions The approach is generic and can be extended easily, making this a power-
ful modelling framework for socio-technical systems. The illustrative case study shows
that approach can be validated on a real system by replaying an historical scenario. No
explicit distinction between the physical and the social elements of the system is made,
and the agents represent both the technology and the decision maker (note that some
agents, such as the research agents, do not operate a technology themselves). In the paper
no new keywords were found that could help forward the literature study on approaches

35



Chapter 2. Modelling socio-technical systems

to model socio-technical systems and there are no references to other agent-based models
in the energy domain that capture the same dynamics and interactions.

2.4.2 Multi-agent model predictive control

Negenborn (2007) developed a multi-agent model predictive control method at the Delft
Centre for Systems and Control at Delft University of Technology.

Domain and problem Transportation systems, in particular power distribution and
transmission networks, need to operate in a safe and reliable way and current control
strategies do not suf�ce any more. With the changing structure of power networks (due to
distributed generation and increasing integration of national grids, etc.) a central control
is no longer possible and purely local control does not guarantee global optimisation.

Solution A multi-agent approach is suggested, in which agents are responsible for con-
trolling a local segment of the network and, through communication with other agents,
cooperate to �nd the best overall performance. Each agent uses model-predictive control
to incorporate available information and anticipate on undesired behaviour to make op-
timal decisions. Different con�gurations are possible, including multi-layer control and
overlapping sub-networks. The model used in the predictive controller deals with the
behaviour of the part of the network controller by one speci�c agent.

Extension and generalisation The model can easily be extended by adding more agents
that control other sub-networks or by re-dividing the network and the control tasks. As
such it is extendable for both social (i.e. controllers) and technical (i.e. the network to
be controlled) aspects. Controllers can be re-used between models. The approach has
also been applied to the water domain (Negenborn & De Schutter 2008, Negenborn, van
Overloop, Keviczky & De Schutter 2009) and is generic for any transportation system
where distributed controllers are or can be used. Other listed examples of suitable appli-
cation domains include railway networks and autonomous guided vehicles.

Keywords The term socio-technical is not used, even though it does highlight that dif-
ferent actors are involved in the power systems at different levels of decision making (but
in the multi-agent approach the decision makers are not models of human actors). No
different keywords are used in the abstract that could be used to �nd similar approaches,
except by searching for both the method or the domain.

Conclusions The multi-agent model predictive control approach is a good example of
a multi-agent system approach, where the agents are not used to model units that exist
in the real world, but where they are controllers that can be placed in a real system. It
is designed for the control of transport systems in a generic way and can be re-used and
applied beyond the domain of the energy sector. Finally, the approach has a clear way
of visualising the negotiation process between agents and as such can be useful to explain
what the actions taken by the agents.
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2.4.3 Controlling electricity failures with cooperative agents

Hines & Talukdar (2007) worked on a multi-agent control approach for electricity net-
works at department of Engineering and Public Policy, Carnegie Mellon University in
Pittsburgh, USA.

Domain and problem Cascading failures in electricity networks start with a failure of
equipment which triggers additional outages because new operating constraints are in-
troduced, possible leading to a large black out. The challenge is to design controllers by
eliminating violations before they cause outages. Objectives of the operation of power
systems, including maximising economic bene�t, minimising risk of service disruption
and infrastructure damage, are often con�icting and especially during a situation of cas-
cading failure it is dif�cult to balance between these objectives.

Solution A distributed control approach is used, with autonomous cooperative agents
each responsible for load and generator control to avoid voltage and current violations.
Existing controllers operate with local information and simple rules, but with advances in
communication it becomes possible to design cooperative agents that together can solve
complex network problems. The control problem is written as an optimisation problem
using equations, and the global problem is decomposed into sub-problems that can be
assigned to one agent. Each agent uses model-predictive control to optimise its actions
based on the predicted actions of others. Agents cooperate by telling neighbours what
they intend to do and to pass on information that other agents may not be able to sense
otherwise.

Extension and generalisation A generic decomposition of problems in sub-problems
(that can be assigned to agents) is presented, where each sub-problem is simpler and based
on a unique view of the network. The scheme proposed by Hines & Talukdar (2007) can
also be used for different types of control problems. The size of the physical network,
and therefore the number of agents, is variable so the network model can be expanded
easily. Furthermore, one can assign a smaller part of the network to individual agents,
increasing the number of controllers for the same given physical network.

Keywords The paper uses the following keywords: cascading failure, autonomous agents
and electrical power networks. The keywords highlight the problem, the solution and
the application domain. The abstract mentions the social consequences of power failures
and in the introduction the fact that, next to electro-mechanical controllers, many human
operators are involved, but this is not expressed in the keywords.

Conclusions The approach does not use agents to model elements in the real world but
to design software controllers that can be used in a distributed fashion (�place a software
agent at each load and generation bus�), as was also the case in the work of Negenborn
(2007). Hines & Talukdar (2007) use a stronger focus on cooperation methods and there
are differences in the implementation of the control system, which are not relevant for
this study. Again, an electricity network is used as application domain, which emerges as
the predominant �eld of research for agent-based systems in socio-technical systems.
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2.4.4 Agent-based modelling of transport and energy systems

At the Imperial College London, Keirstead, Samsatli & Shah (2009) are working on agent-
based modelling of urban transport and energy systems.

Domain and problem Urban areas have an enormous energy demand and, with rising
energy prices and awareness of environmental issues, it is a challenge to try to reduce this
(Keirstead & Leach 2008). Different aspects of urban life are highly linked (e.g. transport
for work, electricity use of of�ces) and to meet this challenge work on these individual
domains has to be integrated. Clearly the system is a socio-technical one, including hu-
man behaviour (travellers and other energy consumers) with the physical infrastructure
of the built urban environment. The goal of the project is �to identify the bene�ts of
a systematic, integrated approach to the design and operation of urban energy systems,
with a view to at least halving the energy intensity of cities�. Another challenge is the
scale of the urban area with possibly millions of heterogeneous individuals.

Solution A modelling platform called SynCity14 is being developed, with the aim to
bring together different city representations (layout, transport, resource �ows and energy
networks). The model contains everything from citizens to the city’s infrastructure and
resources and processes, which means that different software has to be combined. An
architecture using an ontology and a set of shared tools can bring together software mod-
els from different domains (for example land use, as well as transport demands). The
individuals in the urban area are then modelled as agent with their own properties and
behaviour. In other words, the agents are a model of how the urban space is used when it
comes to energy.

Extension and generalisation SynCity is based on an earlier project, UrbanSim, which
focussed on urban planning (e.g. macroeconomic simulation and travel demands). The
modelling platform is extendable to different sizes and, because the ontology brings helps
to merge descriptions for the various aspects of the system, it is straightforward to adjust
either the social entities or the physical reality of the system. As such it is full extendable.
It appears15 that the approach is fully targeted at citizens in an urban area so it might not
be re-usable in a model studying other socio-technical system.

Keywords Keywords for this work include integrated modelling and holistic. For the
domain the keywords urban energy system or eco-town can be found, which are more
widely used terms.

Conclusions This is promising work, but it is still in the prototype phase and no models
have been built beyond a number of proof-of-concept models. It is a modelling approach
targeted only at urban energy systems and it is not the aim to develop a generic approach
for other socio-technical systems. The main lesson that can be learnt from this work is
the use of an ontology to bring models from different disciplines together.

14Short for Synthetic City.
15It is at this stage hard to draw stronger conclusions on this as the work is still in full progress.
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2.4.5 BRIDGE agent architecture

Dignum, Dignum, & Jonker (2008) present an approach towards the use of agents for
supporting policy makers.

Domain and problem Models that can support decision makers need to capture indi-
vidual decision making given subjective social norms, individual preferences, and policies.
The elements in such a model are humans with own personalities and cultural back-
grounds, etc. Realistic social interaction has to be included to be able to evaluate policies
and traditional agent-based models do not allow this level of complexity. No speci�c
application domain is mentioned.

Solution The Belief, Desire and Intention (BDI) model of human reasoning (Bratman
1999) which has been applied to agent architectures, is expanded to include Beliefs, Re-
sponse, Intentions, Desires, Goals and Ego (BRIDGE) so that human behaviour can better
be modelled more realistically. Different personalities (e.g. extraversion vs. introversion,
feeling vs. thinking) can determine how the agents deal with stimuli and perform their
reasoning. An architecture with three layer of descriptions (macro, micro and meso) is
proposed, with the middle (meso) level coordinating between the micro (e.g. the char-
acteristics of individuals and groups) and the macro (e.g. an abstraction of the overall
system) levels.

Extension and generalisation The architecture should work for any domain where
policies are designed and human responses can accurately be modelled. There are no
limitations to generalising. For the extension of either social and technical entities it
depends on how the different levels will be implemented (e.g. the macro level for the
physical system) but the aim is to develop an architecture that is fully modular.

Keywords Keywords used in the introduction include public policies, multi-cultural
composition, BDI, decision support. No focus is set on the physical system or the socio-
technical interactions.

Conclusions Dignum et al. (2008) have presented a position paper and the research
is still at an early stage16. It is a fascinating direction because of the speci�c challenges
of including more realistic human behaviour and characteristics, something that has not
been seen in other papers in this literature study. It is clear such behaviour plays a key role
in how successful policies are. The approach is not explicitly socio-technical (even though
the difference between micro and macro level could be seen as a step in this direction) and
there is no explicit way to model a physical transportation system or process.

2.4.6 Modelling the evolution of large-scale socio-technical systems

Nikolic (2009) performed a literature study of modelling efforts for large scale socio-
technical systems, such as the petro-chemical industry cluster in a large harbour. The
search was limited to agent-based modelling and included 171 papers. He concluded
that there is currently no modelling framework that meets the requirements to study

16Dignum et al. (2008) themselves say �the question is how this framework should be implemented�.
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co-evolution of industry and infrastructure, but that there are a number of papers that
deal with the evolution of large scale socio-technical systems.

Boero, Castellani & Squazzoni (2004), selected as most relevant model in the study,
describe an agent-based model of a supply chain in which the agents are modelled as
rational decision making entities. A key limitation, however, is that in this approach
there is no explicit way to model the technological units and the network structure. This
means it is not possible to perform experiments in which the physical network is adjusted
independently from the social network.

Finally, Nikolic (2009) concludes that there is not yet a modelling framework suit-
able for studying the co-evolution of large scale socio-technical systems. Still, the study
con�rmed the idea that agent-based modelling is the way forward and that the theoret-
ical components needed to create a multi-formalism approach are already present. He
then proceeds to describe an evolutionary approach to modelling the evolution17 of such
systems, also based on Nikolic, Dijkema & van Dam (2009).

2.4.7 Conclusions on keywords

From the texts discussed so far in Section 2.4, only Nikolic (2009) uses �socio-technical�
explicitly as a keyword18. Still, the other papers do deal with socio-technical systems
without qualifying them as such: the reference to this fact is only clear from the way
the application domain is interpreted. No alternative terms to indicate the true nature of
these systems (and the fact that they include both technical and social elements that are
closely intertwined) have been found.

To continue the search for an approach that meets the requirements set in this thesis, it
is worth exploring the spectrum of modelling approaches used in one speci�c application
domain. The large majority of the relevant papers listed above deal with energy systems.
Not all models used in this �eld will include both social and technical views19, but the
�eld can be considered as a typical socio-technical domain. A search for agent-based
approaches limited to this domain only, might therefore result in �nding one that meets
the requirements.

Next, the results of this search are presented.

2.4.8 Agent-based approaches for socio-technical systems in the en-
ergy domain

A search for agent-based model* limited to the scope of energy as a research domain, re-
sulted in exactly �fty papers (see Table A.3). From this selection, nearly half (23 out of
50) deal with energy or power markets. Different trading arrangements can be tested (e.g.
Bower & Bunn 2000), the effects of different levels of market concentration (e.g. Frezzi,
GarcØs & Haubrich 2007), showing different strategies of monopolies (e.g. Tellidou &
Bakirtzis 2007) and different market rules (e.g. Liu, Yang & Gan 2005). Also the effects

17Note that it is not just a model of the system but of the evolution of the system, thus following Epstein’s
(1999) quote �If you did not grow it, you did not explain its emergence�.

18It should be stressed, however, that he is a colleague from the same research group as the author of this
thesis and that the choice for the keyword �socio-technical� is directly linked to a shared vision on such systems
within the faculty of Technology, policy and management.

19However, since agent-based approaches in general are useful for including socio-technical elements it is not
unlikely that an agent-based application will actually include these aspects in the model.
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of CO2 emission trading on power markets can be studied (e.g. Weidlich & Veit 2008a).
Overview papers of agent-based applications in energy can be found in Yu & Liu (2008)
and for agent-based models in power markets and computational economics in Lincoln,
Galloway, Burt & McDonald (2006), Weidlich & Veit (2008b) and Yuan, Ding & Hu
(2005).

Not only power markets are studied. Other examples include the modelling of a
DC motor for fault identi�cation (Awadallah & Morcos 2006), the speci�c situation of
restoration of a power network after a black-out (Liu, Chen, Shen & Fan 2005) and in-
vestment decisions for generation expansion (Botterud, Mahalik, Veselka, Ryu & Sohn
2007, Ortega-Vazquez & Kirschen 2008). From the papers listed in Table A.3, a majority
considers the system as socio-technical system. In papers on power market models the
market behaviour of the various actors is modelled, but no detailed model of the technical
components (e.g. power plants, switches or transmission cables) is needed and often not
included.

Modelling platforms for energy systems are presented in Bunn & Martoccia (2008),
Morais, Cardoso, Khodr, Praça & Vale (2008), Ortega-Vazquez & Kirschen (2008) and
Thimmapuram, Veselka, Koritarov, Vilela, Pereira & Silva (2008). These four approaches
are discussed below.

Bunn & Martoccia (2008) describe a market simulation platform. The agents rep-
resent companies who seek pro�t through interaction with the market and by learning
through adjusting offers based on the previous day, with simple computational learning
algorithm. The model can be used to experiment with strategic behaviour and market
power (control of large market share), for given pricing and demand pro�les.

Morais et al. (2008) present the Multi-Agent Simulator of Competitive Electricity
Markets (MASCEM). It is used to model an energy market, more speci�cally that of virtual
power producers composed of multiple households with distributed generation technolo-
gies. Agents represent sellers, buyers, system operator and regulators, among others, but
again no explicit representation of the technical system even though technical characteris-
tics in�uence the behaviour of the agents. A virtual power producer is seen as a coalition
of agents and it acts both as buyers and sellers.

Ortega-Vazquez & Kirschen (2008) look at a toolbox for modelling generation ex-
pansion. Investment decisions are made by each generation company (an �agent�), based
on available market data (e.g. demand and fuel costs) with the goal to maximise its own
pro�t. Equations are used for the decision problem but the cornerstones of the model are
the individuals. These equations describe the market clearing process, bidding functions,
etc. and the model is implemented in MATLAB.

Finally, Thimmapuram et al. (2008) presents the Electricity Market Complex Adap-
tive System (EMCAS20) which is extended with a hydro-thermal coordination model. The
hydro-thermal model optimises the operation of the plant and reservoirs. The integra-
tion between the two models is done through information exchange of projected �hydro
conditions�. It is a very speci�c model, needed to handle the complexity of hydro power
plants but it makes it not suitable for other domains. The market model is similar to the
market models presented above.

These four modelling platforms or architectures fully concentrate on energy mar-
kets and economic decision making and cannot contain the physical infrastructure. This

20See also Cirillo, Thimmapuram, Veselka, Koritarov, Conzelmann, Macal, Boyd, North, Overbye & Cheng
(2006).
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means that they cannot be used to do experiments with disturbances in the physical net-
work and responses to this, or with the evolution of the network and are limited to the
electricity domain.

2.4.9 Conclusions part 2

The papers discussed in part 2 of this literature study all deal with systems considered
to be socio-technical following the de�nition from Section 1.2.5 and they are all applied
on a domain closely related to that of this thesis. Search was performed through work
of peers, known conferences and within a speci�c application domain, but no modelling
approaches were found that meet all requirements, yet some come close and foundations
of those can be used.

The �rst conclusions that has to be drawn is that agent-based approaches are becom-
ing more and more widely used. Where the papers on modelling socio-technical systems
(Table A.1) still included many with a publication date more than ten years ago, the pa-
pers on agent-based modelling of electricity systems (Table A.3) are heavily concentrated
on work done over the last three years only. The same can be said about the other work
discussed in the rest of Section 2.4. Almost all relevant work that was found was pub-
lished in 2007 or 2008. This also means it is a �eld still under development with new
ideas, theories and models being promoted.

Many researchers are working on models that can support decision makers to deal
with challenges in socio-technical systems comparable to those posed in this thesis. Specif-
ically Dignum et al. (2008), Keirstead et al. (2009) and Hodge et al. (2008) have similar aims
and similar suggestions for solutions. The use of ontologies to bring together multiple
�elds, as used by Keirstead et al. (2009), for example, is extremely valuable and something
that will also be used in the framework presented in the next chapter. However, none of
the approaches found are explicit in their de�nition of a socio-technical system as con-
sisting of social and physical subsystems that are interrelated and de�ned independently
from one another.

Most work focusses either on the de�nition of a multi-agent control system (e.g.
Negenborn 2007, Hines & Talukdar 2007) or on the modelling of behaviour of indi-
viduals (e.g. Dignum et al. 2008, Keirstead et al. 2009), but Dignum et al. (2008) is too
detailed in trying to replicate realistic human behaviour, as for agents representing or-
ganisations an introvert character does not play a role. It might be a possible direction
for future work when including different management styles of companies, etc. Hodge
et al. (2008) comes closest with his research questions, and his ideas closely match those
discussed in Chapter 1. However, it is not clear how well this approach would work in
other domains and when combining models of different infrastructure systems.

Finally, Ortega-Vazquez & Kirschen (2008) demonstrate that equations can also be
used to model decision making of individuals in MATLAB (see also Figure 2.1). Approaches
using speci�c agent software should be compared with this paradigm too.

2.5 Conclusions

There are many modelling approaches for socio-technical systems, however none fully
satisfy the conditions set out in Chapter 1 even though some come close, as discussed in
Sections 2.2.4 and 2.4.9. The following key lessons are learnt from this study:
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� Socio-technical systems modelling is done in various applications domains, rang-
ing from software requirements engineering to evacuation planning and from crisis
management to sustainable development. The backgrounds of researchers is incred-
ibly diverse, but with a strong emphasis on software engineering. This is because it
is a popular application domain but also because software engineers use their skills
on other domains.

� Agent-based models are suitable for modelling socio-technical systems, with appli-
cations in various domains. From all approaches that can be used, agent-based ones
are predominant and most promising.

� The distinction between agent-based and non-agent-based approaches is often not
clear and people use different interpretations of the concept ‘agent’, leading to dif-
ferent types of models. Models that focus on individuals as modelling elements and
that mostly use algorithms as language to de�ne behaviour are considered as agent-
based models in this thesis, but this is not a black-and-white distinction. Models
built up from equations can be � and have been � used to model individual deci-
sion making too.

� Different types of models will have to be combined to capture the full complexity
of real systems.

� A shared language, formalised in an ontology, is needed to bring different aspects
of the system together and to connect different models or modelling approaches.
This shared language also helps when communicating with people from different
domains.

� System level changes caused by individual behaviour is important and can be found
in all work studied here.

� Even for very different application domains, similar challenges can be observed.
Most work done in this �eld aims at being generic beyond the original �eld and
only few people (mostly in the energy domain) target the work at one speci�c
domain only.

� All relevant work is very recent and many papers present work-in-progress or con-
ceptual models only. At the start of the research published in this thesis there were
almost no publications on the subject yet.

There is still an open challenge in dealing with the socio-technical complexity. The
distinction between social and technical elements in the model should be made explicit,
so experiments making variations in either one of the networks can be performed. This
thesis aims, by building upon the existing body of knowledge, to contribute to �nding
an approach that meets the criteria set in Chapter 1 so strategic makers can successfully
be supported when dealing with the challenges that arise from the socio-technical com-
plexity in the system. Furthermore, the advantages of agent-based systems, as listed by
many authors, should be critically viewed and compared with other modelling paradigms
to enable modellers to make the right � well informed � choice when being faced with
a new problem.
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2.6 Research questions revisited

Following the conclusions of this chapter three additional research questions and a re�ne-
ment of one of the questions presented in Section 1.6 are added to better focus the work
of this thesis:

� How can an ontology be created that describes the relevant elements of socio-
technical infrastructure systems, that can be applied to different domains and re-
�ned for speci�c cases?

� Which concepts should an ontology for socio-technical systems contain?

� What are the advantages of agent-based modelling compared to other computa-
tional modelling paradigms?

� How can agent-based models support decision makers?

These questions deal with the two open challenges: fully capturing the socio-technical
complexity by combining models of these subsystems and gaining insight in the real
advantages of agent-based modelling when compared to alternative approaches.

For the �rst challenge, the concept of an ontology will prove to be a key concept in the
rest of this thesis. It enables the modeller to create a formal description of the concepts in
a domain and share these. The ontology is not only machine readable, but also machine
understandable (i.e. the computer can reason about the concepts and how they relate to
each other). Section 3.3 explains this in more detail. A framework has to be developed
that brings the social and physical systems together using these concepts. The second
challenge requires a structured comparison of different modelling approaches and their
advantages and use. The hypothesis here is that agent-based modelling is the best choice
for modelling socio-technical systems, but this has to be critically evaluated afterwards.

Chapters 3 to 7 address the research questions formulated in this section as well as
those from Section 1.6.
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Chapter 3

Framework for the development
of agent-based models of
socio-technical systems

3.1 Introduction

Following the conclusion of Chapter 2 that agent-based modelling is a promising ap-
proach for dealing with the challenges that arise from socio-technical complexity and
that, to support modellers, a framework for the development of agent-based models of
socio-technical systems is preferred, such a generic framework has been developed. This
framework aims at supporting the modeller in quickly setting up new applications by
re-using building blocks as well as supporting connecting existing models to one another.

Kaelbling (1991) de�nes an architecture as a �speci�c collection of software (or hard-
ware) modules, typically designated by boxes with arrows indicating the data and control
�ow among the modules. A more abstract view of an architecture is as a general method-
ology for designing particular modular decompositions for particular tasks�. His �ab-
stract view� of an architecture covers a key element of the work presented in this chapter,
but the aim is not, however, to develop a new agent architecture. An agent architecture
is de�ned by Maes (1991) as a �particular methodology for building [agents]. It speci�es
how [. . . ] the agent can be decomposed into the construction of a set of component
modules and how these modules should be made to interact. The total set of modules
and their interactions has to provide an answer to the question of how the sensor data
and the current internal state of the agent determine the actions [. . . ] and future internal
state of the agent. An architecture encompasses techniques and algorithms that support
this methodology�. An already existing agent architecture is re-used1 instead of building
a new architecture to handle the basics of scheduling and message passing, for example.

When speaking about software or model development, a framework is often de�ned
as a set of classes and code libraries. Or in the words of Gamma, Helm, Johnson &

1In this thesis the Repast agent simulation toolkit (North, Collier & Vos 2006, Nikolai & Madey 2009) is
used to develop models, but the framework does not depend on it.
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Vlissides (1995)2: A �framework is a set of cooperating classes that make up a reusable
design for a speci�c class of software�. Furthermore, they say that �a framework provides
architectural guidance by partitioning the design into abstract classes and de�ning their
responsibilities and collaborations. A developer customises the framework to a particular
application by subclassing and composing instances of framework classes�.

The framework presented in this chapter is a software framework following Gamma
et al.’s (1995) de�nition with a set of modelling steps to build models using this software
framework. Furthermore, the approach to develop such a framework is addressed. In
other words, this chapter presents an approach as well as the result of this effort, together
with guidelines on how to use the software framework and modelling steps to develop
models.

The development of the framework is an iterative process involving modellers from
different disciplines and backgrounds. The framework evolved over time through expe-
rience gained from application of the framework to various case studies. In addition to
a description of the procedures followed, this chapter presents the current result of this
work. In Chapter 5 the process itself will be analysed to evaluate the current state of
the development (how generic the framework is and if it is �nished or still needs more
development) and to learn lessons from the work done on the framework so far.

This chapter describes the process towards the framework, but also the results of the
development: it aims to provide a practical framework that can be used for model devel-
opment for socio-technical systems, as well as an approach to build a similar framework
in other domains.

The rest of this chapter is structured as follows. First, in Section 3.2 a set of require-
ments for the design of the framework is formulated, to make it applicable to solving
the problems posed in Section 1.1. The cornerstone of the framework consists of an on-
tology for socio-technical systems. First, ontologies in general are discussed in Section
3.3. Next, Section 3.4 describes the approach followed to come to the framework. The
ontology for socio-technical systems, developed using the aforementioned approach, is
presented in Section 3.5. Section 3.6 deals with the steps required to build a model with
this framework. Finally, in Section 3.7, concluding remarks about the framework are
made, including the core elements, applicability and rules of thumb for usability.

3.2 Requirements

In Section 1.4 the requirements for the framework were presented, based on the need
for decision support for socio-technical systems as identi�ed in 1.3.4. Firstly, the main
requirement is that both the physical and social reality of the system can be captured,
including their interactions with one another and the external dynamic environment. To
be able to support modellers and decision makers a �exibility is desired to experiment
with:

� different con�gurations of the social network with same physical network;

� different con�gurations of the physical network with same social network and

� different con�gurations of both social and physical networks.

2Sometimes referred to as the Gang of Four of object-oriented programming.
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They can be summed up as interoperability and inter-connectivity. This type of �exi-
bility can be obtained with a modelling framework based on modularity and shared inter-
faces between the modules3. Modular models can be seen as consisting of building blocks
that can be connected and re-used. To be able to de�ne and use these building blocks,
a language to describe the components and a language for the components to interact is
required.

Furthermore, the models should be able to connect new parts of the model with
existing elements. This is the case both when making extensions of models and when
dealing with the interactions between infrastructures, meaning that (elements of) models
of infrastructures have to be connected. Modularity also allows the modeller to connect
models of different infrastructures via shared interfaces and re-use model components in
other projects. This style of modelling should explicitly be supported by the framework
as it is a key challenge for the problem owners.

The functional requirements can be summed up as follows:

� Support a wide range of socio-technical infrastructure systems including petro-
chemical clusters, energy networks, freight transport and supply chains.

� Flexibility for experiments with varying con�gurations of the social and technical
networks, either one or both.

� Full modularity, which results from the requirement of �exibility, but also offers
re-usability.

� Easy to use by modellers, including those not involved in the development of the
framework.

� Extendibility without losing backward compatibility, so that case-speci�c aspects
can be added without causing older models to stop functioning.

� Easy to explain to new modellers, but especially to the problem owner and other
stakeholders in the case studies.

3.3 Ontologies

As said in Section 3.2, a language to describe the components and a language for the
components to interact is required. Agents not only need a communication language
and a standard interface, but, in order to interact, they also need a shared model of the
world (Aldea et al. 2004, Garcia-Flores & Wang 2002). In the framework proposed in this
chapter an ontology is used for both the interface and as a shared world model, forming
the cornerstone of the framework. Before presenting the ontology for socio-technical
systems in Section 3.5, this section discusses what an ontology is (Section 3.3.1), how
to decompose a system to create a useful description and ontology (Section 3.3.4) and,
�nally, which tools can be used in the development process (Section 3.3.5).

3Following Bradshaw’s (1996) statement that agent-based systems should be constructed in a modular way
so that all parts are replaceable.
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3.3.1 What is an ontology?

When two agents in a model communicate about certain concepts, it is critical that they
give the same interpretation to the meaning and use of these concepts4. Therefore it is
of the utmost importance to unambiguously specify each concept and its meaning. In
the arti�cial intelligence community ontologies are developed as a useful means of knowl-
edge representation. Ontologies are formal descriptions of entities and their properties,
relationships, constraints and behaviour, that are not only machine-readable but also
machine-understandable. Communication between agents, be it in the form of messaging
using well speci�ed protocols (see van Dam 2002) or directly calling methods of the other
agent, can only be meaningful when the interface is clearly de�ned. An ontology contains
explicit formal speci�cations of the terms in the domain and the relations among them.
In other words: it is a formal speci�cation of a conceptualisation (Gruber 1993).

The foundation of an ontology is most frequently de�ned by a number of ‘is a’ re-
lationships and ‘has a’ relationships. ‘A is a B’ means that A and B are both classes of
Things and that all things that are A are also a member of class B. ‘B has a c’ means that
c is a property of B. Because A is a B, all properties that a B can have are also applicable
to an A, so automatically c is also a property of A. An example in Section 3.3.2 should
clarify this.

An ontology consists of classes (abstract speci�cation of concepts, with their possi-
ble properties) and instances (concrete speci�cation of concepts with speci�c properties).
Classes provide the abstract5 speci�cation of the concepts and their properties. An in-
stance is a single identi�able object within the limits of the scope of the model, belonging
to a class that is formalised in the ontology.

In this view a class is nothing else but a generalisation of a number of instances that
the modeller chose to put together. An instance is a single identi�able object within the
limits of the scope of the model, belonging to a class that is formalised in the ontology.
The class is abstract, whereas the instance is concrete. To illustrate what these de�nitions
mean in practice an example is presented next.

3.3.2 An example: the girl with a pearl earring

To give an example of a simple ontology, the domain of art is considered here. There
are many different types of art works: A Painting ‘is a’ WorkOfArt, a Sculpture ‘is a’
WorkOfArt, one may also consider that Furniture ‘is a’ WorkOfArt, etc. Additionally,
it could be de�ned that a Painter ‘is a’ Human, a Sculptor ‘is a’ Human, a photographer
‘is a’ Human, etc. Once the concepts of ‘art’ and ‘human’ have been de�ned, a ‘has a’
relationship can be formalised: A WorkOfArt ‘has a’ artist, and the artist ‘is a’ Human.
Because every Painting has been de�ned as a WorkOfArt, it can be deduced that every
Painting also has an artist. In similar fashion, one can say about a WorkOfArt that it ‘has
a’ location and that it ‘has a’ yearOfCompletion, etc.

In the abstract language formalised so far only classes of art in general have been con-
sidered, but no speci�c piece of art. With the class de�nitions one can now, for example,
talk about the painting the �Girl with a pearl earring�. This is a speci�c object of which

4This also applies to the actors which the agents represent, even though it may be less strict.
5Note that when speaking about classes only, one can also distinguish abstract and concrete classes, where ab-

stract classes are those that cannot have instances and concrete classes can have instances. This same terminology
is used in the ProtØgØ tool discussed later.
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there is only one in the real world6. When two art-lovers talk about this speci�c painting
they have a shared understanding that the other means the work painted circa 1665 by
Johannes Vermeer in Delft, and which currently hangs in the Mauritshuis museum in
the Hague. They would not confuse the painter for the �lm maker when refering to the
artist, thanks to a shared ontology.

The key to building ontologies is describing concepts using already de�ned concepts,
such as in the example above: because the concept of an Artist was de�ned, it can be used
to de�ne one of the properties of a WorkOfArt.

3.3.3 Why use an ontology?

If there is a standard way of building an agent system, developers can use this proven
approach. It is also important to standardise the environment in which agents are run-
ning so that agent platforms can pass on messages and share information about agents
(e.g. descriptions of agents, agent locations). This allows communication between agents
running on different types of platforms (van Dam 2002).

Ontologies are not only useful for communication between agents, but also for shar-
ing knowledge between modellers, domain experts and users. No misunderstanding
should be possible so a shared language is needed. Which concepts play a role depends on
the goals of the research and the problem owner should specify what type of questions
should be answered by the simulation.

When it comes to implementation of a model, an ontology forms the basis of the class
structure for object-oriented software implementation. The ‘is a’ relationship is coded as
the subclass relationship in class descriptions and the ‘has a’ provides information on the
properties of the class and the possible values. This is similar to, for example, the Java
programming language.

An ontology provides an interface de�nition between objects in the model implemen-
tation. If properties de�ned in the ontology for a speci�c class are known, it means this
information can be exchanged. In the case that two parts of the model communicate
about a painting, to revisit the example from Section 3.3.2, it is known that since it has
been de�ned that a painting is a work of art and a work of art has an artist who created
it, that the artist can be requested. The knowledge rules (i.e. the decision making rules
of agents) to implement the behaviour of the agents can then also be expressed in these
formalised concepts.

Finally, but most importantly, the de�nition of a system that is being modelled can
be expressed in concepts from an ontology and stored in a knowledge base, enabling auto-
mated generation of models from the instances in the knowledge base.

To summarise, in the model implementation phase the ontology offers:

� A class structure;

� An interface and

� A language for system de�nition.

Ontologies are even more powerful when they can be re-used. To be able to do
this, it is important to use a generic description as much as possible. This does not

6Note that there is also a book and a �lm (based on the book) with the same name, making clear that the
context is important for how things are understood.
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only make it possible to re-use domain and expert knowledge, but also to re-use source
code. This is essential in the approach presented in this chapter: by specifying a problem
using previously formalised generic concepts, already implemented building blocks can
be re-used. In other words: ontologies facilitate re-use, sharing and interoperability of
agent-based models.

3.3.4 System decomposition method

The goal of system decomposition is to identify the internal structure of a system to be
observed in such a manner that the analysis of the system becomes possible. This means
that a system is not only considered to be a collection of actors and interactions that
exist in the current situation of the system, but that it is also taken into account which
elements might change over time and at what speed, with system level emergence as a
result. The output of this approach is as follows:

� A list of important system elements.

� A list of concepts that describe the relationship between the system elements.

� A speci�cation of the communication language used between the actors, which
includes semantics.

� A speci�cation of which elements are variable over time.

The process decomposition method used here consists of three phases which are in-
troduced in van Dam, Nikolic, Lukszo & Dijkema (2006): inventory, structuring, and
formalisation. In Nikolic (2009) the social processes of the �rst two phases are dealt with
in more detail. The system decomposition method has also been applied to a different
domain than that of infrastructure systems, namely that of development aid (Rammelt,
Nikolic, Boes & van Dam 2005). This illustrates the wide applicability of the approach,
but also demonstrated that different viewpoints from different perspectives result in dif-
ferent conceptualisations of a system. This is a key challenge when incorporating both
social and physical realities as well as different infrastructural sectors in a shared system
speci�cation.

The �nal phase of the system decomposition method is the formalisation in ontolo-
gies. After the inventory and structuring phases of the system decomposition have been
completed, an ontology can be created in order to strictly formalise the domain and to
enable the system description to be generalised (Noy & McGuinness 2001). A body
of formally represented knowledge is based on a conceptualisation: the objects, concepts,
and other entities that are assumed to exist within the system boundaries and the relation-
ships that hold among them. This is exactly what follows from the system decomposition
process.

3.3.5 Software tools for ontology development

Ontology development is, as said before, a shared effort. By de�nition people from mul-
tiple disciplines have to work together in order to create an ontology that can be widely
used. To support this development process a number of software tools are used.

The ontology development tool used for the research performed for this thesis is Pro-
tØgØ, which is developed by Stanford Center for Biomedical Informatics Research at the
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Stanford University School of Medicine in California, USA (Gennari, Musen, Fergerson,
Grosso, Crubezy, Eriksson, Noy & Tu 2003). It was originally designed to be used in
the medical domain, but it is being widely used outside this �eld too, in disciplines rang-
ing from art to engineering. The tool has a strong community and a closely involved
user base, providing both clear examples and case studies as well as support in practical
problems new users may encounter. ProtØgØ supports many different standards languages
for storing ontologies, including W3C’s Web Ontology Language (OWL)7 and Resource
Description Framework Schema (RDFS) (Gennari et al. 2003) which are both based on
XML. For the work in this thesis a Frames ontology was used (Wang, Noy, Rector, Musen,
Redmond, Rubin, Tu, Tudorache, Drummond, Horridge & Seidenberg 2006).

ProtØgØ uses a Graphical User Interface (GUI) for entering class de�nitions. In addi-
tion it provides a GUI for knowledge acquisition using user-de�ned forms for entering
information about instances. It is free and open-source software, making it ideal for
scienti�c research purposes as well as integration with other tools (as will be demon-
strated in Section 3.5.5). Alternative tools for ontology development and maintenance of
knowledge stored in the knowledge base include OilEd (Bechhofer, Horrocks, Goble &
Stevens 2001) and OntoEdit (Sure, Erdmann, Angele, Staab, Studer & Wenke 2001), but
ProtØgØ was chosen for ontology development: the strong user base and full community
support together with the fact that it is open-source make it the preferred tool for this
thesis.

To share the latest version among all users and developers of the ontology as well as to
keep track of the different versions over time, version control software is used. A central
Subversion (SVN) server8 hosts the �les while those that need access to the ontology
install an SVN client on their computer to be able to checkout the recent version and
commit updates back to the server.

On the user-end, client software called Tortoise (for MS Windows) or svn (for Linux)
is used combined with Subclipse for use in Eclipse IDE, but any SVN client can be em-
ployed to access the repository9. Finally, a web interface can be used to access the latest
version of the ontology from any web browser. The use of version control software and
storing the ontology on a central server make it possible to access, use and edit a shared
ontology for those who have authentication. While there are other means to establish
this, such as using a shared database, SVN has proven to be easily incorporated into the
work �ow. Which tool is used is irrelevant, but for joint development of a shared ontol-
ogy some form of cooperation software is required. The version control facility is also
used in Chapter 5 to analyse the development of the ontology.

3.4 Approach to the development of a framework

In this section a structured approach to modelling socio-technical systems, with a focus
on infrastructure systems, is presented. The approach can be used to set up new models
of infrastructures by following a number of steps and re-using already existing building
blocks from other models: it can be seen as a �model factory� (van Dam & Lukszo 2009).

7See http://www.w3.org/TR/owl-guide/.
8Until 2007 a Concurrent Versions System (CVS) Server was used for the ontology development, but it was

replaced by the more advanced and easier to use SVN.
9Note that ProtØgØ does not include support for version control, but other tools can be used to synchronise

the �les with the repository, for example from the �le manager or from the IDE.
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