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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 ¢ 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-
actionst. 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.



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 ¢
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 visible?, 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 | 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 candde nesacomplex 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 Holland® ( [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 ¢ 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& zmizrak 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.
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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 itan 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 ¢ 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;

[Physical networkH Social networkJ
A A

Y >< Y
[Physical networkH Social networkJ

Emerging system behaviour

Figure 1.1 Interaction between physical and social networks
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Scienti ¢ 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 Scopus?®) using the term socio-technical®
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 low®, 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/

SIncluding 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.
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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
wit